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ABSTRACT

The Gamsberg Zn-Pb deposit is a metamorphosed and multiply deformed sediment-hosted base metal 

deposit in the central Namaqua Province of South Africa. The deposit is hosted by the Bushmanland 

Group, a late Palaeoproterozoic (2000-1600 Ma) supracrustal succession of quartzite, metapelitic schist 

and interbedded metavolcanic rocks. Mineralisation occurs within the central part of the Gams Formation, 

a heterogeneous sequence of metamorphosed metalliferous sediments and fine-grained organic-rich 

shales. The ore horizon is subdivided into a lower unit of metapelite-hosted ore, an intermediate layer 

of phosphorite-hosted ore, and an upper unit of banded garnet-apatite ore. The ore body is enveloped by 

unmineralised silicate-, carbonate- and oxide-facies metalliferous rocks, which originally represented 

mixtures of Fe-Mn-rich hydrothermal precipitates, authigenic carbonate, and variable concentrations of 

detrital material. Based on mineralogical and geochemical characteristics, the metalliferous host rocks are 

subdivided into iron formations, coticules, Fe-Mn silicates, impure marbles and barite/Ba-rich quartzite. 

Minerals of the Gams Formation mostly represent solid solution between the Fe and Mn end-members 
of garnet, pyroxene, pyroxenoid, amphibole, olivine, spinel and ilmenite. Calcium-rich rock types are a 
typical feature and characterized by the occurrence of manganoan calcite, clinopyroxene, andradite-rich 
garnet and titanite. A successive increase in the (Mn+Ca):Fe value of rocks and minerals is evident with 
increasing distance from the ore horizon. Amphibole is restricted to Fe-rich ore-bearing assemblages, 
whereas orthopyroxene, clinopyroxene, Fe-rich pyroxenoid and olivine are present in intermediate 
assemblages, and Mn-rich rhodonite and pyroxmangite in the most manganiferous assemblages. These 
variations are mimicked by an increase in the Mn:Fe value of coexisting garnet and ilmenite group 
minerals with increasing distance from ore. LA-ICP-MS analyses have been used to constrain the REE 
patterns of garnet and apatite. In the ore-body, these minerals display a positive Eu anomaly, which is 
interpreted to reflect a distinct hydrothermal signature. In contrast, garnet and apatite in unmineralised 
metalliferous rocks display nil or a negative Eu anomaly.

Primary features of the Gams Formation, such as REE patterns, the banded nature of garnet-apatite ore, 

the presence of diagenetic apatite nodules, and the distribution of the redox-sensitive elements Ba and 

Mn have been used to constrain palaeo-environmental conditions. The results indicate that metapelite-

hosted ore has been deposited in a stratified ocean that was characterised by anoxic bottom waters and 

precipitation of Fe and Zn sulphides into organic matter-rich shales. These rocks were superceded by 

phosphorite-hosted ore, garnet-apatite ore and metalliferous host rocks that developed in a suboxic to 

oxic environment. The large size of the deposit, the internal lamination of the ores and the predominance 

of sphalerite and barite are consistent with a vent-distal setting and precipitation of the ore-forming 

constituents from dense and reduced hydrothermal fluids, which originated due to reactivation of dormant 

growth faults. Collectively, the geological evidence indicates that Gamsberg is bridging the gap between 
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the SEDEX and BHT classifications. The relationships demonstrate that differences between these two 

classes of sediment-hosted Zn-Pb deposits are predominantly related to environmental conditions within 

localised third order basins and not to fundamental differences in ore-forming processes. 
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OPSOMMING 

Die Gamsberg Zn-Pb afsetting is ‘n meerfasig vervormde en gemetamorfiseerde  sedimentgesetelde onedel 

metaal afsetting in die sentrale Namakwa Provinsie van Suid Afrika. Die afsetting word geherberg deur 

die Boesmanland Groep, ‘n laat Paleoproterosoïse (2000 – 1600 Ma) bokors-opeenvolging van kwartsiet, 

metapelitiese skis en tussengelaagde metavulkaniese gesteente. Mineralisasie word gevind in the sentrale 

deel van die Gams Formasie. Die Gams Formasie is ‘n heterogene opeenvolging van gemetamorfiseerde 

metaalhoudende sediment en fynkorrelrige organiese skalie. Die erts horison word onderverdeel in ‘n 

onderste laag van metapeliet-gesetelde erts, n sentrale laag van fosforiet-gesetelde erts, en ‘n boonste 

laag van gebande granaat-apatiet erts. Die erts-liggaam word omhuls deur ongemineraliseerde silikaat-, 

karbonaat- en oksied-fasies metal-ryke rotse. Hierdie gesteentes word geinterpreteer as oorspronklike 

mengsels van Fe-Mn-ryke hidrotermale partikels, outigeniese karbonaat, en verskeie hoeveelhede 

detritale materiaal. Gebaseer op mineralogiese en geochemiese kenmerke word hierdie rotse onderverdeel 

in ysterformasies, „coticules“, Fe-Mn silikate, onsuiwer marmer en barite/Ba-ryke kwartsiet.  

Minerale van die Gams Formasie form meestal soliede oplossingsreekse tussen die Fe en Mn endlede 

van granaat, pirokseen, piroksenoid, amfibool, olivien, spinel en ilmeniet. Kalsium-ryke rots tipes is ‘n 

tipiese kenmerk van die Gams Formasie en word gekenmerk deur mangaan-ryke kalsiet, klinopirokseen, 

andradiet-ryke granaat en sfeen. Daar word ‘n stapsgewyse vergroting van die (Mn+Ca):Fe verhouding 

in gesteentes en minerale gevind met toeneemende afstand van die erts horison. Amfibool is beperk 

tot Fe-ryke ertsdraende gesteentes, ortopirokseen, klinopirokseen, Fe-ryke piroksenoid en olivien tot 

intermediêre gesteentes, en Mn-ryke rodoniet en piroksmangiet tot Mn-ryke gesteentes. Hierdie variasies 

gaan gepaard met vergroting van die Mn:Fe verhouding in granaat en ilmeniet-groep minerale met 

toeneemende afstand van die erts. LA-ICP-MS analises was gebruik om die skaars-aarde element patrone 

van granaat en apatiet te bepaal. In die erts-liggaam wys hierdie minerale ‘n positiewe Eu anomalie, wat 

geinterpreteerd word as ‘n hidrotermale kenmerk. In ongemineraliseerde gasheer gesteentes wys granaat 

en apatiet geen of ‘n negatiewe Eu anomalie. 

Primêre kenmerke van die Gams Formasie, soos skaars-aarde patrone, the gebande voorkoms van 

granaat-apatiet erts, die teenwoordigheid van diagenetiese apatiet knolle, en die verspreiding van die 

redox-sensitiewe elemente Ba en Mn, was gebruik om afleidings oor die paleo-omgewing te maak. 

Die resultate het gewys dat metapeliet-gesetelde erts afgeset was onder anoksiese bodem water deur 

presipitasie van Fe en Zn sulfiedes in organiese skalie. Hierdie erts gaan oor in fosforiet-gesetelde erts, 

granaat-apatiet erts en metaal-ryke gasheer gesteente wat in ‘n suboksiese tot oksiese omgewing ontstaan 

het. Die grootte van die afsetting, die interne gelaagdheid van die erts, asook die teenwoordigheid van 

sfaleriet en bariet dui op ‘n distale omgewing relatief tot die hidrotermale bron en presipitasie van die erts 
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uit digte en gereduseerde hidrotermale vloeistowwe, wat ontstaan het deur die heraktiveering van rustende 

groeiverskuiwings. Gesaamentlik bewys die geologiese kenmerke van Gamsberg dat gemetamorfiseerde 

SEDEX en Broken Hill-tipe mineralisasie binne die perke van ‘n enkele afsetting kan voorkom. Die 

geologiese verhoudings dui aan dat verskille tussen hierdie twee tipes van sedimentgesetelde afsettings 

meestal veroorsaak word deur omgewings-toestande binne in gelokaliseerde derde orde komme en nie 

deur fundamentele verskille in ertsvormende prosesse nie.
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CHAPTER 1
INTRODUCTION

1.1 Scientific Framework

Broken Hill-type (BHT) deposits include a range of metamorphosed sediment-hosted Zn-Pb-Ag deposits, 

whose genesis is up to date poorly understood (Walters, 1998; Large et al., 2002). This is due to the fact 

that BHT deposits are globally restricted to Proterozoic mobile belts and have been highly modified 

by multiple deformational events and amphibolite-granulite facies metamorphism. As a result, genetic 

interpretations are controversial and both synsedimentary-metamorphosed and syntectonic-epigenetic 

models have been proposed. The understanding of the origin of these enigmatic deposits, however, is 

important for exploration, since the control and localisation of mineralisation that has been formed by 

synsedimentary processes differs fundamentally from that of epigenetic replacement deposits. 

Most recent knowledge of BHT deposits comes from two well-studied Australian examples, namely 

Broken Hill in New South Wales and Cannington in the Mount Isa Block in Northwest Queensland 

(Beeson, 1990; Parr and Plimer, 1993; Walters, 1998; Walters and Bailey, 1998; Bodon, 1996, 1998; 

Marshall and Spry, 2000; Walters et al., 2002). These studies proposed that BHT deposits represent a 

specific class of sediment-hosted Zn-Pb deposits, whose genesis may be fundamentally different from 

that of classic SEDEX deposits. In addition, a variety of unique features have been identified, which have 

proven important in formulating deposit- or terrane-specific exploration strategies for this economically 

important class of deposits (Walters, 1998; Willis, 1996).

In the Aggeneys-Gamsberg area of South Africa, four giant to supergiant, but relatively low-grade, 

BHT deposits are clustered closely together (Broken Hill, Swartberg, Big Syncline and Gamsberg). The 

deposits collectively form a world-class metallogenic province, which is hosting in excess of 400 Mt of 

economically viable stratabound Cu-Pb-Zn-Ag-Ba ore. Despite their economic and scientific importance, 

geological studies dealing with the nature and origin of these deposits are limited to three M.Sc. and two 

Ph.D. theses (Rozendaal, 1975, 1982; Stedman, 1980; Lipson, 1990; Hoffmann, 1993) and a handful of 

publications in international journals (Von Gehlen et al., 1983; Rozendaal and Stumpfl, 1984; Hoffmann, 

1994; Reid et al. 1997a, b). Consequently, recent classification schemes and genetic models of sediment-

hosted Zn-Pb and BHT deposits have largely ignored evidence from the Bushmanland deposits. The 

present study aims to address this disparity by presenting petrological and mineral chemical data of 
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ores and metalliferous host rocks from Gamsberg. The contribution is significant, since Gamsberg 

arguably represents the best-preserved example of BHT mineralisation known today. The relatively 

good preservation of the ore body is due to the fact that the latter has been protected from deformation 

in the core of a large sheath-fold structure. As a result, a variety of premetamorphic features are present 

and different sedimentary facies are still evident despite the amphibolite-facies metamorphic overprint. 

In addition, Gamsberg displays many features that are untypical for BHT deposits, such as pyrite- and 

graphite-rich mineralisation types and the association with barite. These characteristics may help to refine 

classification schemes and provide evidence of the relationship between BHT and SEDEX deposits. 

1.2 Aims and Objectives of the Study

This study builds on previous investigations of the Gamsberg deposit by Rozendaal (1975, 1982) that 

have constrained structural, stratigraphical and petrographical relationships. The present study focuses 

on detailed petrological, mineralogical and chemical characterisation of the ore-bearing horizon (Gams 

Formation), with the aim of constraining the genesis of the Gamsberg deposit. A separate field of study 

has been devoted to features that are relevant for exploration. Individual aims and objectives have been 

to:

1. Provide an overview of the latest scientific developments regarding sediment-hosted Zn-Pb deposits, 
with special emphasis on metamorphosed base metal and BHT deposits.

2. Provide a detailed description of the preserved metamorphic fabric and textures of the sulphide ores, 
with the aim of constraining primary relationships, metamorphic modifications and the metamorphic 
evolution of the ores. 

3. Identify different ore and host rock types and provide a detailed description of the petrology and 
mineralogy of the various rock types.

4. Identify and describe preserved primary features within the Gams Formation, which may help to 
constrain the genesis of the deposit.

5. Generate high-quality chemical data of whole rocks and individual minerals, including rare earth 
elements (REE). Special emphasis has been placed on identification and chemical characterisation of 
rock types and pathfinder minerals, which may prove important for exploration.

6. Place constraints on metamorphism of the metalliferous metasediments, including the physical 
conditions of metamorphism, possible precursor sediments and metamorphic reactions. 

7. Formulate a genetic model for the Gamsberg deposit, with the aim of distinguishing between 
syngenetic and epigenetic features.
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8. Revise the existing classification schemes of stratiform sediment-hosted base metal deposits by 
incorporating the new evidence from Gamsberg. 

1.3 Samples and Analytical Techniques

The basis of this study forms a database of about 200 fresh and unweathered ore and host rock samples, 

which have been obtained from diamond-drill borehole core and surface exposures. The borehole core 

intervals have been systemically sampled in core sheds at the University of Stellenbosch, the Broken 

Hill mine at Aggeneys, and exploration sheds to the north of Gamsberg to represent all the different rock 

types. The samples have been numbered according to the following numbering system: the first number 

corresponds to the drillhole number, followed by the depth in feet. For example, G64-1175 corresponds 

to a core interval from drillhole G64 taken at a depth of 1175 feet. Exception is made by drillholes G109, 

G111, G118 and GamD2 where the depth is given in metres. The information obtained from borehole and 

surface samples has been supplemented by field evidence gathered during various visits between 1998 

and 2003 to surface exposures at Gamsberg and the neighbouring inselbergs, as well as underground 

exposures at Broken Hill.

A selection of 70 polished sections and 50 thin sections that represent all the different ore and metalliferous 

host rock types have been chosen and investigated in detail. This supplements the existing collection of 

Rozendaal (1975, 1982), which comprises some 100 polished thin sections. A list of the studied thin 

sections and the position of the borehole collars and surface samples is presented in Appendix A. 

Textural relationships have been studied by transmitted and reflected optical microscopy and by scanning 

electron microscope (SEM) back-scattered images. Selected polished sections have been etched to 

reveal otherwise obscured internal features of the ore minerals. Refractory ore minerals, such as pyrite 

and magnetite, have been etched with concentrated HNO3, whereas the ductile sulphides pyrrhotite, 

sphalerite, chalcopyrite and galena have been etched using a mixture of KMnO4 and HCl. The detailed 

procedure has been described by Stanton (1972).

The following scanning electron microscopes have been used: 

• Leica S440 linked to a Fisons Kevex energy dispersive X-ray analysis system at the University  
 of Cape Town
• Cambridge Stereoscan 440, linked to an Oxford Link Isis energy dispersive system at the    
 Council for Geoscience, Pretoria
• Leo 1430VP SEM with a Centaurus detector at the University of Stellenbosch
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Several semi-quantitative and quantitative analytical methods have been used to determine the chemical 

composition of rocks and individual minerals. Whole rock chemical compositions of major and 

trace elements have been obtained from fusion pennies and powder briquettes, using standard X-ray 

fluorescence (XRF) methods on a Philips PW 1404 wavelength dispersive spectrometer at the University 

of Stellenbosch. In the ore-bearing samples, Zn has been analysed separately from powder briquettes using 

a range of separate Zn standards. Errors and detection limits associated with the analytical technique are 

given in Appendix B. Where bulk compositions could not be determined due to the absence of adequate 

rock samples, the chemical composition has been calculated from a microscopic estimation of the modal 

mineralogical composition of the rock, using electron microprobe data of the individual phases.

Individual minerals have been identified by their optical properties. The optical evidence has been 

supported by semi-quantitative energy dispersive spectroscopy (EDS) to determine the chemical 

composition of the lesser-known phases. In addition, X-ray diffraction (XRD) techniques have been used 

to determine the crystal structure and confirm the nature of the involved minerals. The results have been 

processed by generally available software and the peaks have been compared to the powder diffraction 

database of the International Centre for Diffraction Data. The following diffractometers have been used:

• Philips PW 1130 diffractometer at the University of Stellenbosch
• Bruker D8 Powder diffractometer with a theta-theta goniometer at iThemba-LABS, Faure

Several hundred individual electron microprobe analyses have been obtained from thin sections to 

quantitatively determine the composition of the individual mineral phases. In addition, compositions have 

been quantified by EDS using an Oxford Instruments 133 KeV detector and Link Semquant software at 

the University of Stellenbosch. Operating conditions, standards and detection limits of the equipment 

used are listed in Appendix B.

Whole rock REE concentrations have been determined from crushed samples by inductively coupled 

plasma-mass spectrometry (ICP-MS) at the Universities of Stellenbosch and Cape Town. The trace and 

REE composition of selected individual minerals (e.g. apatite, garnet) has been obtained using laser-

ablation – inductively coupled plasma – mass spectrometry (LA-ICP-MS) at the University of Cape 

Town. Equipment used was a Cetac LSX-200 laser ablation module coupled to a Perkin-Elmer Sciex 

Elan 6000 ICP-MS. The laser sampler utilised a frequency-quadrupled Nd:YAG laser operating at a 

wave-length of 266 nm. It was operated with a pulse energy of 2-4 mJ, a pulse repetition rate of 5 Hz and 

a spot size of 100 µm in diameter. The ICP-MS was operated at a power setting of 1125 W and a nebuliser 

gas flow rate of 1.06 L/min. Silicon or Ca values obtained from electron microprobe analyses have been 

used to standardise all the analysed elements. The method proved to be a rapid and accurate way for 
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determining down to sub-ppm levels of trace elements in the analysed minerals. However, due to the 

relatively large diameter of the laser, relatively large and homogeneous mineral grains had to be present. 

Analyses were obtained from mineral separates, thick sections or thin section, pending the hardness of 

the minerals and the suite of elements required. To determine the complete suite of REE in garnet, for 

example, thin sections have normally proven to be adequate. 

A reconnaissance study was initiated to determine the concentration of In, Ga, Ge and Cd in a limited 

amount of sphalerite samples, using proton induced X-ray emission (PIXE) at iThemba-LABS, Faure.
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CHAPTER 2
GEOLOGICAL BACKGROUND

The following chapter provides an overview of the geological setting of the Aggeneys-Gamsberg Ore 

District, and previous work that has been conducted in the area. A summary of the developments leading 

to the discovery of the Gamsberg deposit, the overall geological resources, and the current status of 

operations are presented in section 2.1. Subsequently, the location of the Aggeneys-Gamsberg Ore 

District is described within its regional tectonostratigraphic framework (section 2.2). Section 2.3 focuses 

on the regional geology and stratigraphy of the Aggeneys-Gamsberg area, followed by an overview of 

the tectonic evolution of the western Namaqua Province (section 2.4). The last section (2.5) presents 

geological features that constrain the sedimentological environment of deposition.

2.1 Discovery, Resources and Current Status

Gamsberg has been an important natural resource of rocks (quartzite, chert, gossan) for the manufacture 

of tools long before modern civilisation reached Bushmanland. This is evident from the preservation of 

abundant stone artefacts at the locality, some of which are estimated to belong to the Early Stone Age 

more than 800,000 years ago (Morris, 2000). For many years, this would be the only viable commodity 

produced at Gamsberg. It was only the discovery of sillimanite, barite and iron ore at Gamsberg by a local 

farmer (R.G. Niemoller) in 1954 that spurred the present economic interest in the area. Earlier reports of 

malachite staining associated with iron formations at nearby Aggeneys were ironically not considered to 

be of economic interest (Mathias, 1940). The discovery resulted in a geological study by the Council for 

Geoscience and 3 Mt of barite and 2 thousand tons of sillimanite ore were subsequently outlined based 

on surface exposures (Coetzee, 1958). Both these commodities have been intermittently mined over a 

period of 30 years, the most active producer being the Barytes Mining Company, which was succeeded 

by the G&W Base Mineral Company.

In May 1971, Phelps Dodge acquired prospecting options over the neighbouring farms Aggeneys and 

Zuurwater and soon intersected thick Pb-rich mineralisation below an impressive gossan capping at 

Swartberg (Ryan et al., 1986). As a result of this discovery, exploration interest rapidly shifted towards 

Bushmanland and the area was mapped in detail to better assess the economic potential of the region 

(summarised by Joubert, 1986). In addition, an extensive airborne magnetic survey by the Okiep Copper 
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Company and Newmont South Africa Ltd. disclosed a magnetic anomaly similar to that of Swartberg 

at Gamsberg. In a somewhat unusual agreement between the Okiep Copper Company and the mineral 

rights owner at that time (ACME Minerals Development Co.), a free option was granted to the Okiep 

Copper Company to conduct a preliminary geological investigation of Gamsberg within the period of 23-

28 March 1972. During these six days, the entire Gamsberg was mapped on a scale of 1:10,000 and 600 

m spaced N-S grid lines were established for soil and lithogeochemical sampling, as well as a detailed 

ground magnetic survey (Marais, 1976). The investigation led to the discovery of the main Pb-rich gossan 

outcrop (values up to 7.15% Pb and 0.3% Zn; Rozendaal, 1982) and subsequently the acquisition of the 

mineral rights by the Okiep Copper Company. This discovery represented the start of a long exploration 

and drilling phase at Gamsberg.

With the second borehole, an impressive intersection of over 102 m of base metal sulphides grading 

0.82% Pb and 6.24% Zn was struck on 4th July 1972. Although this intersection was parallel to the dip of 

the ore body and subsequent drilling indicated a true width of the ore body of less than 50 m, it confirmed 

the discovery of a significant new base metal deposit. Compared to the surface geochemistry, Gamsberg 

turned out to be a Zn deposit, with minor Pb and no Cu. On 31 December 1973, after completion of 

79 percussion boreholes and 47 diamond drill holes, an official press release announced the discovery 

of a substantial sulphide deposit at Gamsberg, comprising 93.5 Mt with an average grade of 7.41% 

Zn and 0.55% Pb (5% Zn cut-off). Drilling was suspended late in 1974 as an austerity measure after 

having confirmed the presence of further blocks of Zn ore in the western and southern sectors of the 

gossan zone. Surface drilling was resumed in 1975 and supplemented by underground development and 

detailed drilling of the North Body. The entire budget of 42,130 m surface and 22,026 m underground 

diamond drilling, together with the percussion drilling mentioned above, brought the total resources to 

approximately 160 Mt at 7% Zn and 0.54% Pb at a 4% Zn cut-off. Another 50 Mt of ore may be expected 

to be present down dip, which would bring the projected resource in excess of 200 Mt. 

Since the late 1970’s, several feasibility studies have been conducted, but each failed to get a mine off the 

ground. During the years, ownership changed from Okiep Copper Company/Newmont to Okiep Copper 

Company/Anglo Base Metals, to Gold Fields of South Africa/Anglo Base Metals and finally to Anglo 

Base Metals as the sole owner. The problems encountered with Gamsberg were diverse, but initially 

related mostly to the metallurgy of the ore. Abundant graphite suppressed floatability and negatively 

affected the recovery of the sulphide ore. In addition, the manganiferous sphalerite was not popular with 

international smelters and for years presented the most important draw back. 

The latest and most comprehensive study was initiated by Anglo Base Metals after becoming the sole 

owner of the Gamsberg Zinc Corporation by purchasing the remaining 55% from Gold Fields of South 
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Africa in 1998. Detailed metallurgical studies in conjunction with Mintek overcame the Mn problem and 

several specialist studies were conducted to assess the impact of mining on environmental issues such 

as flora, fauna and cultural heritage (e.g. Anderson, 2000; Morris, 2000). Granting a positive outcome, 

Anglo Base Metals had planned a R4 billion open cast development of the Gamsberg mine and associated 

smelter-refinery, with a production of 300,000 t/a Zn and 25 years life of mine. The project was once again 

shelved due to a decline of the Zn price and expected oversupply as a result of the coming on stream of 

the Skorpion deposit in southern Namibia in 2002. At present (2004), it seems unlikely that the Gamsberg 

open cast mine will be developed in the near future, especially as the deposit is located in an ecologically 

sensitive area. The discovery of the Black Mountain Deeps deposit at Aggeneys in 1999, however, has 

resulted in temporary exploitation of the Gamsberg ore body from an old exploration shaft in order to 

supply the mills at Aggeneys with ore until the development of the Deeps project is completed.

2.2 Location and Tectonostratigraphic Framework

The Aggeneys-Gamsberg Ore District is located within the central Bushmanland terrane that forms part 

of the Namaqua Province of the Namaqua-Natal Metamorphic Belt of southern Africa (Fig. 2.1). The 

Namaqua Province consists of a roughly 200-400 km wide belt of multiply deformed and metamorphosed 

Palaeo- to Mesoproterozoic rocks that have been included in a network of 1300-950 Ma orogenic belts 

elsewhere in Africa (Thomas et al., 1994; Robb et al., 1999). Infrastructure and mining operations are 

centred around the Northern Cape mining town of Aggeneys, located on the national road N14, 110 km 

northeast of Springbok and 80 km west of Pofadder.

Several attempts have been made to subdivide the rocks of the Namaqua-Natal Metamorphic Belt into 

a number of tectonostratigraphic provinces (Blignault et al., 1983; Hartnady et al., 1985; Colliston et 

al., 1991; Thomas et al., 1994). The western portion has traditionally been known as the Namaqualand 

Metamorphic Complex, but is more recently referred to as the Namaqua Province or Namaqua 

Sector (Thomas et al., 1994). It is generally accepted, however, that the rocks of central and western 

Namaqualand (including the Bushmanland terrane) are structurally and stratigraphically distinct from 

those in eastern Namaqualand (e.g. the Kakamas, Areachab and Kaaien terranes east of the Hartebees 

River Thrust zone).

The Namaqua Province has been subdivided into as much as eleven terranes that are supposedly 

characterised by unique lithological, intrusive and sedimentary features (Colliston et al., 1989, 1991; 

Praekelt, 1994). These authors argued that the different terranes represent fold nappes that were thrusted 
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southwards and accreted during a period of major Proterozoic plate tectonics. Other workers followed a 

more conservative approach and recognised only the major structural discontinuities as terrane boundaries 

(e.g. Moore et al., 1990; Thomas et al., 1994). Tankard et al. (1982) originally subdivided the Namaqua 

Province into the Eastern, Central, and Western Zones, which Hartnady et al. (1985) subsequently renamed 

the Bushmanland, Richersveld, and Gordonia Tectonic Subprovinces, respectively. For the scope of this 

thesis, the subdivisions as proposed by Thomas et al. (1994) will be adopted (Fig. 2.1). The Bushmanland 

terrane will be referred to as these rocks that make up the southern and western part of the Namaqua 

Province. To the north, the Bushmanland terrane is separated from the Gariep Belt and the Richtersveld 

terrane by the Groothoek Thrust, whereas to the northeast and east it is bounded by the Hartebees River 

Thurst. The southern parts of the Bushmanland terrane are covered by Phanerozoic rocks.

Fig. 2.1 Location of the Aggeneys-Gamsberg Ore District within the Namaqua Province of South Africa. 
Nomenclature and terrane boundaries after Thomas et al. (1994).

2.3 Regional Geology

Country rocks in the Aggeneys-Gamsberg area consist of a relatively thin (<1500 m) supracrustal 

succession of polyphase deformed metasedimentary and interbedded metavolcanic rocks, which are 

underlain by quartzo-feldspathic gneiss (Achab Gneiss, Hoogoor Gneiss, Aroams Gneiss). Outcrops are 
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restricted to the various inselbergs that occur throughout Bushmanland (e.g. Swartberg, Aggeneysberge, 

Namiesberg, Gamsberg), whereas the surrounding planes are composed of younger cover sediments (Fig. 

2.2). 

In the Aggeneys area, the supracrustal succession forms part of the Aggeneys Subgroup of the 

Bushmanland Group (SACS, 1980). General consensus is that sedimentation of the Bushmanland Group 

occurred on a Palaeo- to Mesoproterozoic microcontinent, the Bushmanland Craton, during the initial 

rifting phase of a Kibaran Wilson cycle (Moore et al., 1990; Thomas et al., 1994; Robb et al., 1999). 

The exact stratigraphic relationships between the supracrustal sequence and the various gneiss units, 

however, have been obscured by the long-lived crustal history and intense deformation. As a result, 

lithostratigraphic subdivisions and correlation remain controversial. This section is intended to present 

the latest interpretations of the stratigraphic-structural and metamorphic relationships in the Aggeneys-

Gamsberg area.

Fig. 2.2 Geological setting of the Aggeneys-Gamsberg Ore District (after Joubert, 1986).

2.3.1 Basement Rocks

The nature and extent of a pre-Bushmanland basement has long remained controversial (Moore, 1977; 

Lipson, 1980; Watkeys, 1986). Porphyroblastic and banded grey gneiss that stratigraphically underlies 

the Bushmanland Group (Achab Gneiss) has been interpreted as basement on structural evidence (Moore, 

1977; Watkeys, 1986). However, a syntectonic intrusive origin has also been proposed for this unit, based 
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on geochemical similarity with the overlying Hoogoor Gneiss, which shows intrusive features (Lipson, 

1978, 1980). A number of more recent geochronological investigations identified a maximum age of 

~2000 Ma for parts of the porphyroblastic Achab Gneiss (Welke and Smith, 1984; Reid et al., 1987; 

Armstrong et al., 1988; Reid et al., 1997a). These relationships suggest that a major crust-producing 

episode occurred in central Bushmanland during Kheisian times (2000-1800 Ma).

The Achab Gneiss consists of a complex mixture of megacrystic, migmatitic and banded grey granitic 

gneisses, which are composed mostly of biotite, quartz and feldspar (Moore, 1977; Watkeys, 1986). The 

gneiss stratigraphically underlies a pink-weathering quartz-feldspar gneiss (Hoogoor Gneiss). The latter 

has been interpreted as the base of the Bushmanland Group and is described in more detail in the next 

section.

The Achab Gneiss has been correlated with similarly aged, relatively unmetamorphosed, remnants of 

crust in the Richtersveld terrane (Orange River Group and Vioolsdrift Suite), suggesting the presence of 

a regionally extensive basement of Kheisian age throughout the Namaqua Province (Thomas et al., 1994; 

Robb et al., 1999).

2.3.2 Supracrustal Succession

The regional stratigraphy of the Aggeneys-Gamsberg area has initially been described in terms of the 

lithological units that could be distinguished at the different inselbergs (Rozendaal, 1975, 1982; Moore, 

1977; Lipson, 1978; Joubert, 1986; Ryan et al., 1986). These studies resulted in the identification of a 

regional stratigraphic succession and first correlation between the various locations. The way-up of the 

stratigraphy has been established by means of preserved pre-metamorphic features at Gamsberg, such 

as cross-bedding in quartzite and iron formation pebbles in conglomerate (Rozendaal, 1975, 1982). 

The terminology used for the different rock packages, however, has been far from uniform and the 

exact stratigraphic status of the lithological units has remained unclear. Other workers followed a more 

regional approach, mostly as part of the Bushmanland Project of the University of the Orange Free 

State (e.g. Praekelt et al., 1983; Strydom and Visser, 1986; Colliston et al., 1989, 1991; Praekelt, 1994). 

This section first describes the lithological units that have been identified in the Aggeneys-Gamsberg 

area. Subsequently, a summary of the regional interpretation resulting from the Bushmanland Project is 

presented. Lastly, a synthesis of these two approaches is provided. 

Lithologically, the following supracrustal units of the Bushmanland Group have been identified in the 

Aggeneys-Gamsberg area (Table 2.1): a basal leucocratic quartz-feldspar gneiss, overlain by metapelitic 

schist, a major horizon of white and dark quartzite, banded to massive sulphides and associated 
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metalliferous rocks, and an upper assemblage of conglomerate, metapsammitic schist and interbedded 

amphibolite. 

Leucocratic quartz-feldspar gneiss: This unit forms the base of the Bushmanland Group and consists of 

a suite of pink weathering, highly leucocratic quartz-feldspar gneiss. The gneiss has usually been referred 

to as the Hoogoor Suite or Hoogoor Gneiss Formation (SACS, 1980; Rozendaal, 1982; Moore et al., 

1990; Reid et al., 1997b), but has previously also been called the “Pink Gneiss“ due to the characteristic 

colour in weathered samples (Moore, 1977; Ryan et al., 1986). The Hoogoor Gneiss has variously been 

interpreted as arkosic sediments (Kröner, 1971), as granitoid intrusions with a strong affinity to rapakivi 

granite (Lipson, 1980) or more recently as meta-rhyolite (Moore et al., 1990; Reid et al., 1997b). 

Table 2.1 Lithostratigraphic units in the Aggeneys-Gamsberg area

Aggeneys
(Ryan et al., 1986)

Broken Hill
(Lipson, 1990)

Gamsberg
(Rozendaal, 1982)

Namiesberg
(Moore, 1977)

Amphibolite and light grey 
gneiss assemblage:

Nousees Mafic Gneiss Fm:

Conglomerate, grey gneiss 
and minor amphibolite

Conglomerate, 
metapsammitic schist, 
amphibolite

Shaft Schist Fm and 
Biotite-Graphite-Zone:

Metapelitic schist

Aggeneys Ore Fm: Ore Schist Fm: Gams Iron Fm:

Iron formations, massive 
sulphides

Iron formations, massive 
sulphides, metapelitic 
schist

Iron formations, massive 
to disseminated sulphides, 
metapelite, barite

White Quartzite Fm: Broken Hill Quartzite Fm: Zuurwater Quartzite Fm:

Quartzite, metapelitic schist Quartzite, metapelitic schist White and dark quartzite, 
metapelitic schist

Quartzite, ferruginous 
quartzite

Aluminous Schist Fm: Namies Schist Fm: Namies Schist Fm: Namies Schist Fm:
Metapelitic schist Metapelitic schist Metapelitic schist, massive 

sillimanite
Metapelitic schist, 
massive sillimanite

Pink Gneiss Fm: Hoogoor Fm: Hoogoor Suite: “Pink Gneiss”:
Quartz-feldspar gneiss Quartz-feldspar gneiss Quartz-feldspar gneiss Quartz-feldspar gneiss, 

amphibolite, calc-
silicates

Augen Gneiss Fm: Achab Gneiss Fm: “Grey Gneiss”:

Porphyroblastic and 
banded quartz-feldspar 
gneiss

Porphyroblastic and banded 
quartz-feldspar gneiss

Notes: iron formations include banded to massive silicate-, carbonate- and oxide-facies ferruginous metasediments; 
metapelitic schist refers to quartz-mica-sillimanite schist; metapsammitic schist includes quartz-mica-feldspar schist 
and quartz-feldspar-amphibole schist.
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At Gamsberg, the contact relationships between the Hoogoor Gneiss and the overlying metapelitic schist 

are generally conformable. In certain restricted areas, however, the gneiss shows intrusive features, such 

as thin lenticular bodies and bands injected parallel to the schistosity of the overlying rocks (Lipson, 

1978, 1980; Rozendaal, 1982). Intrusive relationships have also been described by Praekelt (1994), 

indicating that more detailed isotopic work is necessary to constrain the origin of this rock unit. 

Metapelitic schist: The Hoogoor Gneiss is overlain by a well foliated, medium-grained aluminous 

schist, composed predominantly of quartz, biotite, sillimanite, muscovite, and feldspar, with accessory 

garnet, rutile, tourmaline, magnetite, and sulphides. The schist has been identified throughout central 

Bushmanland and has generally been referred to as the Namies Schist Formation (SACS, 1980; Moore, 

1977; Rozendaal, 1975, 1982; Lipson, 1990). At Gamsberg, this unit constitutes the exterior talus-

covered slopes and has an estimated thickness of 70 m (Rozendaal, 1982). 

Dark quartzite layers of variable thickness and strike are interbedded with the metapelitic schist. In 

addition, lensoid bodies (1-50 m) consisting essentially of massive sillimanite and corundum are a 

characteristic feature of this unit (Moore, 1977; Rozendaal, 1982). These lenses have been economically 

exploited during the 1950’s and 1960’s (e.g. Coetzee, 1958). The distribution and geochemical 

characteristics of the Al-rich rocks of the stratigraphy have been described by Willner et al. (1990). 

The origin of the metapelitic schist is attributed to clastic sedimentation of fine-grained aluminous clay 

and detritus in a marine environment (Moore, 1977; Rozendaal, 1982), but the precursor of the massive 

sillimanite-corundum rocks has been a contentious issue. Interpretations ranged from metamorphosed 

bauxite deposits (Coetzee, 1940), to a volcanic-fumarolic origin (Joubert, 1974; Lipson, 1978), and 

metamorphosed kaolinitic clays that formed together with carbonates and sulphate salts in an evaporitic 

environment (Moore, 1977). According to Rozendaal (1982), the last possibility would have required 

the removal of SiO2, probably due to simultaneous expulsion of silica-hydroxide and water during 

metamorphism. Willner et al. (1990) attributed the enrichment of these rocks in Al to pre-metamorphic 

hydrothermal alteration of pelitic rocks during intermediate stages of rifting, which predated the 

formation of the base metal sulphide ores. According to these authors, hydrothermal alteration of footwall 

metapelite is intimately related to the genesis of the base metal deposits.

Massive metaquartzite horizon: A thick unit of massive white and dark quartzite, which are separated 

by a thin metapelitic schist, overlie the lower “Namies Schist”. This unit has variously been called the 

“Metaquartzite Unit”, with rank of formation (SACS, 1980), Pella Quartzite (Joubert, 1974; Rozendaal, 

1975); White Quartzite Formation (Ryan et al., 1986), Broken Hill Quartzite (Lipson, 1990), and 

Zuurwater Quartzite (Rozendaal, 1982). 
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At Gamsberg, this unit has a total thickness of 260-375 m. The white quartzite (200-250 m) constitutes the 

exterior cliffs and flat top of Gamsberg, as well as the tops of the surrounding inselbergs. Mineralogically, 

the rock consists predominantly of massive quartz, with accessory amounts of muscovite, garnet, apatite, 

zircon, rutile and pyrite (Rozendaal, 1982). A gradational contact separates the white quartzite from the 

overlying metapelitic schist (10-25 m), which is composed mostly of quartz, muscovite, sillimanite, 

biotite, magnetite and accessory garnet, rutile and pyrrhotite. This schist is mineralogically and chemically 

similar to the lower “Namies Schist” (Rozendaal, 1982). 

Massive dark quartzite and thin bands (1-2 m) of intercalated metapelitic to metapsammitic schist form 

the top of this unit. Apart from the dark colour, which is caused by disseminations of altered pyrite and 

magnetite grains, the textural and mineralogical features of the dark quartzite are very similar to those of 

the white quartzite (Rozendaal, 1982).

Features such as preserved pebble beds and conglomerate layers in the quartzites support a clastic origin 

for this unit (Rozendaal, 1975), although it has also been interpreted as metamorphosed chemogenic chert 

(Moore, 1977; Lipson, 1978). The absence of co-precipitated carbonates and the lack of a diagnostic 

banding that normally accompanies chemical precipitation, however, seems to preclude a chemical 

origin. In addition, the great regional extend and thickness of quartzite strongly point to a clastic origin 

of this unit (Rozendaal, 1982).

Bedded sulphides and associated metalliferous rocks: In sharp contact with the underlying quartzite 

is an up to 200 m thick unit of metapelitic schist and interbedded metalliferous rocks, which include 

the major ore bodies. At Gamsberg, this unit has been termed the Gams Iron Formation by Rozendaal 

(1982) and has been correlated with the Aggeneys Ore Formation in the neighbouring deposits (Ryan et 

al., 1986; Lipson, 1990; Hoffmann, 1993). According to Lipson (1978), the schist comprising the upper 

part of the Aggeneys Ore Formation at Broken Hill and Swartberg is the stratigraphic equivalent of the 

‘Spring Schist’ that hosts the Big Syncline deposit. Regional geological mapping indicated that the ore-

bearing horizon may have been extensively developed throughout the Bushmanland terrane, but that 

large areas have been removed by erosion (Joubert, 1974; Rozendaal, 1975; Moore, 1977; Lipson, 1978). 

The ore-bearing horizon has only been preserved where it occurs in synformal fold structures. 

This mineralogically complex unit consists of a range of metamorphosed sulphide-, silicate-, carbonate-

oxide-, and sulphate-facies rocks and marks an important change in the stratigraphy from clastic-

dominated metasediments to unusual metalliferous rocks. An important feature of this horizon is the 

presence of unmineralised Fe-Mn-Ca-Si-Ba-rich rocks that are intimately associated with the sulphide 

ore. Such unmineralised metal-rich rocks associated with bedded sulphide deposits have been referred to 



CHAPTER 2 - GEOLOGICAL BACKGROUND

15

as meta-exhalites by some workers (Spry et al., 2000 and references therein). The term “meta-exhalite” 

carries an implicit genetic connotation, however, suggesting that these rocks have been derived from 

the submarine exhalation of hydrothermal fluids. In order to prevent any premature genetic conclusions, 

these rocks are referred to as “metalliferous rocks” in this study. 

Apart from the scientific interest and exploration significance of the Fe-Mn-Ca-Si-Ba-rich rocks, this unit 

is more importantly host to over 400 Mt of stratabound, potentially economically viable Cu-Pb-Zn-Ba-

Ag ore. Petrological, mineralogical and geochemical characteristics of these rocks at Gamsberg, and their 

relationship to the genesis of base metal sulphide mineralisation, are the subject of the present study and 

will be referred to in detail in subsequent chapters. 

Conglomerate, metapsammitic schist and amphibolite: The Bushmanland Group is capped by a 

heterogeneous sequence of conglomerate, amphibolite and interbedded schist and quartz-feldspar gneiss, 

which unconformably overlie the ore horizon. This unit is not preserved in the Broken Hill deposit, 

either due to non-deposition or erosion (Lipson, 1990; Hoffmann, 1993). The classification of the SACS 

(1980) originally included the amphibolite in the Hom Subgroup of the Bushmanland Group, whereas 

the metapsammitic schist constituted the top of the underlying Aggeneys Subgroup. Rozendaal (1982) 

included both units in the Nousees Mafic Gneiss Formation, which he collectively interpreted as the top 

of the Aggeneys Subgroup.

The unit is especially well developed at Gamsberg, where it reaches a total thickness of 400-500 m, and 

forms the floor of the Gamsberg erosional basin. The lower part of the unit is composed of well-foliated 

quartz-muscovite-sillimanite-feldspar-biotite-chlorite schist and quartz-feldspar-mica gneiss, which host 

sporadic pebbles of quartzite. Major conglomerate lenses are located towards the base of the schist and 

gneiss. The latter consists essentially of white and dark quartzite pebbles (2-5 cm) and boulders (50-

60 cm) in a matrix of quartz and muscovite. Locally, pebbles of amphibolite, feldspathic quartzite and 

iron formations have also been preserved (Rozendaal, 1982). Interbedded amphibolite consists mainly 

of hornblende and plagioclase, with minor amounts of cummingtonite, quartz, biotite and magnetite 

(Rozendaal, 1982; Reid et al., 1987). Preserved features such as amygdales and volcanic breccia suggest 

a shallow water, extrusive origin of these rocks. Geochemically, the amphibolite is comparable to 

tholeiitic basalt from a continentally derived source (Reid et al., 1987). The heterogeneous nature of 

this unit, in conjunction with high-energy metasediments and the extrusion of basaltic lava, indicates 

increased tectonic activity and the re-activation of growth faults during the waning phases of the rifting 

cycle (Rozendaal, 1982; Moore and LeFur, 2000). According to Rozendaal (1982), rapid facies changes 

of the underlying ore-bearing rocks, as well as the absence of some of the upper metalliferous rocks in 

places are indicative of the presence of palaeo-erosion channels. Coupled with iron formation clasts in 



CHAPTER 2 - GEOLOGICAL BACKGROUND

16

the conglomerate, these features point to the existence of a (regional?) unconformity and possibly the 

presence of a considerable hiatus in the sedimentation history.

The preservation of a range of primary features in this unit (cross-bedding, conglomerate, volcanic flow 

breccia, amygdales, pillow lava) has allowed the identification of a facing stratigraphy and suggests that 

these features have survived recrystallisation and destruction in a pressure shadow of the sheath-fold 

(Rozendaal, 1982). This holds important implications for the presence of proposed primary features of 

the ore zone (e.g. apatite nodules, banded mineralisation), as well as the timing and origin of base metal 

mineralisation. These aspects will be discussed in more detail in chapter 7.

Table 2.2 Stratigraphic subdivisions of the Bushmanland Group as proposed by Colliston et al. (1989) and 
Praekelt (1994)

Formation Lithological Characteristics Thickness

Koeris Upper sequence of quartz-feldspar-biotite-muscovite gneiss; lower 
sequence of quartz-feldspar-biotite-muscovite gneiss with sporadic 
pebbles, interbedded amphibolite and conglomerate

< 634 m

Hotson Upper sequence of disseminated to massive sulphides associated with 
banded iron formations and calc-silicates (Gams Member); lower 
sequence of laminated to medium-bedded quartzite, quartz-feldspar gneiss 
and biotite-sillimanite schist

365 to 500 m

T’hammaberg Intercalated thin- to thick-bedded blue-grey to white quartzite and quartz-
muscovite-sillimanite schist, disseminated graphite, fuchsitea, biotite and 
gahnite

170 to 270 m

Skelmpoort Graphite-fuchsitea-sillimanite-biotite quartzite and gneiss, interlayered 
with dark quartzite

47 to 58 m

Witputs Thin- to thick-bedded quartzite and interlayered biotite-sillimanite gneiss; 
lenses of gahnite quartzite and amphibolite

> 210 m

Wortel Thick biotite-sillimanite schist; lenticular white quartzite, dark quartzite; 
amphibolite-calc-silicate rock; massive amphibole gneiss

650 to 920 m

aThe “fuchsite” of Colliston et al. (1989) most probably represents Ba-rich mica (Stalder and Rozendaal, 2004b)

Regional synthesis: Several workers followed a more regional approach in deciphering the stratigraphy 

of the Bushmanland Group (e.g. Praekelt et al., 1983; Colliston et al., 1989, 1991; Praekelt, 1994). 

According to these authors, the original sedimentary rocks of the Aggeneys Subgroup consisted of 

a unique sequence of predominantly quartz arenite (today quartzite) and clay-rich sediments (today 

metapelitic schist), which can clearly be distinguished from successions in the neighbouring terranes. 

The most complete sequence of the Aggeneys Subgroup is preserved in the Haramoep area, north of 

Aggeneys, in a relatively weakly deformed part of the Bushmanland terrane. Detailed sedimentological-

structural mapping by means of sequence stratigraphy allowed identification of a regional stratigraphic 
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column (Colliston et al., 1989; Praekelt, 1994). The authors identified six different Formations, each 

with their characteristic lithological composition and sedimentary cycle, which they termed in order of 

decreasing age Wortel, Witputs, Skelmpoort, T’hammaberg, Hotson, and Koeris Formations (Table 2.2).

According to Praekelt (1994), correlation of the regional stratigraphy with the initial lithological 

subdivisions presented earlier is relatively straightforward at Gamsberg, compared to other areas in 

central Bushmanland. The proposed correlation is as follows (from bottom to top): biotite-sillimanite 

schist with interlayered quartzite bands and massive sillimanite lenses (”Namies Schist“ ≡ Wortel 

Formation), white quartzite and metapelitic schist (”Pella/Zuurwater Quartzite“ ≡ Wortel Formation), 

dark quartzite with interlayered conglomerate (”Pella/Zuurwater Quartzite“ ≡ Hotson Formation), 

sulphides and associated metalliferous rocks (”Gams Iron Formation“ ≡ Gams Member of Hotson 

Formation), and amphibolite with interbedded metapsammitic schist and conglomerate (”Nousees Mafic 

Gneiss“ ≡ Koeris Formation). 

Fig. 2.3 Schematic section of the stratigraphy as encountered in the Aggeneys-Gamsberg area. Terminology is 
from Colliston et al. (1989), except Gams Formation. Lithological units are from Joubert (1986), Moore et al. 
(1990) and Rozendaal (1986).
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For the scope of this thesis, the correlation and terminology of Praekelt (1994) will mostly be adopted. In 

the writer’s opinion, however, the thickness and economic importance of the ore-bearing horizon warrants 

its status as Formation and the latter will consequently be referred to as “Gams Formation”. Table 2.3 

summarises the proposed lithological units of the preserved sequence at Gamsberg. A schematic section 

of the stratigraphic units is shown in Figure 2.3.

2.3.3 Intrusive Rocks

A number of sheet-like, syn- to post-tectonic granitoid suites (e.g. members of the Little Namaqualand 

and Spektakel Suites) are found throughout the Namaqua Province (Joubert, 1986; Robb et al., 1999), 

along with mineralised anorthositic intrusive rocks of the Koperberg Suite in the Okiep Copper District 

(Clifford et al., 1995).

The early syntectonic granitoids of the Little Namaqualand Suite are mostly augen gneisses of granitic 

composition (Blignault et al., 1983). In the Aggeneys-Pella area, these gneisses are extensively developed 

and are referred to as Aroams Gneiss. Whole-rock isochron ages obtained for this unit record metamorphic 

resetting during the Namaqua event, but a single zircon U-Pb age of 1135 Ma supports emplacement of 

the gneiss as syntectonic granitoids (Reid et al., 1997a).

The Aroams Gneiss is correlated with similar gneiss units of the Little Namaqualand Suite in the Okiep 

area (Nababeep Gneiss, Modderfontein Gneiss), which are interpreted to represent the first major pulse 

of magmatism associated with the Kibaran Orogeny (Robb et al., 1999). In the Okiep area, gneiss of the 

Little Namaqualand Suite is intruded by voluminous granite of the Spektakel Suite (Concordia, Rietberg 

Table 2.3 Proposed stratigraphic units at Gamsberg (modified from Praekelt, 1994)

Formation Lithology Thickness

Koeris Quartz-muscovite schist, interbedded bands of quartzite, quartz and iron 
formation pebble conglomerate, amphibolite, calc-silicates and quartz-
feldspar-amphibole gneiss

400 to 500 m

Gams Metapelite-hosted and chemogenic base metal sulphide ores, associated metal-
liferous rocks

< 100 m

Hotson Coarse-grained pyritic dark quartzite with interlayered pebble bands 40 to 100 m

Wortel Upper unit of massive white quartzite and quartz-muscovite-sillimanite-biotite 
schist; lower unit of well foliated, medium-grained quartz-biotite-sillimanite-
muscovite schist with intercalated quartzite bands and lenses of massive 
sillimanite

280 to 350 m

Hoogoor 
Suite

Leucocratic quartz-feldspar-biotite gneiss, interbedded amphibolite, nodular 
aggregates of sillimanite-muscovite-quartz

Achab Suite Porphyroblastic and banded grey quartz-feldspar gneiss
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and Kweekfontein Granites), which in turn is host to the Cu-bearing mafic and ultramafic rocks of the 

Koperberg Suite (Clifford et al., 1995; Robb et al., 1999). No correlatives of this late- to post-tectonic 

granite have been identified in the Aggeneys-Gamsberg area.

2.3.4 Structure and Metamorphism

Intense crustal deformation during the 1300-1000 Ma Kibaran-Namaquan events resulted in at least 

three episodes of deformation and severe disruption of the original lithological relationships in the 

Namaqua Province. These events were accompanied by regional low-pressure, medium- to high-grade 

metamorphism of the supracrustal assemblages, and coeval generation and emplacement of granitic 

magma (Joubert, 1986; Waters, 1989; Willner, 1995).

Joubert (1974, 1986) originally distinguished four phases of deformation in the western Namaqua 

Province (D1-D4). The most pervasive deformational event (D2) in the Bushmanland area is represented by 

shallowly plunging, large- and small-scale recumbent isoclinal folds and fold nappes (F2) and a strongly 

developed E-W trending subhorizontal foliation, S2 (Joubert, 1986; Blignault et al., 1983). The latter is 

typically evident within gneiss of the Little Namaqualand Suite and must therefore post-date intrusion of 

these granitoids (Robb et al., 1999). In Bushmanland, large syntectonic granite intrusions of sheet-like 

extent are bound to large D2-thrust zones (Willner, 1995). Large-scale westward- and southwestward-

directed thrusting during this episode was responsible for the formation of terrane boundaries (e.g. 

Groothoek Thrust, Wortel Thrust) and tectonic duplication on all scales (Blignault et al., 1983, Joubert, 

1986). Large-scale pre-D2 structures have not been identified in the supracrustal succession and are 

restricted to tight intrafolial folds (F1) within orthogneiss of the Gladkop Suite and the gneissic basement 

in the Aggeneys-Wortel-Achab area (Moore, 1977; Blignault et al., 1983; Joubert, 1986; Colliston et al., 

1989). These D1 structures are correlated with the Kheisian orogenic cycle (2000-1800 Ma) that affected 

volcanic rocks of the Orange River Group in the Richtersveld Province (Reid, 1977; Blignault et al., 

1983).

The subhorizontal S2 foliation was reworked and refolded during later compressional, N-S directed events 

(D3-D4), to form a younger generation of thrusts and shear zones and kilometre-scale wavelength, E-W 

trending open folds (F3). The latter are responsible for the preservation of the Bushmanland sequence 

in the major synclines and exposure of the underlying gneiss in the cores of the F3 anticlines (Joubert, 

1986).

At Gamsberg, Rozendaal (1977) initially ascribed the formation of the large NE-inclined basin-shaped 

structure to superposition of a NE-trending vertical synform on a pre-existing NW-trending mega-
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syncline during the main phase of deformation (D2). More recently, the structure has been referred to as 

mega sheath-fold that formed during a single episode of plastic deformation (Colliston et al., 1989). The 

latter has been modified by subsequent low-intensity deformation, expressed mainly as open flexural slip 

style folding that caused buckling of the planar elements (Rozendaal, 1977).

Most authors favour an anticlockwise P-T path for the western Namaqua Province (granulite terrane), 

which is characterised by rapid prograde heating and subsequent prolonged isobaric cooling (e.g. Raith 

and Harley, 1998; Robb et al., 1999). In the central Bushmanland terrane (amphibolite terrane), Willner 

(1995) proposed a clockwise P-T path, owing to the presence of pseudomorphs of topaz after andalusite, 

fibrolitisation of feldspar, garnet, mica and spinel, and relic inclusion phases in garnet. General consensus 

is that peak metamorphism (M2) outlasted D2, since textural relationships indicate that prograde mineral 

growth continued after the relaxation of stress (Rozendaal, 1975; Joubert, 1986; Ryan et al., 1986; 

Hoffmann, 1993, 1994; Willner, 1995). Peak metamorphic conditions in the Aggeneys-Gamsberg Ore 

District are constrained by the assemblages cordierite+sillimanite+K-feldspar and quartz + muscovite in 

metapelite, with P-T estimates ranging from 660-670°C and 3.5-4 kbar at Broken Hill (Hoffmann, 1993, 

1994), to 630-670°C and 2.8-4.5 kbar at Gamsberg (Rozendaal, 1975). Retrograde metamorphism (M3-

M4) is reflected by epidote formation at the expense of amphibolite, the development of chlorite along 

pre-existing foliation planes, and newly recrystallised quartz in the late D3/D4 shear fabrics (Rozendaal, 

1975; Van Zyl, 1986; Hoffmann, 1993). 

2.4 Tectonic Evolution of the Western Namaqua Province

Previous workers pointed out that crustal components of the western Namaqua Province consist 

of rocks of two principal ages (e.g. Blignault et al., 1983). A core of relatively unmetamorphosed 

volcano-sedimentary and coeval plutonic rocks has been preserved in the Richtersveld Province, which 

represent remnants of the 2000-1800 Ma Kheisian orogenic cycle. These lithologies were superseded by 

volcano-sedimentary supracrustal successions and syn- to post-tectonic intrusive rocks associated with 

the 1300-1000 Ma Kibaran and Namaquan orogenies (Thomas et al., 1994; Robb et al., 1999). These 

events were characterised by intense deformation and low pressure/high temperature metamorphism that 

overprinted most of the Kheisian features. Until recently, it has been accepted that the Namaqua event 

was characterised by a single long-lived episode of compression that is related to Kibaran belts elsewhere 

in Africa. A number of recent publications, however, have drawn attention to the fact that within the 

Kibaran Belt of Central Africa, rock ages occur in the range of 1400-1200 Ma (Thomas et al., 1994; 

Robb et al., 1999). This orogeny differs from 1100-1000 Ma tectonic belts that are globally referred to as 
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‘Grenvillian’. Detailed single zircon U-Pb geochronology by Robb et al. (1999) confirmed the presence 

of two separate tectonic episodes in western Namaqualand in the time interval of 1300-1000 Ma: a period 

of Kibaran crustal growth at 1220-1170 Ma, followed by a later, distinct orogenic episode involving 

crustal thickening and magmatism at 1060-1030 Ma. In keeping with the recommendations of Thomas et 

al. (1994) and Robb et al. (1999), the latter will be referred to as the Namaquan Orogeny, distinguishing 

it from the 1300-1100 Ma Kibaran event. The tectonic evolution of the western Namaqua Province is 

summarised in Table 2.4.

Remnants of the Kheisian Orogeny comprise a calc-alkaline sequence of coeval volcano-sedimentary and 

plutonic rocks in the Orange River area (Vioolsdrift Suite and Orange River sequence of the Richtersveld 

terrane) and continental sequences of metasedimentary rocks and orthogneiss in the Bushmanland, 

Gladkop and Grünau areas (Moore et al., 1990; Thomas et al., 1994; Robb et al., 1999). This assembly 

of pre-Kibaran crustal domains was welded together in a collision/accretion event during the Kheisian 

Orogeny at ca. 1750 Ma into a coherent continental fragment, the ‘Bushmanland Craton’ (Moore et al., 

1990). The metasedimentary succession of the Grünau sequence is thought to represent sedimentary 

material that accumulated in a back-arc environment between the Richtersveld ‘arc’ and the Kaapvaal 

Craton (Moore et al., op. cit.). Contemporaneous with Kheisian crustal growth in the Richtersveld 

Province, the Achab Gneiss in the Bushmanland area might have originated as a megacrystic granite that 

intruded a pre-Bushmanland sequence at around 2000 Ma (Welke and Smith, 1984; Reid et al., 1997a, 

b).

The southern margin of the Richtersveld terrane is bounded by the Groothoek thrust, on the footwall side 

of which the amphibolite-grade Gladkop Suite orthogneiss is located. The suite is interpreted as an S-

type granite that was transformed to gneiss early in its crustal history and has been dated at 1822 ±36 Ma 

(Robb et al., 1999). According to Moore et al. (1990), the Gladkop/Achab rocks might have represented 

an exotic microcontinent that collided with the Richtersveld ‘arc’ at around 1800-1750 Ma. Subduction of 

this continental crust beneath the Richtersveld ‘arc’ resulted in melting of granitic material and intrusion 

of the Vioolsdrift leucogranite at around 1750 Ma (Reid, 1982).

The post-Kheisian history of the Namaqua Province started with rifting of the existing continent along 

NW-trending axes prior to 1650 Ma (the age of amphibolite of the Koeris Formation; Reid et al., 1987). 

Rifting in the crustal domains of the Bushmanland terrane gave rise to extensional intracratonic basins, 

in which the volcano-sedimentary successions were deposited (Moore et al., 1990; Thomas et al., 1994). 

Prior to the deposition of the Bushmanland Group sediments, the Hoogoor Gneiss probably originated 

as a basal volcaniclastic deposit that floored the Bushmanland basin during a period of acid volcanism 

(Moore et al., 1990). Taking the ca. 2000 Ma age of the basal Achab Gneiss as a maximum age of 
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Table 2.4 Tectonic evolution of the western Namaqua Province

Age (Ma) Event
Sedimentary and Volcanic Intrusive Tectonic

2020 Achab Gneiss (megacrystic 
granite)1,2

2000 Orange River Group 
(andesitic calc-alkaline 
volcanic rocks)3

Kheis Orogeny3

1900 Vioolsdrift Igneous 
Suite (gabbro-tonalite-
granodiorite)4

D1 ?

1822 Gladkop Suite (S-type 
granite)5

1800-1750 Collision of Achab/
Gladkop lithologies with 
Richtersveld arc6

1750 Vioolsdrift leucogranite4

Bushmanland Group 
(quartzite, metapelitic schist, 
sulphides, amphibolite, 
rhyolite)

Initiation of rifting of the 
Bushmanland Craton6,7

 unconformity?

1650 Amphibolite of Koeris 
Formation8

1300 Accretion of Bush-
manland Craton to 
Kaapvaal Craton7

1220 Nababeep Gneiss5

1200 Modderfontein Gneiss5 Kibaran Orogeny (1220-
1170 Ma)5

D2

1135 Aroams Gneiss2

1060 Spektakel Suite (various 
granites)5

Namaquan Orogeny 
(1060-1030 Ma)5

D3

1030 Koperberg Suite (Cu-
bearing noritoids)5,9

References: 1 = Welke and Smith (1984); 2 = Armstrong et al. (1988); 3 = Blignault et al. (1983); 4 = Reid (1982); 
5 = Robb et al. (1999); 6 = Moore et al. (1990); 7 = Thomas et al. (1994); 8 = Reid et al. (1987); 9 = Clifford et al. 
(1995)

deposition of the Bushmanland Group, the age of the immediate host rocks of the deposits can at best be 

constrained to the time interval 2000-1650 Ma (Reid et al., 1997a). 

The early rifting phase of the ‘Bushmanland Craton’ was followed by a prolonged period of plate 

convergence, culminating in the main tectono-metamorphic events between 1220 and 1030 Ma and the 

collision of the Kheisian crust with the Kaapvaal Craton (Thomas et al., 1994; Robb et al., 1999). The 

earliest evidence of Kibaran crustal growth is manifested by the 1220-1170 Ma Little Namaqualand 
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Suite in the Okiep Copper District that represents partial melt products of older Proterozoic crust (Robb 

et al., 1999). Correlatives of these intrusive rocks in central Bushmanland are represented by the ±1135 

Ma Aroams Gneiss (Armstrong et al., 1988; Reid et al., 1997a, b). The Kibaran event caused intense 

deformation (D2 stress regime) and regional upper amphibolite-facies metamorphism coeval with 

intrusion of the Little Namaqualand granitoids. Contrary to previous models, peak granulite-facies 

conditions in the Okiep Copper District were not the result of emplacement of the Little Namaqualand 

Suite orthogneiss but were related to a major thermal pulse between 1060 and 1030 Ma during the 

Namaqua Orogeny (i.e. essentially post-D2; Robb et al., 1999). Magmatism during this second event is 

represented by the Spektakel Suite granite and mafic to ultramafic rocks of the Koperberg Suite; both of 

which are restricted to the Okiep Copper District (Clifford et al., 1995; Robb et al., 1999). This thermal 

pulse, 100-150 Ma after the Kibaran convergence, lasted for only 30 Ma and was probably a result of 

heat supplied by under- or intra-plating of mantle-derived basic magma or by de-lamination of the lower 

lithosphere (Waters, 1989; Robb et al., 1999). 

Later break-up of the supercontinent along north-south trending zones and uplift brought the present 

exposures of the Namaqua Province to the surface by ca. 600 Ma when the sediments of the Nama Group 

were unconformably deposited on the Kibaran Namaquan crust (Robb et al., 1999).

2.5 Depositional Environment of the Bushmanland Group

As a result of the tectono-metamorphic events described above, primary sedimentological features such 

as cross-bedding or ripple marks have mostly been obliterated in metasediments of the Bushmanland 

Group. Nevertheless, additional methods like the identification of sedimentary cycles (using variations in 

grain size or feldspar content), geochemical characteristics, and the distribution of hydrothermal facies 

and elements have in the past been successfully applied to constrain the sedimentological setting (Moore, 

1977; Rozendaal, 1975, 1982; Lipson, 1990; Praekelt, 1994). In addition, the pre-metamorphic features 

identified at Gamsberg (conglomerate, cross-bedding, amygdales, pillow lava, flow breccia) have allowed 

sedimentological interpretations (Rozendaal, 1982).

The general consensus is that the rocks of the Aggeneys Subgroup have been deposited in a shallow 

marine, continental to continental shelf environment, in response to an intracratonic rifting cycle. 

Evidence for generally shallow water conditions is found in the relatively thin nature of the supracrustal 

succession, rapid facies changes, the presence of large amounts of high-energy clastic sediments of 

granitic provenance (quartz pebble conglomerate, quartz arenite, feldspathic arenite), the tholeiitic nature 
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of intrusive/extrusive amphibolite, as well as the preservation of shallow water sedimentary features, 

such as amygdales and flow breccias (Moore, 1977, 1989; Rozendaal, 1975, 1982; Lipson, 1990; Moore 

et al., 1990; Praekelt, 1994).

The quartz-biotite-sillimanite-muscovite assemblage of the metapelitic schist unit of the Wortel 

Formation (original mudstone and black shale) suggests deposition of illitic and kaolinitic clay in 

large, shallow continental basins under low-energy conditions. Geochemical data indicates that these 

metasediments were derived from the erosion of a highly differentiated granitic provenance (Rozendaal, 

1982; Lipson, 1990). Interbedded lenses of amphibole gneiss and massive sillimanite-corundum rocks 

have been interpreted to represent original bauxite or kaolinite deposits, indicative of fumarolic activities 

and shallow evaporitic or playa-like conditions (Moore, 1977, 1989).

At Gamsberg, a gradational transition is evident from metapelitic schist to massive quartzite of the upper 

parts of the Wortel Formation and that of the Hotson Formation. These rocks represent metamorphosed, 

well sorted and mature, quartz-rich clastic material (quartz arenite), deposited in a shallow water, near-

shore and high-energy environment (Rozendaal, 1982; Praekelt, 1994). The transition from metapelitic 

schist to quartzite represents a 2nd order upward-coarsening regressive cycle, although periods of stability 

were necessary to allow reworking of the sedimentary material. Interbedded schist represents short-lived 

transgressive cycles. The top of the dark quartzite (Hotson Formation) is characterised by the presence of 

localised quartz pebble beds, indicative of shallow water high-energy conditions (Rozendaal, 1982).

The Gams Formation represents a sharp transition from detrital-dominated sediments of the underlying 

Wortel and Hotson Formations to chemical-dominated sediments and authigenic carbonates. Conditions 

of overall basin stability, as a result of tectonic relaxation and the inactivity of syn-sedimentary fault 

zones, were necessary to allow precipitation of these rocks and sedimentation of interbedded fine-grained 

detrital material (Rozendaal, 1982; Praekelt, 1994). 

Rapid uplift after deposition of the Gams Formation is evident from the presence of an erosional 

unconformity, palaeo-erosion channels, as well as significant amounts of pebble and boulder 

conglomerate of the Koeris Formation (Rozendaal, 1982; Praekelt, 1994; Moore and Le Fur, 2000). The 

uplift resulted in the development of a braided river, fluvial depositional environment. The presence of 

iron formation pebbles in the conglomerate indicates that the basin was typically cannibalistic during this 

episode. The conglomerate grades into feldspar-rich metapsammitic schist/gneiss, suggesting limited 

transportation and rapid deposition. Towards the top of the Koeris Formation, amphibolite is interbedded 

with metapsammitic schist, indicative of volcanic activity during the waning phases of the rifting cycle. 

Features such as amygdales and flow breccia support extrusion of tholeiitic basalt into a shallow sea. 
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According to the overall sedimentological properties, the rocks of the Aggeneys Subgroup could only 

have developed in a continental setting. The upward-coarsening mega-cycle from schist (mudstone, black 

shale), to quartzite (quartz arenite), to conglomerate and metapsammitic schist (feldspathic arenite) is 

characteristic of a foreland basin setting and is in agreement with the dominant controls of sedimentation 

being exerted by intracontinental rifting and growth fault activity (Rozendaal, 1982; Praekelt, 1994). 
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CHAPTER 3
BACKGROUND ON SEDIMENT-HOSTED ZN-PB DEPOSITS

The aim of this chapter is to provide an overview of the scientific developments and latest theories 

regarding sediment-hosted Zn-Pb deposits. The first section (3.1) describes the general characteristics 

of this group of deposits and highlights similarities and differences of the various mineralisation styles. 

Scientific terms and concepts that will be frequently referred to during this thesis are explained in section 

3.2. The following section (3.3) focuses on historical developments leading to the shaping of genetic 

models and classification schemes. Subsequently, section 3.4 provides a summary of the effects of 

metamorphism and deformation on pre-existing base metals sulphide ores. The last section (3.5) presents 

the geological features of a group of enigmatic metamorphosed Zn-Pb deposits referred to as Broken 

Hill-type.

3.1 General Characteristics

Sediment-hosted Zn-Pb deposits form a specific group of stratiform to stratabound hydrothermal base 

metal deposits, which includes SEDEX1, Irish-type, Mississippi Valley-type (MVT) and BHT deposits. 

The common feature of these deposits is that they occur in rifted intracratonic and passive margin basins 

and predominantly contain sphalerite and galena as ore-forming constituents. In addition, Ag may 

contribute significantly to the exploitable metal value, especially in some BHT deposits (e.g. Cannington; 

Broken Hill, Bushmanland). These deposits are thus distinguished from the Cu(-Au)-rich volcanic-hosted 

massive sulphide (VHMS) deposits that are spatially and genetically associated with volcanic rocks (e.g. 

Franklin, 1995). Sediment-hosted Zn-Pb deposits are concentrated within sedimentary basins of two 

distinct periods of geological time: the Palaeozoic (550-300 Ma), and the Palaeo- to Mesoproterozoic 

(1850-1450 Ma) (Goodfellow et al., 1993). The group includes examples of both syngenetic-exhalative 

and epigenetic-replacement origin, although most authors agree that transitional parameters exist between 

the different styles of mineralisation (Sangster and Hillary, 1998; Holm et al., 1999; Large et al., 2002). 

Figure 3.1 schematically summarises the spectrum of sediment- and volcanic-hosted base metal deposits. 

 1The term „SEDEX” (Carne and Cathro, 1982) was originally used with a genetic connotation, referring to the ore-forming process 
of submarine venting of hydrothermal fluids. In recent years, reservations have been expressed about the exhalative nature of 
many deposits (see Holm et al., 1999; Large et al., 2002). Nonetheless, the term is firmly established in the literature and will be 
used in this thesis to refer to bedded or laminated, sulphide-rich bodies that are hosted predominantly in fine-grained clastic rocks.
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Fig. 3.1 Summary of the spectrum of sediment- and volcanic-hosted base metal deposits (after Large et al., 2002)

The most important geological features of the different groups of sediment-hosted Zn-Pb deposits are 

listed in Table 3.1.

From Figure 3.1 it is evident that the replacive (i.e. epigenetic) nature of sediment-hosted Zn-Pb deposits 

increases with increasing carbonate content of the host rocks, culminating in the discordant, open-space 

filling mineralisation of MVT deposits (Sangster, 1995). On the other side of the spectrum, volcanic/

magmatic contributions to the ore-forming fluids and increasing hydrothermal fluid temperature are 

responsible for the precipitation of Cu sulphides and Au and the development of VHMS deposits.  Several 

authors suggested that genetic affinities exist between BHT and VHMS deposits, owing to the possible 

occurrence of BHT deposits in a syn-rift setting and the presence of bimodal volcanic rocks in sequences 

hosting BHT deposits (Lydon, 1995; Walters, 1998; Sangster and Hillary, 1998). Genetic models for 

VHMS deposits and their relationship to the Gamsberg deposit are discussed in more depth in section 

7.3 and chapter 8. Irish-type deposits are regarded as occupying the part of the spectrum extending from 

SEDEX to MVT deposits. They are hosted in extensionally faulted carbonate sequences and consist 

mostly of stratabound, massive to disseminated sulphide bodies. However, cross-cutting mineralisation 

is a characteristic feature of Irish-type deposits and attests to the importance of epigenetic processes, 

such as syndiagenetic replacement and/or cavity infill. A recent review of Irish-type deposits has been 

presented by Hitzman (1999).

SEDEX deposits make up the most important group of sediment-hosted Zn-Pb deposits, both in terms of 

number and contained metal. They are generally laminated, bedding-parallel accumulations of sphalerite 
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and galena, hosted predominantly in carbonaceous and/or pyritic, fine-grained clastic rocks. Although 

the ores may also occur in carbonate-dominated sequences, organic-rich siltstones and shales are the 

immediate host rocks in all major deposits (Large et al., 2002). The literature on SEDEX deposits is 

by now so voluminous that a detailed description of the depositional setting, morphology, mineralogy 

and chemical characteristics of these deposits is outside the scope of this section. Instead, the reader is 

referred to a number of comprehensive review papers in the literature (Goodfellow et al., 1993; Lydon, 

1995; Sangster and Hillary, 1998; Goodfellow, 1999; Large et al., 2002). 

The Gamsberg deposit has been included in the BHT classification (Beeson, 1990; Parr and Plimer, 1993; 

Walters, 1998). These deposits may be regarded as a special group of chemically distinct, metamorphosed 

sediment-hosted Zn-Pb deposits and are discussed in more detail in section 3.5.

3.2 Definitions and Terminology

Stratiform sediment-hosted Zn-Pb deposits have historically all been included in the SEDEX 

classification. The acronym “SEDEX”, a contraction of “sedimentary-exhalative”, was first used in a 

publication by Carne and Cathro (1982) referring to “bedded or laminated, tabular sulfide-rich bodies 

in carbonaceous shales or other fine-grained clastic rocks of Proterozoic to upper Paleozoic age. 

Volcanic rocks are generally absent, although tuffaceous rocks may be spatially associated”. Carne and 

Cathro’s (op. cit.) definition implied that the generation of metalliferous brines is predominantly the 

result of sedimentological processes, thereby distinguishing SEDEX from VHMS deposits. In a more 

recent definition, Lydon (1995) referred to a SEDEX Zn-Pb deposit as “a sulfide deposit formed in a 

sedimentary basin by the submarine venting of hydrothermal fluids and whose principal ore minerals are 

sphalerite and galena”. The definition of Lydon (op. cit.) assumes that all SEDEX deposits have formed 

by exhalative processes; a fact that has subsequently been questioned by several workers (e.g. Broadbent 

et al., 1998; Perkins and Bell, 1998). Thus, keeping with the recommendation of Large et al. (2002), the 

more neutral definition of Carne and Cathro (1982) is preferred and adopted in this study. 

The understanding of the timing of mineralisation relative to the deposition of the host rocks has been 

essential in formulating genetic models. This point has been especially important in the case of deposits 

that have been affected by metamorphism. The basic issue of contention has revolved around the question 

whether such metamorphosed base metal sulphide deposits have formed contemporaneous with the 

sedimentary host or whether they are genetically unrelated to sedimentological processes and originated 

by hydrothermal replacement during the orogenic and metamorphic events. In the case of the former, 
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such a deposit is called “syngenetic”, “synsedimentary”, “sedimentary-exhalative” or “syndepositional” 

(Table 3.2). The terms are roughly interchangeable, indicating that the discharge of metal-bearing fluids 

into the sedimentary basin has occurred coeval with clastic and/or chemical sedimentation. If, in contrast, 

a deposit has formed by hydrothermal replacement, it is referred to as “epigenetic”.

Apart from the timing of mineralisation, the exact place of mineralisation has also been a subject of 

contention. A synsedimentary-exhalative model implies that metalliferous fluids have vented into the 

marine water column and mineralisation therefore took place at the sediment-seawater interface. In 

contrast, other scientists have questioned whether rising ore-forming fluids have reached the seafloor. 

Models originating from these views postulate that the sulphide ore minerals replaced the host rock strata 

at some, generally unspecified, distanced below the sediment-seawater interface. Such processes are 

termed “inhalative”, “syndiagenetic” or “diagenetic-replacement” and deposits formed by these processes 

are called “stratiform replacement deposits” (Perkins and Bell, 1998). Models range from shallow, early 

diagenetic processes (centimetres to metres below the sediment-water interface) to late-diagenetic and 

early metamorphic replacement (hundreds of metres below the sediment-water interface).

Table 3.2 Summary of the timing and nature of hydrothermal sulphide mineralisation relative to sedimentation of 
the host rock or later orogenic events (compiled from Marshall and Spry, 2000; Heinrich et al., 2000)

Genesis relative to orogenic 
event

Nature of hydrothermal mineralisation

synsedimentary-exhalative (syndepositional):
mineralisaton formed by the submarine venting of hydrothermal brines at the 
sediment-seawater interface

early syndiagenetic (inhalative):
pre-tectonic (syngenetic): mineralisation formed by the replacement of host strata before lithification at 

shallow depths (centimetres, metres)
late diagenetic replacement (inhalative):

mineralisation formed at considerable depth (hundreds of metres?) below the 
sediment-seawater interface

metamorphosed:
pre-tectonic mineralisation that has been subjected to later orogenic-metamorphic 
events. Mineralisation can be either exhalative or inhalative

syntectonic-replacive (synmetamorphic, syndeformational, synkinematic):
syntectonic (epigenetic): mineralisation that has been emplaced by dilational and/or replacement processes 

into structural or chemical sinks during brittle or ductile deformation
metamorphogenic:

epigenetic mineralisation formed as a consequence of regional metamorphism, 
irrespective of the timing of hydrothermal metal enrichment relative to peak 
metamorphism
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Both synsedimentary-exhalative and syndiagenetic-inhalative models have in common that mineralisation 

occurred prior to later regional metamorphic events and can thus be referred to as “pre-tectonic” or “pre-

metamorphic”. If a pre-tectonic mineralisation has been subjected to a later tectonic-metamorphic event, 

the deposit is referred to as “metamorphosed”. According to Vokes (2000), a metamorphosed deposit 

has formed prior to the onset of metamorphism, has been modified to a greater or lesser degree by the 

metamorphic-deformational processes and shows characteristic effects resulting from these processes. 

Since a distinction between synsedimentary-exhalative and early syndiagenetic replacement is often very 

difficult (if not impossible) to make in highly metamorphosed deposits, these terms will not be applied 

rigorously here. In essence, such deposits are pre-tectonic and will thus be referred to as “syngenetic-

metamorphosed” or “synsedimentary-metamorphosed” in order to distinguish them from epigenetic 

replacement deposits.

In contrast, deposits that have formed as a direct consequence of regional metamorphism are termed 

“metamorphogenic” (Table 3.2). Heinrich et al. (2000) defined a metamorphogenic deposit as “any 

epigenetic, hydrothermal deposit formed during some stage of regional metamorphism and ductile or 

brittle-to-ductile deformation, irrespective of the exact timing of hydrothermal metal enrichment relative 

to the peak of metamorphism (i.e. early-, syn- or late-metamorphic ore formation) or the ultimate 

origin of the ore fluid”. Such deposits originated from the selective replacement of favourable host 

strata at some time during regional orogenic-metamorphic events. Mineralisation is essentially “post-

depositional” relative to sedimentation of the host and is normally referred to as “syntectonic”. Related 

terms are “synmetamorphic”, “syndeformational” or “synkinematic”. Marshall and Spry (2000) refer to 

syntectonic mineralisation as any hydrothermal mineralisation that has been “emplaced by dilational 

and/or replacement processes in structural and chemical sinks which are an integral part of ongoing 

deformation and metamorphism”. As stated by Heinrich et al. (2000), a distinction between early-, syn- 

or late-metamorphic ore formation is not essential. As a rule, the genesis of such deposits is unrelated to 

sedimentological processes and will thus be referred to as “syntectonic” or “epigenetic-replacement”.

3.3 Historical Developments and Classification

For almost a century, hypotheses regarding the origin of stratiform sediment-hosted Zn-Pb deposits 

oscillated between syngenetic and epigenetic concepts. The controversy has been especially fierce in 

the case of deposits hosted in metamorphosed terranes, where original features have been obscured or 

obliterated by tectono-metamorphic events, and distinction between the two processes is often difficult 

(see Marshall and Spry, 2000). Section 3.3.1 presents the more important developments in terms of 
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genetic models and the understanding of the origin of stratiform sediment-hosted Zn-Pb deposits. As a 

result of the diverse nature of these deposit types, several classification schemes have been discussed in 

the literature. Some of the recently proposed subtypes will be presented in section 3.3.2.

3.3.1 Development of Genetic Concepts

The concept of a syngenetic origin of stratiform base metal sulphide deposits has already been postulated 

during the 1920’s/1930’s by German scientists studying the important Meggen and Rammelsberg deposits 

(Vokes, 2000 and references therein). Prior to this time, these deposits have been regarded as being of the 

“fissure vein replacement type”, thus epigenetic in nature (e.g. Lindgren and Irving, 1911). In contrast 

to the German school of thought, scientists of the English-speaking world have historically regarded 

sediment-hosted base metal deposits, especially those that had been deformed and metamorphosed, as 

being of an epigenetic origin (Vokes, 2000). The well studied Broken Hill, Mt Isa and Hilton deposits in 

Australia, for example, have prior to the 1960’s generally been interpreted as hydrothermal replacement 

deposits (Marshall and Spry, 2000).

It was only during the early 1960’s that syngenetic concepts started to become widely accepted in the 

Australian and North American literature. The change of opinion was initiated by Ramdohr (1950), who 

concluded that textures of ore minerals at Broken Hill, New South Wales, were due to metamorphic 

recrystallisation and that sulphides thus must have been present before the onset of metamorphism. In 

addition, the discovery of the essentially unmetamorphosed McArthur River (HYC) deposit in 1959 

provided further evidence for the syngenetic nature of especially the shale-hosted Zn-Pb deposits 

(Marshall and Spry, 2000).

The time span 1960-1980 saw a period of wide-ranging new-orientation of thought regarding the 

genesis of stratiform sulphide deposits. Groundbreaking work was conducted by Stanton (1972, 1976a, 

b, c, d), both in Australia and North America. His work firmly established syngenetic concepts and the 

re-interpretation of ore textures in terms of metamorphism rather than epigenetic replacement. These 

publications were followed up by several important papers in the early 1980’s (Gustafson and Williams, 

1981; Russell et al., 1981; Carne and Cathro, 1982; Large, 1983; Lydon, 1983), which consolidated the 

concept that sediment-hosted Zn-Pb deposits resulted from the submarine venting (exhalation) of metal-

bearing brines into a range of second and third order basins. The brines were believed to be the result of 

sedimentary compaction (Lydon, 1983) or free convection of marine waters into the basin (Russell et al., 

1981), which leached the ore-forming metals from the underlying strata upon heating. According to these 

models, metal deposition took place when the exhaled brines reacted with a suitable sulphur reservoir on 

the seafloor. 
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These genetic models have remained valid, especially for laminated, black-shale hosted examples, and 

have been adopted and developed by more recent reviews (e.g. Goodfellow et al., 1993; Lydon, 1995). 

Nevertheless, it is now recognised that sediment-hosted Zn-Pb deposits comprise a much broader range of 

characteristics in terms of age, commodities, and host rock lithologies than were included in the original 

definition (Sangster and Hillary, 1998). These developments have caused a renewal of the old syngenetic-

epigenetic controversy during the last 15-20 years; a debate that is still ongoing. It is interesting to note 

that the genetic controversies are mostly restricted to Australian deposits. In contrast, the origin of North 

American deposits has been less debated, mostly due to the fact that these deposits are hosted by deep-

water siliciclastic, less carbonaceous (and thus less reactive) lithologies and that well preserved feeder 

zones could be identified in many of the deposits. 

The developments of the last 15-20 years can be summarised in two partly contrasting tendencies: (1) the 

consolidation of synsedimentary-exhalative models, and (2) the decay of purely syngenetic concepts. The 

first tendency is based on the classic genetic theories (e.g. Gustafson and Williams, 1981; Large, 1983; 

Lydon, 1983) and is supported by the following recent developments:

• The discovery of and increasing amount of data collected from active hydrothermal vents in modern 
rift settings has provided an increased understanding of hydrothermal processes that are active on the 
seafloor; both in proximal and distal environments from the vent area.

• The recognition that changes in deposit styles can be related to basinal processes, i.e. natural continua 
exist in sedimentary environments, ranging from deeper starved basins to shallow-carbonate platforms 
that will determine or control the type of mineralisation (Sangster and Hillary, 1998).

• The presence of extensive lithogeochemical and isotopic haloes around some of the major stratiform 
Zn-Pb deposits are interpreted to provide evidence of exhalative processes (Large and McGoldrick, 
1998; Large et al., 2000, 2001).

• The concept of periodic pulses of dense brines sinking into organic-rich dolomitic muds at the 
depositional interface, thus resulting in finely laminated, bedding parallel layers of sulphide ores 
(Large et al., 1998; Sangster, 2002). The periodicity of submarine vents has been supported by 
observations from active examples (e.g. Humphris and Cann, 2000).

• Basin-scale hydrological fluid flow models in sedimentary basins have provided an increased 
understanding of the processes that operate in the generation of hydrothermal brines (Garven et al., 
2001; Large et al., 2002).

The second tendency, where emphasis is placed on epigenetic and replacive features, has received 

considerable impetus due to the following developments:
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• The recognition that the epigenetic nature of sediment-hosted base metal deposits increases with 
increasing carbonate content (Sangster and Hillary, 1998).

• The identification of a range of clearly discordant replacement textures and mineralisation styles in 
many deposits hosted by carbonates or carbonate-rich strata (e.g. Cu-rich parts at Mt Isa).

• Ore textures and ore-host relationships in relatively unmetamorphosed siliciclastic deposits and the 
close association of base metal sulphides with pyrite and organic matter have placed the emphasis on 
syndiagenetic-replacement models (Broadbent et al., 1998; Perkins and Bell, 1998).

• The coarse-grained, skarn-like textures and mineral assemblages of BHT deposits have been interpreted 
by some (e.g. Williams et al., 1996, 1998; Chapman and Williams, 1998) to indicate widespread 
orogenic metasomatism and might thus suggest a syntectonic origin of the mineralisation.

• Geochronological investigations have in some cases indicated a younger age for the mineralisation as 
for the sedimentary host (e.g. Ehlers et al., 1996). These findings seem inconsistent with a syngenetic 
origin of the mineralisation.

Throughout the years, bimodal or polymodal genetic models have tried to resolve the enigma that features 

indicative of syngenetic, as well as epigenetic processes have been recognised in some sediment-hosted 

Zn-Pb deposits. Such models have experienced a revival in recent years and are based on the assumption 

that two or more non-coeval deposit-forming events introduced ore-forming components to the system 

(Marshall and Spry, 2000). One of the best documented examples where polymodal genetic models 

are widely accepted is the Mt Isa deposit, where stratiform Pb-Zn and breccia-hosted Cu ores occur as 

physically separate bodies within a single mine. Whereas most scientists support a syndiagenetic or to 

a lesser extent synsedimentary origin for the Pb-Zn-Ag ores (e.g. McGoldrick et al., 1999a; Heinrich et 

al., 2000; Marshall and Spry, 2000), the epigenetic origin of the Cu-rich parts has almost globally been 

accepted in recent years. Similar polymodal genetic models have been suggested for the nearby Hilton 

deposit (Valenta, 1994). 

Other Australian deposits where polymodal genetic models have been postulated include Lady Loretta 

(McGoldrick et al., 1999b) and several BHT deposits (Williams et al., 1996, 1998). Whereas models 

for Lady Loretta suggest that synsedimentary-exhalative and syndiagenetic processes have acted 

contemporaneously, models for the BHT deposits are distinctly more complex. The latter require two 

or more genetically unrelated, temporally separated processes (i.e. exhalation of metalliferous brines 

and synmetamorphic emplacement and/or metasomatic alteration) to account for the observed ore-host 

relationships and mineral assemblages.
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3.3.2 Classification of Sediment-Hosted Zn-Pb Deposits

Due to the diverse nature of stratiform sediment-hosted Zn-Pb deposits (e.g. immediate host rock 

association, sedimentological setting, degree of metamorphism), a variety of classification schemes 

have been proposed throughout the years. However, many of these remain controversial (see Sangster 

and Hillary, 1998; Large et al., 2002). During the 1990’s, several authors (Beeson, 1990; Parr and 

Plimer, 1993; Walters, 1998) have suggested a separate classification for BHT deposits, due to a range 

of characteristic features that distinguish them from other shale- or carbonate-hosted deposits. Prior to 

this time, BHT deposits have been regarded as metamorphosed examples of SEDEX mineralisation (e.g. 

Gustafson and Williams, 1981). Although the grouping is based on a relatively small number of deposits 

whose genesis is poorly understood, the term is now firmly established in the literature and will be 

adopted in this thesis. 

Within the heterogeneous group of SEDEX deposits, subtypes are not widely recognised. Lydon (1983) 

has briefly referred to a carbonate-hosted group and a siliciclastic-hosted group, but no further attempts 

have been made to consolidate this classification. Recently, Sangster and Hillary (1998) have presented a 

compilation of 142 deposits and occurrences that they included in the SEDEX classification. The authors 

proposed a subdivision into three SEDEX subtypes that they referred to as “Type 1”, “Type 2”, and 

“Type 3” deposits. Type 1 deposits include examples where the sulphide minerals (sphalerite, galena, Fe 

sulphides) are the only exhalative components that appear to have been simply added to siliciclastic or 

carbonate host rocks. Type 2 deposits contain the same exhalative components as in Type 1 plus chert, 

siderite/ankerite, and/or barite that generally are located within or peripheral to the sulphide masses. Type 

3 deposits are composed of any of the components of Types 1 and 2 but are in addition closely associated 

with iron formations and other types of metalliferous rocks. In most regards, Type 3 deposits correspond 

to the BHT classification of Beeson (1990), Parr and Plimer (1993) and Walters (1998).

In contrast, Cooke et al. (2000) have proposed a distinction according to the chemistry of the mineralising 

brines: The authors distinguished (1) “McArthur-type” deposits that precipitated from oxidised (SO4
2-

-dominant), acidic to near-neutral brines in sedimentary basins dominated by carbonates, evaporites, 

and hematitic sandstones, and (2) “Selwyn-type” deposits that precipitated from acidic, reduced (H2S
--

dominant) brines in reduced siliciclastic and shale basins. According to Cooke et al. (op. cit.), the redox 

state of the mineralising brines (sulphate or sulphide predominant) may control a range of geological 

features, including tonnages and grades, the minor element association (e.g. Ba, Sn, Au), or the presence 

or absence of footwall stringer zones. 

Sangster (2002) has divided SEDEX deposits into “vent proximal” and “vent distal”, based on the 

presence or absence of such footwall stringer zones. Vent proximal deposits (e.g. Sullivan, Red Dog) 
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have well-developed vent complexes underlying the stratiform ores, which represent the pathways of 

hydrothermal fluids up to the basin floor. According to Sangster (op. cit.), these deposits originated from 

hydrothermal fluids of lower density than seawater (high temperature and/or low salinity) that will form 

buoyant plumes upon discharge. In contrast, vent distal deposits (e.g. HYC, Century, Howards Pass) lack 

associated stringer zones or vent complexes and commonly consist of laminated, tabular ore sheets. They 

have formed from dense, saline fluids that will form bottom-hugging brines upon exhalation, and which 

are thus capable of migrating away from the centre of hydrothermal discharge. As pointed out by Large 

et al. (2002), McArthur-type deposits correspond in most cases to vent distal deposits and Selwyn-type 

to vent proximal deposits. 

3.4 Metamorphism of Base Metal Deposits

Many of the largest base metal deposits in the world (e.g. Broken Hill, Mount Isa, Sullivan) have 

been subjected to tectono-metamorphic events that have considerably modified original relationships 

between host rocks and sulphide ore minerals. In the case of deposits that experienced higher grades of 

metamorphism, these events have commonly totally obliterated any primary features. During the last 

decades, a large amount of information has been gathered regarding the effects of metamorphism and 

deformation on pre-existing base metal accumulations. The knowledge that has resulted from these studies 

has recently been compiled as Volume 11 of the Reviews in Economic Geology series - “Metamorphosed 

and Metamorphogenic Ore Deposits” - and is summarised below.

As shown by Vokes (2000), metamorphism and deformation of pre-existing base metal ores may 

result in: (1) structural-morphological changes, (2) fabric changes, (3) mineralogical changes, and (4) 
mobilisation-remobilisation.

Morphological modifications involve folding of the ore layers together with their enclosing host rocks 

and elongation of the ore bodies. Resulting structures range from open to tightly closed, isoclinal in form 

and may lead to disruption and boudinage of the folded ores with increasing deformation. Commonly 

the sulphide mass has been thickened in fold hinges by flow during folding. In addition, isoclinal folding 

may be responsible for the repetition of ore layers in metamorphosed deposits (Vokes, 2000). These 

deposit-wide modifications are accompanied by fabric changes, both of the ores as a whole and of the 

individual minerals. The fabric changes involve coarsening of grain sizes due to annealing and dynamic 

recrystallisation, as well as grain size reduction as a result of brittle and/or ductile deformation.

Metamorphosed ore minerals generally do not display the well-defined mineralogical changes exhibited 
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by the gangue minerals. This is due to a combination of factors, such as the relatively large stability 

field of sulphide minerals, the simple chemical composition of the sulphide ores, as well as the ease 

with which sulphide minerals re-equilibrate to low-temperature phases during retrogression (Marshall et 

al., 2000; Vokes, 2000). Nevertheless, it has been documented in recent years that reactions of sulphide 

minerals with coexisting silicates or oxides may lead to changes in the latter (see Vokes, 2000). The 

composition of sulphide minerals such as pyrrhotite or sphalerite may also be changed during the course 

of metamorphism, or sulphides may be consumed or formed due to sulphidation-desulphidation reactions. 

The most commonly recorded mineralogical changes induced by metamorphism involve:

• Conversion of pyrite to pyrrhotite due to prograde desulphidation. The change is reversed during 
cooling, resulting in growth of retrograde pyrite cubes within pyrrhotite (Craig and Vokes, 1993).

• An increase in the FeS content of sphalerite with increasing metamorphic grade, coupled with the 
exsolution of pyrrhotite and/or chalcopyrite from sphalerite.

• The formation of zincian spinel (gahnite) and zincian staurolite due to desulphidation of sphalerite 
(Spry and Scott, 1986; Spry, 2000).

• The exsolution of argentian tetrahedrite from galena and formation of Pb-rich feldspar under high-
grade metamorphism.

• The release of a number of trace elements from base metal sulphides, including the release of invisible 
gold from pyrite (e.g. Larocque et al., 1995).

Combined, the structural, textural and mineralogical modifications have important implications in 

upgrading a given deposit. Thickening of ore shoots due to flow of sulphides into fold hinges or tectonic 

duplication are beneficial for mining operations. Furthermore, grain size coarsening, the development of 

more equal grain sizes and straightening of grain boundaries, as well as the development of ore minerals 

as discreet, homogeneous grains all have positive effects on the beneficiation of the ores. These effects 

are, however, to various extents counteracted by fracturing of the ores due to cataclastic deformation 

and increases in mining costs that accompany operations in metamorphic terranes (Marshall et al., 2000; 

Vokes, 2000). Mineralogical modifications may lead to upgrading of the ores if the availability of major 

and trace elements increases due to these effects, i.e. through the release of Au and Ag from sulphides 

or exsolution of Cu from the sphalerite lattice. Effective downgrading, in contrast, results from the 

partitioning of base metals into non-sulphides phases (e.g. gahnite, Pb-rich feldspar) or the enrichment of 

sphalerite in FeS and MnS (Marshall et al., 2000).

Some of the most intense modifications are accomplished by the process of metamorphic remobilisation. 

The latter can result in extensive redistribution of the ore-forming constituents and may even lead to the 

development of new deposits. Concepts and terminology pertaining to metamorphic remobilisation have 
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recently been reviewed by Marshall et al. (2000). According to these authors, remobilisation involves 

the concept of a source or parent mineralisation, modification by a variety of transfer processes, and 

re-concentration of the constituents as product or daughter mineralisation. The latter may be spatially 

separated from the parent (external remobilisation) or may be located within the boundaries of the parent 

(internal remobilisation). Metamorphically-induced transfer may be initiated due to solid-state, liquid-

state or mixed processes. While solid-state transfer is normally active on an inter- to intragranular scale, 

the majority of extensive internal and external remobilisation involves liquid-state and mixed transfer 

(Marshall and Gilligan, 1993; Marshall et al., 2000). The textures resulting from remobilisation of pre-

tectonic mineralisation are difficult to distinguish from those resulting from syn-tectonic emplacement 

and, consequently, special care has to be taken when inferring the origin of metamorphosed deposits. 

Guidelines for distinguishing these two types of deposits have been presented by Marshall and Spry 

(2000) and involve a careful study of macro- to microscopic ore-host rock relationships, coupled with 

additional evidence such as isotopes or REE concentrations.

Recently, Mavrogenes et al. (2001) re-investigated the notion expressed by Lawrence (1967) that 

melting of the sulphide masses during high-grade metamorphism may be responsible for large-scale 

remobilisation of the ores. The authors conducted melting experiments in the system PbS-FeS-ZnS-Ag2S 

at 1 atm and elevated pressures, which indicated that the pure system PbS-FeS-ZnS would melt at 830°C 

at 5 kbars. The addition of 1 wt.% Ag2S to the system lowered the 5 kbar eutectic temperature to <810°C 

and additional components may push the solidus to even lower temperatures. Stevens et al. (2003) 

investigated partial melting of the assemblage sphalerite + galena + pyrite + chalcopyrite at 2 Mpa, 

adding excess S. The authors found that the availability of excess S lowered the melting temperature at 

least 50°C below the PbS-FeS-ZnS solidus. These preliminary experimental studies suggest that massive 

sulphide deposits that have been subjected to upper-amphibolite to granulite-facies may be drastically 

modified during metamorphism, possibly through the development of sulphide melts (see also Frost et 

al., 2002). 

3.5 Broken Hill-Type Deposits

Since the early 1990‘s, BHT deposits have been identified as a separate class of sediment-hosted 

Zn-Pb deposits (Beeson, 1990; Parr and Plimer, 1993; Walters, 1998). Apart from Gamsberg and 

the three neighbouring deposits in the Aggeneys area, the group includes Broken Hill (New South 

Wales), Cannington and Pegmont in Australia and several deposits in the Bergslagen district of 

Sweden (e.g. Zinkgruven). BHT deposits display unique geological features that distinguish them from 
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SEDEX deposits. Although the exact nature of these features has not always been clear, the following 

characteristics seem to support a separate classification:

• All deposits occur within Palaeo- to Mesoproterozoic mobile belt terranes.

• Country rock assemblages grade from quartzo-feldspathic rocks to quartzites and metapelitic schists, 
showing a tendency towards oxidised clastic metasediments.

• The ores are intimately associated with a range of complex metalliferous rocks, such as manganiferous 
iron formations, quartz-gahnite rocks, garnet-quartz rocks (coticules) and a variety of pyroxenoid-, 
pyroxene- and amphibole-rich gangue assemblages.

• The ores are generally S-poor (predominance of pyrrhotite over pyrite) and may contain magnetite as 
a minor constituent. Magnetite is virtually absent from SEDEX deposits.

• The association with bimodal volcanic rocks is common, suggesting transitional parameters to 
VHMS deposits.

• BHT deposits have a distinct chemical association, characterised by enrichment in Fe, Mn, Ca, Si, P, 
F and REE.

Due to their occurrence in amphibolite-granulite facies metamorphic terranes, interpretations regarding 

the basinal setting of BHT deposits have remained contentious. Parr and Plimer (1993) and Walters 

(1998) have shown that BHT deposits tend to occur on the transition of lower quartzo-feldspathic 

dominant to upper metapelitic sequences, probably reflecting the transition from rift-phase clastic to 

sag-phase sedimentation. The association of BHT mineralisation with both mafic and felsic metavolcanic 

rocks is in agreement with such a setting (see Large et al., 2002). 

Textures in BHT deposits differ from those observed in SEDEX deposits due to the strong metamorphic-

deformational overprint, and most deposits display the characteristic metamorphic fabrics discussed in 

the previous section. The ore layers have been folded and disrupted together with the enclosing rocks 

and cross-cutting “ore pegmatites“ and complex ductile breccias are a characteristic feature. Individual 

sulphide and oxide ore minerals generally display coarse-grained recrystallised and annealed textures, 

which resulted in considerable upgrading of the deposits. The observed ore textures generally reflect the 

last significant overprint and primary features have in most cases totally been obliterated. As pointed out 

by Walters (1998), BHT deposits are not pristine deposits and special care has to be taken when inferring 

any pre-metamorphic relationships.

A characteristic feature of BHT deposits is their close spatial association with chemically distinct 

metalliferous rocks. The latter have been interpreted as the metamorphosed equivalents of interbedded 

volcaniclastic and chemical sediments (chert, Fe-Mn-rich metalliferous sediment, sulphides), which 
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are commonly associated with seafloor hydrothermal systems (Spry et al., 2000). The authors have 

placed special emphasis on iron formations, coticules (garnet-quartz rocks) and tourmalinites, but the 

group is in reality much more heterogeneous and also includes apatite-rich rocks, quartz-gahnite rocks, 

metachert, barite, and a variety of Fe-Mn silicate and silicate-carbonate facies rocks (Plimer, 1986; Peter 

and Goodfellow, 1996; Walters, 1998). These complex rock types have been interpreted to represent the 

more oxidised and/or more distal components of the hydrothermal system and are genetically linked to 

the mineralisation process. As a result, they are important pathfinders for BHT and related hydrothermal 

mineralisation (Spry et al., 2000).

Due to the highly metamorphosed and modified nature of BHT deposits, genetic models have largely 

remained ambiguous and speculative. Various theories have been presented (see summary by Large 

et al., 2002), which can be summarised in two main concepts: (1) a pre-tectonic model involving 

exhalative or inhalative emplacement, which has later become overprinted by a complex sequence of 

metamorphic, deformational and/or metasomatic processes (Bodon, 1998; Marshall and Spry, 2000), 

and (2) a syntectonic metasomatic model involving syn-peak or post-peak metamorphic emplacement by 

externally derived fluids (e.g. Williams et al., 1996).
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CHAPTER 4
PETROGRAPHY AND MINERALOGY OF THE GAMS FORMATION

The Gams Formation represents an economically important unit of metamorphosed Fe-, Mn-, Zn-, Ca-, 

Si- and Ba-rich rocks that are interbedded with fine-grained siliciclastic metasediments. Locally absent, 

it ranges in thickness up to 100 m, with the mineralised horizon reaching a maximum stratigraphic 

thickness of 50 m (Rozendaal, 1975, 1982). The Gams Formation has been correlated with a similar unit 

of mineralised ferruginous metasediments in the Aggeneys area that normally has been referred to as the 

‘Aggeneys Ore Formation’ (Ryan et al., 1986). The first part of this chapter (section 4.1) summarises the 

geological features of the Gamsberg deposit. The information has mostly been compiled from the work 

of Rozendaal (1975, 1982, 1986), and provides the necessary background for this study. Petrographical 

and mineralogical characteristics of the different ore types, as well as preserved metamorphic features of 

the ore are presented in section 4.2. In section 4.3, the nature and distribution of associated metalliferous 

rock types is described. The latter contain a wide variety of different mineral phases, some of which are 

characterised by unusual chemical compositions. A list of the identified minerals of the Gams Formation 

and their respective chemical formulae is presented in Appendix C.

4.1 Morphology, Stratigraphic Units and Distribution of Facies

4.1.1 Architecture of the Deposit

As the name implies, the Gamsberg deposit is confined to the Gamsberg, a steep-sided inselberg about 

7 km long and 5 km wide, which rises approximately 250 m above the general level of the surrounding 

plane (Fig. 4.1). The cliffs and flat top of the mountain are composed of massive white quartzite of the 

Wortel Formation, whereas the underlying schist and gneisses are exposed towards the basal part of the 

exterior slopes. The central part of Gamsberg is composed of lithologies of the Koeris Formation. The 

soft-weathering nature of these rocks has resulted in the formation of an internal basin. Figure 4.2 shows 

a plan view and cross-sections, illustrating the geology and structural relationships of the Gamsberg 

deposit.

The Gams Formation is exposed as a prominent gossan along the inner periphery of the erosional basin 

(Fig. 4.3). The most prominent outcrops are found in the north-western part of Gamsberg, where sulphide 
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Fig. 4.1 Arial view of Gamsberg from the southwest (photo from Rozendaal, 1982). The erosional basin is a 
structural feature and is floored by lithologies of the Koeris Formation. If development of the Gamsberg deposit 
goes ahead, a major open-cast mine is planned in the northwestern part of the mountain.

gossan, massive oxidised iron formation and weathered coticule rock can be distinguished. Quartzite 

bands are interbedded with the gossan in the western part of Gamsberg, whereas intraformational 

breccias are evident within outcrops in the north-east. The surface expression of the Gams Formation 

in the southern and eastern parts of the mountain is dominated by massive Fe oxide layers and lenses of 

barite.

Rozendaal (1982) subdivided the Gamsberg deposit into three different areas, based on structural 

relationships and the distribution of mineralisation types (Fig. 4.2): the North Body hosts the main part 

of Zn-Pb mineralisation and is situated in the northern and north-western parts of Gamsberg. The ore 

body is mostly confined to a southwards dipping hinge zone of the sheath-fold and consists of a sheath-

like, tabular body, which normally shows internal lamination or banding. In most areas, the ore body is 

overlain by non-mineralised metalliferous rocks of the Overturned Limb, which have been folded over 

the North Body. The Gams Formation thins out toward the east, where it consists mostly of the lithologies 

of the Overturned Limb. The South Body is confined to the southern limb of the sheath-fold structure. 

In this area, the Gams Formation is generally thinner and less mineralised compared to the North Body. 

Typical cross-sections of the various parts of the Gamsberg deposit are shown in Figure 4.4.
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Fig. 4.2 a Surface geology of the Gamsberg deposit. b. Representative cross-section through the mega-sheath fold 
structure (after Rozendaal, 1982).

Fig. 4.3 Surface expression of the Gams Formation (after Rozendaal, 1982).
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Fig. 4.4 Representative cross-sections of the various parts of the Gamsberg deposit (modified from Rozendaal, 
1982). The position of the sections is shown in the inset.
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Table 4.1 Geology and stratigraphic units of the Gams Formation (after Rozendaal, 1982)

Unit North Body South Body Overturned Limb

C2 Mn garnet-pyroxenoid 
rhythmite with Fe oxides

Mn garnet-carbonate-quartz 
rock with minor to major Fe 
oxides

C2a Garnet-, olivine-, pyroxenoid-
bearing marble

C1 Variety of garnet-, pyroxene-, 
pyroxenoid-, amphibole-, 
olivine- and magnetite-bearing 
rocks

Quartz-garnet rock with variable 
amphibole and clinopyroxene

Fe oxide-quartz rocks, hosting 
locally major apatite and 
variable gahnite

Massive to laminated barite 
with associated quartz and 
hematite

B2 Quartz-garnet-amphibole rock 
holding major sphalerite and 
pyrrhotite

Quartz-garnet rock holding 
major sphalerite and pyrrhotite

Quartz-sillimanite schist with 
major pyrite and pyrrhotite and 
minor sphalerite

B1 Quartz-sillimanite-muscovite-
graphite schist with major 
pyrite and sphalerite

Quartz-sillimanite-muscovite 
schist with major pyrite and 
minor sphalerite

A4 Fine-grained garnet-rich 
quartzite

Garnet-rich quartzite with 
variable feldspar and amphibole

Garnet-quartz-(pyroxenoid) 
rock with variable Fe oxides

A3 Calcite-quartz-K-feldspar rock Calcite-garnet-clinopyroxene 
rock

A2 Garnet-pyroxene-amphibole 
rock

4.1.2 Stratigraphic Subdivisions

Stratigraphically, Rozendaal (1975, 1982) subdivided the Gams Formation into the A, B and C Members, 

which he further divided into different Beds (e.g. A2 Bed, A3 Bed, etc.). Owing to uncertainties regarding 

the stratigraphic status of these packages, the terms “Member“ and “Bed“ will not be adopted here and 

are replaced by the neutral term “Unit“. The following section summarises the petrographical features 

of the different units, as presented by Rozendaal (op. cit.; Table 4.1). Detailed textural and mineralogical 

characteristics of the ore types and associated metalliferous rocks are presented in sections 4.2 and 4.3.

The A Unit: The A Unit underlies the ore zone and has a typical thickness of 10-30 m. It is generally not 

developed in the Overturned Limb, except in the eastern part of Gamsberg. Here the A Unit is present as 

an undifferentiated garnet-quartz rock, holding variable amounts of pyroxenoid, magnetite and hematite. 

The A Unit can be subdivided into the A2, A3 and A4 Units.

The A2 Unit is a thin (< 1 m), discontinuous layer, mainly confined to the North Body. It consists 

of massive, medium- to coarse-grained garnet-pyroxene-amphibole rocks, with variable amounts of 

olivine, quartz, carbonate and opaque minerals. In the North Body, the A2 Unit grades into moderately 
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banded carbonate-rich rocks of the A3 Unit (< 7 m thick). The A3 Unit is present in the South Body as 

a carbonate-garnet-clinopyroxene-amphibole marble, but corresponding carbonaceous lithologies are 

absent in the east of Gamsberg. The A3 Unit is gradationally overlain by a persistent, 1-15 m thick, 

moderately banded garnetiferous quartzite (A4 Unit). The contact to the overlying ore zone is gradational 

and is marked by a considerable increase in pyrite.

The B Unit: The B Unit represents the mineralised horizon. Locally absent, it has a typical thickness in 

the range of 25-50 m and is especially well developed in the North Body. The sulphide zone thins out 

rapidly toward the east, where it is present as a thin pyrite-rich but sphalerite poor quartz-sillimanite-mica 

schist (ore equivalent schist).

The B Unit can be subdivided into basal, less mineralised, metapelite-hosted ore (B1 Unit) and upper 

high-grade quartz-garnet-amphibole mineralisation (B2 Unit). The B1 Unit (average thickness of 30 m) 

consists of a fine-grained and moderately banded quartz-sillimanite-muscovite-graphite schist, holding 

major amounts of pyrite and sphalerite and variable K-feldspar, chlorite, biotite, galena and pyrrhotite. 

A band of sericitic and feldspathic quartzite is interbedded with this unit in the South Body. The B1 

Unit is conformably overlain by mineralised quartz-garnet±amphibole±pyroxenoid rocks of the B2 

Unit. The latter are characterised by major amounts of marmatitic and manganiferous sphalerite and the 

predominance of massive pyrrhotite over pyrite. The rocks are generally fine- to medium-grained and 

display a prominent micro- to meso-banding due to differences in the relative concentrations of quartz, 

garnet, amphibole, apatite and ore minerals. Gahnite is locally present in the garnetiferous sulphide zone 

developed in the eastern part of the Overturned Limb.

On the contact of the B1 and B2 Units, a 3 - 10 m thick, laterally continuous, mineralised layer is hosting 

abundant nodular apatite concretions. This unit is subsequently referred to as the Apatite Marker Unit 

(AMU).

The C Unit: The contact between the mineralised B Unit and the overlying C Unit is defined by a 

prominent decrease of Fe sulphides and sphalerite, and a corresponding increase in the concentration of 

Fe oxides and Fe-Mn silicates. The C Unit is generally thin (0-15 m), irregularly developed, and displays 

considerable mineral variation laterally and across the banding. The C Unit has been subdivided into a 

lower C1 Unit and an upper C2 Unit.

In the Overturned Limb area, the C1 Unit consists of 0-12 m thick, medium- to coarse-grained and 

moderately banded Fe oxide-quartz rocks, containing subordinate to major amounts of phosphates, 

gahnite, garnet and galena. Close to the sulphide zone, magnetite is the dominant Fe oxide but the unit 
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becomes predominantly hematitic with increasing distance from the ore body. Massive to banded barite 

layers are interbedded with these rocks in the eastern part of Gamsberg. Sporadic intraformational 

breccias are present within the C1 Unit, consisting of angular fragments of white quartzite embedded in 

a hematite-magnetite-quartz±galena matrix. 

From the Overturned Limb to the North Body, the C1 Unit undergoes a dramatic mineralogical change 

over a distance of only 150 m. In the North Body, the unit consists of a variety of medium- to coarse-

grained, massive to moderately banded garnet-, pyroxene-, pyroxenoid-, amphibole-, olivine- and 

magnetite-bearing rocks. In the South Body, the C1 Unit is present as an up to 20 m thick, meso-banded 

(3-5 mm), medium- to fine-grained quartz-garnet±amphibole±chlorite±pyrite rock. The unit is, however, 

irregularly developed along strike, possibly due to post-depositional erosion. Iron sulphides predominate 

over Fe oxides in this area.

The top of the Gams Formation is formed by distinctly laminated, bright yellow lithotypes of the C2 

Unit. The unit is irregularly developed in the Overturned Limb and North Body and rapidly thins out 

toward the South Body. Banding is produced by massive yellow garnet±pyroxenoid layers, alternating 

with thin seams of quartz or Fe oxides. In the North Body, the C1 Unit is separated from the C2 Unit by 

a poorly banded to massive marble (C2a Unit) composed of manganoan calcite or rhodochrosite, garnet, 

clinopyroxene, pyroxenoid and amphibole. Associated minerals include magnetite, apatite and titanite.

4.1.3 Distribution of Facies

Rozendaal (1982) interpreted the pre-tectonic distribution of facies by restoring the structure to its pre-

folded state. The resulting relationships are shown in Figure 4.5 in the form of four subparallel NW-SE 

vertical sections. A prominent feature illustrated by Figure 4.5 is the very rapid thickening of the Gams 

Formation from northwest to southeast along a roughly ESE-WNW trending reference line, which 

possibly corresponds to the edge of the primary depositional basin. The distribution of facies is distinctly 

controlled by the architecture of this proposed palaeo-basin. Iron oxide-quartz rocks are confined to the 

area north of the reference line, where magnetite and hematite subfacies can be separated in places. Barite 

is similarly confined to areas north of the reference line and rapid termination of the barite deposit near 

the edge of the palaeobasin is evident. 

The magnetite-quartz rocks grade southward over a short distance into silicate-carbonate and carbonate-

dominated facies of the C Unit, which overlie the ore zone in the North Body. Equivalents of these 

carbonaceous rocks are absent in the east of the deposit. Toward the south, the carbonate facies grade 

into quartz-rich silicate facies rocks. Sulphide facies are confined to the deeper parts of the palaeo-basin 
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Fig. 4.5 Schematic reconstruction illustrating the distribution of facies of the Gams Formation prior to deformation 
(after Rozenaal, 1982). The position of the four profiles is shown in the inset.

and are best developed in the North Body. Metapelite-hosted pyrite-sphalerite-graphite ore of the B1 Unit 

underlies sphalerite-pyrrhotite ore of the B2 Unit, probably corresponding to a primary redox boundary. 

The sulphide zone is underlain in most areas by a layer of garnetiferous quartzite of the A4 Unit. In the 

North and South Bodies, these silica- and alumina-rich rock types are in turn underlain by carbonate and 

silicate-carbonate facies rocks of the A3 and A2 Units.

4.2 Ore Types and Metamorphic Features of the Ores

As a result of the deformational and metamorphic events that have affected the Gamsberg deposit, a 

characteristic metamorphic fabric has been preserved in the ores. This section first describes petrological-

mineralogical features of the different styles of mineralisation, with special emphasis on gangue minerals 

(section 4.2.1). In the following sections (4.2.2 – 4.2.4), the preserved metamorphic fabrics of the ore 

body and individual ore minerals are presented.
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4.2.1 Mineralisation Types

Petrologically, mineralisation at Gamsberg can be subdivided into three ore types: (i) metapelite-hosted 

ore, (ii) garnet-apatite ore, and (iii) phosphorite-hosted ore. Ore types (i) and (ii) have an average thickness 

of 30 m and 15 m, respectively, and are separated by a 3 - 10 m thick layer of phosphorite-hosted ore.

Metapelite-hosted ore: Metapelite-hosted ore occurs within the B1 Unit and consist of a fine-grained 

quartz-sillimanite-muscovite-graphite schist. The assemblage contains major amounts of coarsely 

recrystallised pyrite and variable concentrations of disseminated sphalerite and galena (Fig. 4.6a). 

Pyrrhotite is scarce but may occur as an accessory mineral. The ore is poorly to moderately banded, due 

to variations in the silicate mineralogy, changes in the concentration of sulphide minerals and variations 

in the grain size of quartz. 

Fig. 4.6 Photographs of metapelite-hosted ore; scale bars represent 500 µm; diameter of coin = 2.1 cm. a. 
Sphalerite and pyrite in a matrix of fine-grained quartz and chlorite; plane polarised transmitted light (Sample 
G45-1240). b. Fibrolitic sillimanite intergrown with quartz; plane polarised transmitted light (Sample G45-1260). 
c. Chlorite pseudomorph after amphibole; plane polarised transmitted light (Sample M2-428). d. Coarse rutile 
crystal associated with pyrite and quartz.
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Microscopically, quartz is present as small grains that display a typical granoblastic-polygonal texture. 

Sillimanite is fibrolitic and normally occurs intergrown with quartz (Fig. 4.6b). Together with sericitic 

muscovite, sillimanite imparts a weak foliation to the unit, which is accentuated by elongated and 

orientated flakes of graphite. The latter is generally present in concentrations up to 5% by volume but 

may also occur as massive graphite aggregates. Prograde hydrous silicates such as biotite and amphibole 

are commonly retrogressively altered to chlorite, which may occur as pseudomorphs after these phases 

(Fig. 4.6c). Rutile is the Ti-bearing phase and normally occurs as small isolated grains. Occasionally, 

large (2 cm) euhedral crystals of rutile have been observed (Fig. 4.6d). Other accessory minerals include 

apatite, zircon and chalcopyrite.

Garnet-apatite ore: Garnet-apatite ore is confined to the B2 Unit and consist of quartz-garnet-

apatite±amphibole±pyroxenoid rocks, hosting massive recrystallised sphalerite and pyrrhotite, as well 

as minor magnetite and galena. The term “garnet-apatite ore“ has been chosen due to the occurrence 

of garnet instead of sillimanite and the ubiquitous presence of apatite as a distinct minor component. 

Apart from garnet, amphibole and pyroxenoid may occur as minor to major constituents. A characteristic 

Fig. 4.7 Borehole core intervals of banded garnet-apatite ore; diameter of coins = 1.8 cm. a. Sample G64-1175. b. 
Sample G-MB. c. Sample G45-1195. d. Sample G54-1015.
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feature of garnet-apatite ore is its well-developed micro- to mesoscale banding. The latter is manifested 

by alternating layers of garnet, amphibole, quartz, apatite or ore minerals, which range in thickness 

between 1 mm and 5 cm (Fig. 4.7a-d). Banding is especially prominent in high-grade garnet-amphibole-

apatite mineralisation that occurs towards to top of the B2 Unit. These rocks are characterised by garnet-

Fig. 4.8 Photomicrographs of garnet-apatite ore; scale bars represent 500 µm. a. Garnet poikiloblast holding 
inclusions of sphalerite; plane polarised transmitted light (Sample G45-1195). b. Garnet showing sieve texture 
due to abundant sphalerite inclusions. The garnet poikiloblast is enveloped by massive sphalerite; plane polarised 
transmitted light (Sample G-MB). c. Back-scattered electron image showing poikiloblastic inclusions of sphalerite 
in garnet (Sample G-45-1195). d. Grunerite lamellae within coarse-grained pyroxmangite (Sample G54-1015). e. 
Back-scattered electron image showing grunerite lamellae within pyroxmangite (Sample G54-1015). f. Rounded 
apatite grains within matrix of sphalerite; plane polarised transmitted light (Sample G45-1195).
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rich mesobands (0.5-5 cm) that rhythmically alternate with thinner (0.5-2 cm) amphibole-rich mesobands 

(Fig. 4.7b). Thin monomineralic bands of apatite (< 3 mm) occur on the contact of the two layers. The 

individual layers have been folded in places but still retained their original relationships, with sharp 

contacts between the mesobands. Sphalerite is distinctly concentrated within the garnet-rich mesobands 

but occasionally shows cross-cutting relationships in the form of small discordant veins. The banding 

of the garnet-apatite mineralisation is interpreted as a preserved primary feature, inherited from delicate 

layering of original metalliferous sediments. The implications of these features are discussed in more 

detail in section 7.3.

Microscopically, quartz is present as medium-grained granoblastic aggregates and generally shows 

deformational textures such as strained extinction. Garnet occurs as pinkish, medium-grained isolated 

porphyroblasts or clusters of grains and commonly contains inclusions of quartz, sphalerite or pyrrhotite 

(Fig. 4.8a-c). In places, garnet contains abundant inclusions of sphalerite, resulting in a poikiloblastic sieve 

Fig. 4.9a-b Borehole core intervals showing apatite nodules within the AMU. The nodules are commonly flattened 
parallel to the regional foliation. c. Photomicrograph showing part of an apatite nodule in contact with the host 
rock; plane polarised transmitted light; scale bar represents 500µm. d. Close-up of the same nodule containing 
solid inclusions of sphalerite; plane polarised transmitted light; scale bar represents 500µm. All photographs 
Sample M3-734.
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texture, indicative of simultaneous recrystallisation of these two mineral phases (Fig. 4.8b). Amphibole 

is present as medium- to coarse-grained, multiply twinned, prismatic crystals. Occasionally, the presence 

of lamellae and blebs of amphibole within pyroxenoid (Fig. 4.8d-e) attest to the retrogressive breakdown 

of the latter to amphibole (e.g. Mancini et al., 2000). In contrast to the B1 Unit, ilmenite is the dominant 

Ti-bearing mineral, which normally occurs as blebs and lamellae within magnetite.

As the name implies, garnet-apatite mineralisation is enriched in P, distinguishing it from the relatively 

apatite-poor metapelite-hosted ore. Phosphorus is mostly present as fluorapatite that occurs as medium-

sized (50-100 μm) rounded grains. In addition to the monomineralic apatite bands described above, 

individual apatite grains are also present interstitial to granoblastic quartz or massive sphalerite 

aggregates (Fig. 4.8f).

Phosphorite-hosted ore: A second type of phosphatic mineralisation occurs within the AMU. This layer 

holds abundant nodular apatite concretions in a matrix of granoblastic quartz and small flakes of muscovite. 

The unit marks the boundary of pyrite-bearing ore of the B1 Unit to pyrrhotite-bearing ore of the B2 Unit. 

The nodules are enveloped by coarse aggregates of sphalerite and pyrrhotite, which are concentrated in 

the pressure shadows of the less ductile apatite. Individual apatite nodules are rounded to sub-rounded, 

reaching 10-30 mm in diameter, and often show signs of flattening parallel to the regional foliation (Fig. 

4.9a-b). Most nodules are clearly zoned, a feature imposed by dark concentric rings of sulphide dust. In 

addition, the nodules host abundant inclusions of small pyrite cubes and anhedral grains of sphalerite, 

pyrrhotite and galena (Fig. 4.9c-d). Morphologically, the apatite nodules are similar to modern phosphate 

pellets, clasts and concretions (phosphorites), which develop due to the process of phosphogenesis in 

fine-grained, organic-rich marine sediments (Stalder and Rozendaal, 2004a). The apatite nodules at 

Gamsberg are regarded as primary, though recrystallised, and provide important information about the 

environmental conditions during ore-forming times. Textural and chemical features of the nodules are 

discussed in more detail in section 7.2. 

4.2.2 Structural-Morphological Characteristics

The difference in competence between sulphide ore minerals and their host rocks during regional 

metamorphism normally results in reconcentration of the ores and deposit-wide structural-morphological 

modifications (Vokes, 2000). Since most of the information at Gamsberg has been gathered from borehole 

core samples, these large-scale modifications have proven difficult to quantify. In addition, the Gamsberg 

ores contain low concentrations of ductile sulphides such as chalcopyrite and galena. At the neighbouring 

Broken Hill deposit, chalcopyrite and galena commonly occur as very coarse-grained, cross-cutting ore-

pegmatites and sulphide dykes, indicating that these sulphides are segregated from the more brittle ore 
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Fig. 4.10 Isoclinally folded pyrrhotite-sphalerite-magnetite ore.

minerals (Hoffmann, 1993). At Gamsberg, comparable massive sulphides or sulphide segregations have 

only sporadically been observed in underground exposures (Rozendaal, 1982).

Nonetheless, several structural modifications are evident: The ore layers have been folded together with 

their enclosing host, commonly displaying tight isoclinal structures (Fig. 4.10). Despite folding, the 

banded nature of the ore is manifested by sulphide-rich layers that alternate with oxide- or silicate-rich 

layers, or by variations in the silicate mineralogy of individual bands (Fig. 4.7). The ore masses normally 

show thickening in the hinge zones of folds due to plastic flow during folding. Where banding is poorly 

developed, the sulphides occur as massive aggregates that have been reconcentrated in low-pressure 

areas, such as fractures or pressure shadows. These remobilised aggregates commonly cross-cut the 

foliation of the ore, manifested by elongated and orientated pyrite porphyroblasts. 

4.2.3 Metamorphic Fabric of the Ore Minerals

At Gamsberg, individual ore minerals occur as coarsely recrystallised assemblages that have experienced 

several episodes of ductile and brittle deformation, as well as segregation and reconcentration during 

remobilisation. Thermal annealing and recrystallisation have almost totally obliterated any primary 

hydrothermal growth textures. However, occasional cores of rounded pyrite or concentric pyrite 
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spheroids within etched pyrite porphyroblasts are interpreted as a relict diagenetic feature and indicate 

metamorphic resorption of earlier pyrite grains (Gu and McClay, 1992).

The ductile sulphides pyrrhotite, sphalerite and galena normally occur as coarse annealed aggregates, 

displaying a characteristic granoblastic “foam“ texture and equal angle triple junctions between individual 

grains. Mutual grain boundary relationships between these sulphides, manifested by mutually curved or 

interfingering contacts, suggest simultaneous recrystallisation of these phases (Fig. 4.11a). Thermal 

annealing has destroyed most deformation textures in the ductile sulphides. The occurrence of bent 

cleavage planes in galena and deformation twin lamellae in etched sphalerite and pyrrhotite (Fig. 4.11b-

d), however, indicate that a late episode of deformation has occurred, which post-dated remobilisation 

and recrystallisation of the ore. Brittle fracturing of pyrrhotite and sphalerite is evident in some samples. 

The latter is probably due to late-stage deformation under conditions below the brittle-ductile transition 

of these minerals.

Fig. 4.11 Photomicrographs showing fabrics of the ductile matrix sulphides; plane polarised reflected light; scale 
bars represent 500 µm. a. Mutual grain boundary relationships between pyrrhotite, galena and sphalerite. b. Bent 
cleavage planes in galena. c. Deformation twinning in annealed sphalerite; sample etched with a solution of 
KMnO4 + HCl. d. Deformation twinning in annealed pyrrhotite; sample etched with a solution of KMnO4 + HCl.
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In contrast to the ductile sulphide matrix, several deformational-metamorphic episodes have been 

preserved in the refractory ore minerals pyrite, magnetite and arsenopyrite. These minerals occur as 

coarsely annealed masses or as recrystallised porphyroblasts that have experienced both brittle and 

ductile deformation. Two generations of pyrite can be distinguished: an earlier generation of rounded, 

flattened and abraded porphyroblasts containing abundant fine-grained inclusions (py1), and a second 

generation of large sub- to euhedral grains and annealed masses with fewer inclusions (py2). However, 

in areas with high matrix to pyrite ratios, metablastic growth of py2 is evident from the presence of 

poikiloblastic embayments of gangue and matrix sulphides within the pyrite euhedra (Fig. 4.12a-b). 

Non-porous metamorphic overgrowth of py2 on cores of porous py1 indicate that different conditions 

of formation existed for the two pyrite generations (Fig. 4.12c). As demonstrated by Craig and Vokes 

(1993), the effects of annealing depend upon the other phases, which occur together with pyrite: where 

pyrite occurs as monomineralic masses, it is annealed to 120° triple junctions with straight to slightly 

curved grain boundaries, displaying a typical foam texture (Fig. 4.12c-d). In the presence of significant to 

dominant amounts of other sulphides, however, it is recrystallised into sub- to euhedral grains of varying 

size, which provide pressure shadows for the softer matrix sulphides (Fig. 4.12e-f). 

Although pyrite generally behaves as a brittle mineral under conditions of regional metamorphism, it 

has been demonstrated that plastic deformation of pyrite is possible in the temperature range of 400-

700°C (McClay and Ellis, 1984; Boyle et al., 1998). At Gamsberg, ductile dislocation textures in pyrite 

were found as elongated arrays of pits (slip lines) in etched samples (Fig. 4.13a). The pits are orientated 

in dominantly one or two directions, indicating slip along crystallographically preferred slip planes 

(Cox, 1987; Gu and McClay, 1992). Ductile deformation of pyrite is also reflected by the occurrence of 

truncated and indented grain boundaries and the development of elongated grains that display a preferred 

orientation parallel to S2 (Fig. 4.13b). In some cases, pyrite grains that were forced against each other are 

deeply indented (Fig. 4.13c) or penetrated by smaller pyrite cubes or other refractory minerals. 

The most common deformational texture involves cataclastic fracturing of the refractory ore minerals, 

resulting in an overall grain size reduction of these ores. In pyrite, brittle failure and cataclastic 

deformation has led to axial cracking along the (001) or (110) planes (Fig. 4.13d). In some cases, 

elongated pyrite bands have been boudinaged or have deformed by pull-apart across microfractures due 

to brittle failure (Cox, 1987). Microfracturing along and parallel to grain boundaries suggests that grain 

boundary sliding was active (Brown and McClay, 1993), which has led to the formation of ellipsoidal and 

in some cases disintegrated pyrite grains. Brittle deformation of pyrite or magnetite is especially common 

where individual grains were forced against each other. 

The softer sulphides like pyrrhotite, sphalerite or galena have commonly moved from the matrix into the 
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Fig. 4.12 Photomicrographs showing different pyrite textures; scale bars represent 500 µm; all photographs 
taken in plane polarised reflected light, except 4.12b (back-scattered electron image). a. Growth embayments of 
sphalerite in euhedral pyrite. Annealed sphalerite is showing deformation twinning; sample etched with a solution 
of KMnO4 + HCl. b. Poikiloblastic embayments of sphalerite in pyrite. c. Non-porous metamorphic overgrowth of 
pyrite on cores of earlier porous pyrite; sample etched with concentrated HNO3. d. Annealed pyrite showing equal 
angle triple junctions. e. Pyrite euhedra within annealed sulphide matrix providing pressure shadow for ductile 
galena. f. Large pyrite euhedra within recrystallised pyrrhotite.

fractures, replacing the fracture walls and outer edges of the brittle ore minerals (Fig. 4.13e). In zones of 

intense brittle shearing, heavy fracturing has resulted in the formation of a breccia-type ore, consisting 

of finely crushed angular grains of pyrite in a matrix of ductile sulphides (Fig. 4.13f). Rotation of the 

brittle pyrite or magnetite grains in the ductile matrix during deformation has resulted in the rounding of 



CHAPTER 4 - PETROGRAPHY AND  MINERALOGY OF THE GAMS FORMATION

58

porphyroblasts and the development of a “Durchbewegung“-type of ore (Cook et al., 1993; Vokes and 

Craig, 1993; Vokes, 2000). Collectively, these deformational features indicate that mobilisation of the 

matrix sulphides post-dated annealing, dynamic recrystallisation and brittle deformation of the refractory 

ore minerals.

Fig. 4.13 Photomicrographs showing deformational textures of pyrite and pyritic ores; plane polarised reflected 
light; scale bars represent 500 µm. a. Orientated slip lines indicative of ductile deformation of pyrite; sample etched 
with concentrated HNO3. b. Rounded and elongated pyrite porphyroblasts displaying a preferred orientation. c. 
Deeply indented pyrite porphyroblast. d. Cataclastic fracturing of pyrite where grains were forced against each 
other. e. Healing of fractured pyrite by galena. f. Breccia-type ore characterised by the presence of rounded and 
fractured pyrite grains in a matrix of ductile sulphides. 
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4.2.4 Mineralogical Changes

Two main types of metamorphically-induced mineralogical changes are evident from the sulphide ore 

minerals at Gamsberg: (1) changes in the chemical composition of sphalerite, coupled with exsolution of 

pyrrhotite, chalcopyrite and alabandite from the sphalerite lattice, and (2) the complex pyrite-marcasite-

pyrrhotite relationship. Reactions of Zn- and Pb-bearing phases with silicates, carbonates, oxides or 

phosphates during metamorphism may be regarded as a special type of mineralogical modification , 

which resulted in the movement of Zn and Pb into a variety of non-sulphide phases, such as gahnite, 

franklinite, zincohögbohmite, pyromorphite, mimetite and melanotekite. Some of these reactions are 

discussed in chapter 6. 

Changes in the chemical composition of sphalerite: Metamorphism of sphalerite-bearing ores normally 

results in enrichment of the sphalerite in Fe (Marshall and Spry, 2000). These chemical modifications 

have been used – with variable success – as a geothermometer or geobarometer (e.g. Scott et al., 1977; 

Bryndzia et al., 1988). At Gamsberg, the chemical composition of sphalerite is manifested by its colour, 

ranging from deep red in Fe-Mn-rich varieties to light yellow and colourless in Fe-Mn-poor sphalerite 

(Fig. 4.14.a-b). However, the interrelationship between the different varieties of sphalerite and the reasons 

for the presence or absence of impurities within the sphalerite lattice are complex and poorly understood 

(see Rozendaal, 1982). In some samples, different sphalerite varieties are intergrown, whereas others 

are showing colourless cores and dark-coloured rims in contact with Fe-bearing ore minerals, such as 

pyrrhotite or magnetite (Fig. 4.14c-d). This relationship suggests that sphalerite has become enriched in 

Fe as a result of the reaction with Fe-rich phases during metamorphism. However, Rozendaal (op. cit.) 

has also documented the presence of dark sphalerite, which is rimmed by a colourless variety. He has 

attributed these features to replacement of dark sphalerite by a second generation of colourless sphalerite 

during retrogression. In other samples, either dark or colourless sphalerite is present but no clear 

relationship between the Fe-Mn content of the sphalerite and the Fe-Mn content of the bulk is evident. 

The implications of these relationships for the use of sphalerite as a geothermometer have been discussed 

by Rozendaal (op. cit.) and will not be considered here.

At Gamsberg, chemical changes of sphalerite are accompanied by the exsolution of Cu, Fe and Mn 

sulphides. “Chalcopyrite-disease“ is ubiquitous and is manifested by the occurrence of disseminated 

blebs, rods and lamellae of chalcopyrite within sphalerite (Fig. 4.15a). Apart from these inclusions in 

sphalerite, chalcopyrite occurs only occasionally as an accessory mineral. The chalcopyrite blebs and dots 

are commonly aligned along the crystallographical directions of the sphalerite or are defining sphalerite 

grain boundaries (Fig. 4.15b). Craig and Vokes (1992) have attributed these features to recrystallisation 

of the “diseased“ sphalerite and subsequent diffusion of chalcopyrite to the grain boundaries of the 
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Fig. 4.15 Photomicrographs of exsolution features involving sulphides; scale bars represent 250 µm. a. 
Disseminated blebs and lamellae of chalcopyrite in sphalerite; plane polarised reflected light. b. Chalcopyrite blebs 
aligned along grain boundaries and cleavage planes of sphalerite; plane polarised reflected light. c. Exsolution 
lamellae of alabandite in sphalerite; back-scattered electron image; d. Blebs of pyrrhotite in alabandite; plane 
polarised reflected light. 

Fig. 4.14 Photomicrographs showing the relationship between the different sphalerite varieties; plane polarised 
transmitted light; scale bars represent 500 µm. a. Dark red sphalerite variety (Sample G54-1015). b. Colourless to 
honeycoloured sphalerite variety (Sample G45-1195). c. Complex intergrowth of colourless, honeycoloured and 
dark red sphalerite (Sample GamD2-274). d. Colourless sphalerite showing dark rims in contact with magnetite 
(Sample G109-99). 
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sphalerite aggregates. Apart from chalcopyrite, small blebs and dots of pyrrhotite (0.001 – 0.1 mm) also 

commonly occur within sphalerite. 

A feature that merits special attention is the exsolution of alabandite from sphalerite (Fig. 4.15c). The 

presence of Mn in the crystal lattice of the Gamsberg sphalerite has been pointed out by Rozendaal (1982) 

and complicated the beneficiation of the ore and development of the Gamsberg deposit (Rozendaal and 

Stalder, 2000). The backscattered image in Figure 4.15c demonstrates that conditions have locally been 

favourable to exsolve alabandite from the sphalerite lattice. Alabandite also occurs as isolated grains, 

commonly hosting exsolved blebs of pyrrhotite (Fig. 4.15d). Alabandite has a limited stability field and 

the presence of this mineral may help to constrain Eh-pH conditions during deposition and metamorphism 

of the ores (section 7.4.3). 

The pyrite-pyrrhotite relationship: The main phase-change textures in the Gamsberg ores involve 

the relationship between pyrite, pyrrhotite and marcasite. As mentioned earlier, pyrite is the dominant 

Fe sulphide in the lower B1 Unit, where it occurs as massive annealed aggregates or individual 

porphyroblasts. In contrast, pyrrhotite is mostly restricted to the upper B2 Unit. The latter is found as 

annealed aggregates (> 10 mm) or rectangular-shaped crystals and commonly shows signs of alteration to 

marcasite and pyrite. Marcasite is generally finely intergrown with pyrite and occurs as very fine-grained, 

lath-shaped aggregates or as microscopic veinlets. Since marcasite is normally absent as a primary 

mineral in moderate- to high-grade metamorphosed deposits, it is believed to have been derived from 

primary pyrrhotite (Craig and Vokes, 1993). Marcasite readily alters to pyrite during natural annealing, 

as evident from the preservation of cores of marcasite within pyrite.

The inversion of pyrrhotite to marcasite and pyrite is evident from the presence of crystallographically 

controlled blades and veinlets that occur along the basal cleavage of pyrrhotite (Fig. 4.16a-b). In places, 

the inversion has led to spectacular skeletal textures of pyrite/marcasite intergrowths in annealed 

pyrrhotite (Fig. 4.16c). Pseudomorphs of pyrite and marcasite after pyrrhotite have been observed in 

cases where these minerals form alternating bands as a result of the inversion along the basal cleavage of 

pyrrhotite. In other cases, undeformed pyrite euhedra within pyrrhotite or the alteration of pyrrhotite to a 

fine-grained mixture of pyrite and marcasite attest to the growth of pyrite from pyrrhotite. The inversion 

of pyrrhotite to pyrite involves a volume change of about 30% (Murowchick, 1992) and has occasionally 

produced a visible gap in the alteration product filled with by-product Fe oxide (Fig. 4.16d).
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4.3 Nature and Distribution of Associated Metalliferous Rocks

The Gamsberg ore body is enveloped by a heterogeneous suite of Fe-Mn-Ca-Si-P-Ba-rich rocks of the A 

and C Units. These unusual rock types contain a variety of indicator minerals, which can both constrain 

conditions of metamorphism, as well as providing valuable pathfinders for exploration. At Gamsberg, 

the enveloping metalliferous rocks are not economically mineralised and only rarely attain Zn and Pb 

concentrations above 2-3% combined. The rocks generally display coarse-grained equilibrium textures 

and are commonly well banded on a micro- to mesoscale. Banding is manifested by alternating silicate 

and oxide layers and accentuated by the contrasting colour of the individual bands. Rapid facies changes 

– both vertically and horizontally – are evident on a decimetre to metre scale and resulted in highly 

contrasting metamorphic parageneses from layer to layer.

Fig. 4.16 Photomicrographs showing retrograde alteration of pyrrhotite to pyrite; plane polarised reflected light; 
scale bars represent 250 µm. a-b. Alteration of pyrrhotite to a fine-grained mixture of pyrite and marcasite along 
the basal cleavage of pyrrhotite. c. Skeletal intergrowth of pyrrhotite and pyrite due to the alteration of annealed 
pyrrhotite. d. Retrograde pyrite showing gaps, which are filled by Fe oxide. 
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In accordance with the iron formation facies concept of James (1954), Rozendaal (1982) has subdivided 

rocks of the Gams Formation into sulphide-, silicate-, carbonate- and oxide-facies iron formations. 

Although most of the rocks contain Fe contents above 15%, this approach is not adopted in the present 

study for the following reasons:

• The concept of „sulphide-facies“ iron formations has been discredited, since these rocks are 
comparable with organic-rich pyritic shales, which develop in anoxic environments and are wide-
spread in rocks of all ages (e.g. LaBerge et al., 1987). Pyritic shales are the immediate host rocks of 
many SEDEX deposits, but are in most cases not genetically related to iron formations. 

• Per definition, carbonate-facies iron formations denote ferruginous rocks where siderite represents 
the dominant Fe-bearing mineral (James, 1954). At Gamsberg, siderite has not been identified and the 
carbonate minerals in carbonaceous rocks are either manganoan calcite or rhodochrosite. 

• Some metalliferous rocks at Gamsberg are richer in Mn than Fe and are comparable to manganese 
formations of Bühn et al. (1992) and Dasgupta et al. (1990).

• Quartz-garnet rocks (coticules) are a characteristic feature of the Gams Formation. These rocks 
are clearly distinct from iron formations (Spry et al., 2000) and commonly have received a limited 
hydrothermal input (< 10% Fe). 

Taking into account the above considerations, the iron formation approach thus seems over-simplistic. 

In addition to Fe, a variety of hydrothermal elements such as Zn, Mn, Ba, Si and P are involved and 

collectively form the characteristic metamorphic assemblages. Other workers have referred to these rocks 

as “exhalites” or “meta-exhalites” (Plimer, 1986; Parr, 1992; Spry et al., 2000). This term is rejected due 

to the implicit genetic connotation. Consequently, the neutral term “metalliferous rocks” is used in this 

study. Petrologically, the following five types of metalliferous rocks are distinguished (Table 4.2):

1) Iron formations
2) Coticules
3) Fe-Mn silicates
4) Impure marbles
5) Barite and Ba-rich quartzite

These major rock types include various subtypes, which are presented in more detail under the specific 

headings. Gradational contacts exist between most of the metalliferous rocks. Especially in the case of 

Fe-Mn silicates and impure marbles, clear-cut distinction has commonly proven difficult, since primary 

relationships have been obscured by a metamorphic shift towards the silicate facies as carbonates are 

consumed during prograde decarbonation. As a result, these two rock types are discussed together. The 

distribution of the various metalliferous rock types within the Gams Formation is schematically presented 
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Table 4.2 Petrology and mineralogy of the unmineralised metalliferous rocks

Rock type Major minerals Minor and accessory minerals Textures

Iron formation quartz, magnetite, 
hematite, apatite

gahnite, garnet, galena, 
sillimanite, graftonite, wolfeite, 
pyromorphite

Banded to massive; banding produced by 
alternating mesobands of quartz and Fe 
oxides or by seams of apatite and gahnite

Coticule quartz, garnet amphibole, carbonate, magnetite, 
biotite, chlorite, graphite, sphene, 
pyrophanite, epidote, K-feldspar, 
zircon, sulphides

Massive to laminated; banding produced 
by variations in grain size or alternating 
quartz-rich and garnet-rich layers; thin 
coticule layers interbanded with Fe-Mn 
silicates

Fe-Mn silicate clino- and orthopyroxene, 
amphibole, garnet, 
pyroxenoid, magnetite, 
jacobsite-franklinite

quartz, olivine, calcite, 
pyrophanite, biotite, K-feldspar, 
sphene, apatite, melanotekite, 
sulphides

Massive to laminated; pyroxene-bearing 
rocks are mostly massive; lamination 
produced by alternating garnet, 
pyroxenoid and Fe-oxide layers

Impure marble calcite, rhodochrosite, 
garnet, clinopyroxene, 
amphibole

pyroxenoid, olivine, quartz, 
magnetite, biotite, sphene, K-
feldspar, sulphides

Moderately to well-banded; banding 
produced by alternating layers with 
contrasting silicate mineralogy

Barite and Ba-
rich rocks

barite, quartz, hematite garnet, magnetite, Ba-rich 
muscovite

Massive to laminated lenses of barite 
and interbedded quartz-barite rocks; 
metachert with inclusions of barian mica

in Figure 4.17. Typical examples of the rocks are shown in Figure 4.18. Another type of rock that is 

commonly associated with bedded sulphide deposits is tourmalinite. The latter is defined as a stratabound 

rock that contains in excess of 15-20% tourmaline by volume (for definition, occurrence and references 

see Slack et al., 2000; Spry et al., 2000). Tourmalinite has not been observed during the course of this 

study, but several occurrences of this rock type in central Bushmanland are described by Willner (1992). 

The author attributed the origin of these rocks to precipitation of tourmaline from exhalative B-, F-, and 

W-rich brines during hydrothermal alteration of the peraluminous rocks of the Wortel Formation. 

4.3.1 Iron Formations

In this study, the term “iron formation“ refers to rocks that consist essentially of Fe-oxides (magnetite, 

hematite) and quartz (i.e. the oxide-facies iron formations of James, 1954). At Gamsberg they are restricted 

to the Overturned Limb and generally display medium- to coarse-grained textures and poor to moderate 

mesobanding due to alternating quartz- and Fe-oxide-rich layers. Close to the sulphide ore horizon, 

magnetite is the dominant Fe-oxide but concentrations of hematite increase away from the ore body and 

eventually predominate over magnetite. Iron formations exhibit gradational contacts to coticules and 

baritic quartzite, manifested by increases in garnet and barite, respectively. Recognised subtypes include 
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phosphatic iron formations and zincian (gahnite-rich) iron formations (Table 4.3). Iron formations are 

poor in Mn-bearing minerals and available Mn has mostly been partitioned into the phosphate phase or 

associated garnet. Another characteristic feature of the Gamsberg iron formations is their anomalous 

enrichment in base metals. Lead predominates over Zn and the rocks are commonly richer in Pb than the 

mineralised horizon. The latter is present as Pb-rich apatite, pyromorphite or galena. 

Magnetite occurs as medium- to coarse-grained, rounded to sub-rounded porphyroblasts or as massive 

annealed aggregates. It occasionally shows signs of alteration to hematite (martitisation) or occurs 

intimately intergrown with hematite where the two phases coexist. Where hematite is predominant, it is 

found as massive layers or thin seams (2-5 mm) of fine- to medium-grained specularite. Quartz is present 

as medium-grained granoblastic-polygonal aggregates or occurs as isolated grains interstitial to massive 

magnetite.

Fig. 4.17 Synoptic diagram illustrating the distribution of metalliferous rocks and ore-bearing assemblages in the 
Gams Formation (modified from Rozendaal, 1982).
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Fig. 4.18 Photographs showing typical examples of the Gamsberg metalliferous rocks; diameter of coin = 1.8 cm. 
a. Magnetite-quartz iron formation (C1 Unit). b. Laminated iron formation consisting of interbanded magnetite 
and Fe-Mn silicate layers (C1 Unit). c. Massive Fe-Mn silicate rock (Sample G23-1462). d. Manganese formation 
composed of massive rhodochrosite, magnetite and altered olivine (Sample Gu200-23.0). e. Laminated garnet-
rhodonite-spinel rock (C2 Unit). f. Laminated rhodonite-garnet-magnetite rock and interlayered coticules (C2 
Unit). g. Massive rhodonite and interlaminated magnetite (Sample RH-C2). h. Laminated rhodonite-garnet-
magnetite rock (C2 Unit).
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Table 4.3 Subtypes of iron formations

Subtype Mineralogy (major, minor) Chemical association Samples analysed

Fe-oxide-quartz magnetite/hematite, quartz, garnet, 
barite

Fe>Si G37-980, G28-825

Zincian iron 
formations

magnetite/hematite, quartz, gahnite, 
apatite, garnet, sillimanite

Fe>Si>Zn>P G38-1065, G103-26; 
G91-121; G23-1050; 
G38-994

Phosphatic iron 
formations

magnetite, quartz, apatite, galena, 
garnet, graftonite, pyromorphite, 
wolfeite

Fe>Si>P>Pb G38-1050; G28-818; 
G28-820

Phosphatic iron formations: A characteristic feature of many iron formations at Gamsberg is their 

phosphatic nature. In most samples, P is present as Mn-rich fluorapatite, which occurs as individual 

grains or fine-grained granular aggregates (Fig. 4.19a). Locally, intergrown graftonite, wolfeite and 

chlorapatite are dominant constituents (assemblage G38-1050). These phosphates are typical accessory 

phases of some granitic pegmatites and Fe-rich meteorites (e.g. Černý et al., 1998; Smeds et al., 1998). 

Petrological and mineral chemical characteristics of these phosphates have been described by Stalder 

and Rozendaal (2002), which – to the authors knowledge – represents the first report of the occurrence of 

these minerals in a regionally metamorphosed, iron formation-hosted setting. 

Two distinct associations could be identified in the graftonite-bearing iron formations (Fig. 4.19b-f): 

(1) fine-grained granular aggregates of graftonite-wolfeite-chlorapatite, and (2) coarsely crystalline 

apatite hosting exsolution needles of pyromorphite. These associations are spatially separated and have 

only rarely been observed in direct contact with each other. The granular graftonite-wolfeite aggregates 

appear under the optical microscope as heterogeneous, colourless to light grey masses that are commonly 

rimmed by a pleochroic (blue-green to grass green to yellow-brown) unidentified Pb-rich phosphate. The 

same mineral also occurs as green coatings and flakes interstitial to graftonite and wolfeite grains, giving 

the aggregates a “dirty“ appearance (Fig. 4.19b-c). The finely intergrown nature of the graftonite-wolfeite 

aggregates is evident from back-scattered electron images. The different phosphates are distinguished by 

different shades of grey, manifesting variations in the Ca content of the individual minerals (Fig. 4.19d). 

Graftonite is the predominant phosphate phase in this assemblage. It is coarser grained (10-80 μm) 

than the associated minerals and forms orientated individual grains that are intimately intergrown with 

wolfeite. Small grains of chlorapatite are found at the peripheries of the aggregates or occur as separate 

fine-grained granular aggregates. 
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Fig. 4.19 Photomicrographs of phosphatic iron formations; scale bars represent 250 µm. a. Fine-grained granular 
aggregates of apatite interstitial to massive magnetite; plane polarised transmitted light (Sample G28-818). 
b. Granular graftonite-wolfeite aggregates interstitial to magnetite; plane polarised transmitted light (Sample 
G38-1050, b-f). c. Graftonite-wolfeite aggregates rimmed by an unidentified Pb-rich phosphate; plane polarised 
transmitted light. d. Back-scattered electron image showing the finely intergrown nature of the graftonite-wolfeite 
aggregates. e. Coarse-grained apatite with pyromorphite needles in  graftonite-bearing iron formations. f. Close-up 
of an apatite grain hosting exsolution needles of pyromorphite; plane polarised transmitted light.
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A second generation of apatite occurs as coarse-grained and elongated (< 4 mm), colourless to light brown 

crystals of fluorapatite, which also display a preferred grain shape and orientation due to recrystallisation 

during metamorphism (Fig. 4.19e). The apatite contains abundant colourless to reddish needles of 

pyromorphite. Isolated pyromorphite grains also occur along the peripheries of apatite and in pressure 

shadows of magnetite inclusions. The pyromorphite needles are 100-200 μm long and are orientated 

parallel to the c axis of the apatite (Fig. 4.19f). The textural evidence indicates that pyromorphite is an 

exsolution product of a Pb-rich apatite precursor. 

Zincian iron formations: Zincian iron formations represent a second important subtype of iron 

formations. Zinc is present mostly in the form of gahnite or zincian hercynite in these rocks. The latter 

range in colour from dark to light green and occur as isolated rounded to euhedral grains (0.02 – 0.4 mm) 

or as sub- to euhedral inclusions within magnetite (Fig. 4.20a-c). Occasionally, gahnite is rimmed by 

zincohögbohmite (Fig. 4.20d). 

Fig. 4.20 Photomicrographs of gahnite textures; plane polarised transmitted light; scale bars represent 500 µm. a. 
Gahnite layer in hematite-quartz iron formation (Sample G103-26). b. Close-up of rounded gahnite grains (Sample 
G103-26). c. Gahnite cubes as inclusions in magnetite (Sample G38-1065). d. Gahnite rimmed by zincohogböhmite 
and dusted by specks of hematite (Sample G91-121).
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In places, zincian iron formations occur as conspicuous well-banded rocks, characterised by thin layers 

of gahnite (1-2 mm) that alternate with hematite- and quartz-rich layers. Where zincian spinel occurs 

associated with magnetite, it normally forms euhedral grains and cubes (up to 1 mm), which are embedded 

as inclusion within magnetite or occur as discreet grains along the grain boundaries of magnetite. Gahnite 

commonly contains microscopic inclusions of magnetite and quartz. Often, the grains are characterised 

by cores, which are dusted by very fine-grained inclusion of opaque minerals, possibly magnetite or 

hematite (Fig. 4.20d). Accessory minerals in zincian iron formations include apatite, spessartine or 

sulphides.

Gahnite occasionally occurs in association with sphalerite, forming mutual grain boundaries with the 

latter (e.g. sample G23-1050). Inclusions of sphalerite within gahnite or gahnite within sphalerite attest to 

the formation of gahnite through the oxidation of sphalerite in these assemblages (Spry and Scott, 1986; 

Spry, 2000). A special association has been observed at the base of the Overturned Limb (sample G38-

994), where zincian hercynite coexists with magnetite, garnet and sillimanite.

4.3.2 Coticules

The term “coticules“ refers to garnet-quartz rocks that commonly occur within sulphide deposits or as 

discontinuous units above, below or along strike from massive to semi-massive sulphide mineralisation 

(Spry et al., 2000). At Gamsberg, coticules are best developed as a 1-15 m thick, moderately banded 

unit (A4 Unit), which underlies metapelite-hosted ore in the North and South Bodies. Coticules also 

overlie the ore horizon in the South Body and transition towards the North Body, or occur as thin layers 

interbedded with Fe-Mn silicates and impure marbles in the Overturned Limb. In the southern barite 

body, a very fine-grained spessartine-quartz-hematite rock overlies massive barite and baritic quartzite.

Two types of coticules are distinguished (Table 4.4): (i) spessartine-almandine-bearing coticules, where 

quartz is normally predominant over garnet, and (ii) andradite-calderite-bearing coticules that occur as 

massive layers of garnet and subordinate quartz.

Spessartine-almandine-bearing coticules: These quartz-garnet rocks are mostly restricted to the A4 and 

C1 Units. Coticules of the A4 Unit are found as fine-grained and dark-coloured, moderately banded rocks. 

Banding is produced by variations in the grain size of quartz, alternating quartz-rich and garnet-rich layers 

or variations in the concentration of associated silicates or opaque minerals. Quartz is typically fine-

grained, displaying a granoblastic-polygonal texture indicative of equilibrium conditions. The mineral is 

commonly concentrated within separate quartz-rich microlayers (1-6 mm thick). Garnet occurs as small 

and colourless individual grains that often show a poikiloblastic texture, manifested by abundant very 
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Table 4.4 Subtypes of coticules

Subtype Mineralogy (major, minor) Chemical association Samples analysed

Sps-alm-bearing quartz, garnet, amphibole, K-
feldspar, biotite, muscovite, 
chlorite, graphite, opaque 
minerals

Si>Fe>Al>Mn G37-1846; G63-1120; 
G73-1185; G45-1180; 
G77-632

And-cal-bearing garnet, quartz, Fe-oxides, 
tremolite, calcite, pyrophanite, 
epidote, apatite

Si>Mn>Fe>Al GR-65; G28-840; G76-
496; G111-284

fine-grained inclusions of quartz and other gangue minerals (Fig. 4.21a-b). Minor to accessory minerals 

include K-feldspar, amphibole, titanite, chlorite, muscovite, biotite and ilmenite. Sulphide minerals and 

graphite are typically present as disseminated phases and indicate transition to the overlying sulphide ore 

horizon. The sulphides include pyrite, pyrrhotite, alabandite, sphalerite, arsenopyrite, specks of galena 

and chalcopyrite, and rare cobaltite.

In spessartine-almandine-bearing coticules of the C1 Unit, garnet is generally coarser grained and occurs 

together with medium-grained granoblastic quartz, medium- to coarse-grained amphibole, chlorite and 

accessory opaque minerals, such as pyrite, pyrrhotite, sphalerite, magnetite and ilmenite.

Andradite-calderite-bearing coticules: Andradite-calderite-bearing coticules are restricted to the C2 

Unit in the Overturned Limb and consist of very conspicuous, distinctly laminated rocks. Banding is 

produced by yellow to orange garnet-rich layers that alternate with quartz-rich and 1 to 5 mm thick Fe-

oxide seams. Massive garnet layers commonly alternate with layers composed of Fe-Mn-rich silicates and 

carbonates. The garnet layers range in thickness from centimetres to tens of centimetres and grade into 

more pyroxenoid-magnetite and carbonate-magnetite-rich assemblages. Metalliferous rocks of the C2 

Unit thus commonly consist of Fe-Mn silicate and silicate-carbonate rocks that host irregular networks of 

garnet or patches of massive garnet aggregates. Toward the south, the andradite-calderite-rich coticules 

grade into very fine-grained spessartine-quartz-hematite rocks (Fig. 4.21c). The latter are composed of 

massive garnet layers that alternate with thin hematite, quartz and carbonate seams (1-2 mm).

Andradite-calderite garnet has a characteristic bright yellow to brownish yellow colour and shows slight 

anisotropism along grain boundaries. Grain sizes range from very small (< 0.1 mm) to coarse (< 2 mm) 

and individual garnet grains are often joined to from compact granoblastic aggregates (Fig. 4.22a-b). 

The latter are occasionally cracked and fractured where garnet grains were forced against each other 

during deformation. A characteristic feature of these assemblages is their typical “honey-comb“ texture 

that originated due to coalescence of individual grains of atoll garnet (Fig. 4.22c). The core of the latter 
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Fig. 4.21 Photomicrographs showing spessartine-almandine-bearing coticules; plane polarised transmitted light; 
scale bars represent 500 µm. a. Fine-grained colourless garnet in a matrix of quartz (Sample G63-1120). b. Garnet 
holding abundant fine-grained inclusions. Associated minerals are quartz and biotite, which is partly altered to 
chlorite (G73-1185). c. Massive coticule rock consisting of very fine-grained garnet and interstitial manganoan 
calcite, quartz and hematite (G77-632).

is normally composed of quartz but garnet may also enclose apatite or Mn-rich alteration products (Fig. 

4.22d-e). The atoll texture developed most probably due to prograde poikiloblastic growth of garnet. 

Typical minor to accessory minerals in these assemblages include calcic amphibole (tremolite), manganoan 

calcite, apatite and pyrophanite. Tremolite is found as individual, medium-grained crystals (< 1mm) and 

commonly shows signs of alteration, manifested by the deposition of Mn oxides along grain boundaries 

and cleavage planes. Pyrophanite generally occurs as exsolved blebs and lamellae within magnetite and 

is clearly visible in transmitted light as bright red grains within magnetite. In certain samples (e.g. GR-

65), Sr-rich epidote and pyrophyllite are intimately intergrown with garnet, suggesting that they represent 

a retrograde breakdown product (Fig. 4.22f). The epidote is dislaying strong pleochroism from light 

yellow to dark yellow-brown.
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Fig. 4.22 Photomicrographs showing typical textures of andradite-calderite-bearing coticules; plane polarised 
transmitted light; scale bars represent 500 µm. a. Coticule rock consisting of very fine-grained garnet in a matrix 
of quartz and hematite (Sample G28-840). b. Coticule rock consisting of massive garnet and interstitial quartz 
and hematite (G111-284). c. Honey-comb texture of coticules due to the coalescence of atoll garnet (Sample GR-
65, c-f). d-e. Close-up of individual grains of atoll garnet showing cores of quartz. f. Sr-rich epidote intimately 
intergrown with garnet and hematite.

4.3.3 Fe-Mn Silicates and Impure Marbles

These rock types include a variety of Fe-Mn-Ca-rich silicates, Fe-Mn(-Zn) oxides and Ca-Mn carbonates, 

which show complex paragenetic relationships. Gradational contacts exist between silicate-facies rocks 
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that contain no or little carbonate and more carbonate-dominated rocks. Consequently, the two rock types 

are presented together in this section. In the footwall, Fe-Mn silicates and impure marbles occur in the A2 

and A3 Units of the North and South Bodies. They also overlie the ore horizon in the North Body (C1 and 

C2 Units) and occur interlayered with coticules in the C2 Unit of the Overturned Limb. Four subtypes 

of Fe-Mn silicates/impure marbles are recognised (Table 4.5): (i) orthopyroxene±olivine±quartz bearing 

assemblages, (ii) pyroxferroite±olivine bearing assemblages, (iii) clinopyroxene-rhodonite bearing 

rocks, and (iv) a variety of very Mn-rich, mostly pyroxene-free assemblages, which are dominated by 

rocks containing andradite-calderite garnet and pyroxenoid (rhodonite, pyroxmangite). For simplicity, 

the latter will be referred to as manganese formations (see Dasgupta et al., 1990; Bühn et al., 1992). 

Except for orthopyroxene-bearing assemblages, these metalliferous rocks generally contain no or little 

free quartz (< 5% by volume). Garnet is present in all assemblages and generally occurs as isolated 

porphyroblasts interstitial to other Fe-Mn silicates and Ca-Mn carbonates. In subtypes (i) to (iii), garnet 

is dominantly spessartine-almandine, whereas in subtype (iv) the andradite and calderite molecules 

become predominant. In texture, colour and composition, this garnet is comparable to calderitic garnet 

in coticules of the C2 Unit. Magnetite represents the dominant Fe oxide in subtypes (i) to (iii) but the 

mineral may be replaced by jacobsite-franklinite or hematite in manganese formations.

A special type of impure marble occurs in the footwall of the North Body (sample G28-1436). This rock 

is a whitish marble composed predominantly of coarse Mn-poor calcite and small grains of associated 

quartz, muscovite, K-feldspar, titanite, as well as accessory alabandite, pyrrhotite and arsenopyrite. The 

rock has received very limited hydrothermal input, demonstrated by the almost total absence of Fe- and 

Mn-bearing phases, and is interpreted to most closely reflect original unaltered sediments of the Gams 

Formation.

Orthopyroxene-bearing assemblages: These assemblages are mostly confined to the area in the North 

Body immediately overlying the sulphide ore horizon. To a lesser extent, they have also been recognised 

in the A2 Unit. The rocks are composed of medium- to coarse-grained crystals of orthopyroxene, which 

are generally closely associated with acicular amphibole and olivine (Fig. 4.23a). Quartz may be a major 

constituent as in samples G64-1161 and G5-910 or may be absent, as evident in the carbonate-rich 

sample G28-1495. Magnetite is present as isolated porphyroblasts and commonly contains exsolution 

lamellae of ilmenite. Orthopyroxene-bearing rocks are generally enriched in sulphide minerals, such as 

pyrrhotite, sphalerite and arsenopyrite, demonstrating the close spatial relationship with sulphide ore. No 

clinopyroxene has been observed in coexistance with orthopyroxene at Gamsberg.
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Table 4.5 Subtypes of Fe-Mn silicates and impure marbles

Subtype Mineralogy (major, minor) Chemical associationa Samples analysed

Opx-bearing orthopyroxene, quartz, garnet, olivine, 
amphibole, calcite, magnetite, 
pyrrhotite, sphalerite, ilmenite

Fe>>Mn>Ca G64-1161; G5-910; 
G28-1495

Pxf-bearing pyroxferroite, amphibole, garnet, 
calcite, magnetite, olivine, 
pyroxmangite, clinopyroxene, ilmenite, 
biotite, quartz, sulphides

Fe>Mn>Ca G64-1135; G23-1462

Cpx-bearing clinopyroxene, calcite, garnet, 
rhodonite, magnetite, amphibole, 
sphene, quartz, pyrophanite, sulphides

Fe>Ca>Mn Gu201-79.5; G64-1120; 
G64-1471; G63-1145; 
G45-1140; G118-188

Mn formations garnet, rhodochrosite, pyroxenoid, 
magnetite/hematite, jacobsite-
franklinite, amphibole, olivine, 
pyrophanite, quartz

Mn>Fe>Ca G38-1080; G64-740; 
Gu200-23.0; RH-C2; 
G74-680

aSilica has been omitted due to highly variable concentrations

Pyroxferroite-bearing assemblages: These assemblages overlie orthopyroxene-bearing assemblages 

in the North Body and consist of massive to poorly banded rocks, composed mostly of pyroxferroite, 

manganoan calcite, amphibole and garnet. Olivine may occur as individual sub- to euhedral porphyroblasts, 

closely associated with pyroxferroite and amphibole. Pyroxferroite is present as large subhedral grains 

and is easily mistaken for pyroxene or pyroxmangite. It can only be distinguished from the latter by its 

chemical composition, i.e. the predominance of Fe over Mn. Prismatic and acicular grains of amphibole 

are commonly intimately intergrown with and replacing pyroxferroite (Fig. 4.23b). The paragenetic 

relationship between pyroxferroite and amphibole is complex but indications are that the latter represents 

a retrograde alteration product of pyroxenoid. Medium- to coarse-grained garnet porphyroblasts and 

granoblastic manganoan calcite are found interstitial to pyroxenoid-amphibole aggregates. Opaque 

minerals in these assemblages include pyrrhotite, magnetite, ilmenite and arsenopyrite. In sample G64-

1135, minor amounts of clinopyroxene are intimately associated with pyroxferroite. The latter may also 

coexist with relatively Fe-rich pyroxmangite (sample G23-1462).

Clinopyroxene-bearing assemblages: Clinopyroxene-bearing assemblages are characterised by the 

paragenesis clinopyroxene+rhodonite+garnet and the absence of orthopyroxene (Fig. 4.24a-c). They 

overlie pyroxferroite-bearing assemblages in the North Body (C1 and C2a Units) and also occur in the 

A2 and A3 Units in the North and South Bodies. The rocks are massive to moderately banded and are 

mostly rich in carbonate. Clinopyroxene occurs as medium-grained individual crystals or intergrown 

clusters, which are intimately associated with and replaced by amphibole. In addition, clinopyroxene 
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Fig. 4.23 Photomicrographs of orthopyroxene- and pyroxferroite-bearing assemblages; scale bars represent 
500 µm. a. Orthopyroxene intergrown with manganoan grunerite, spessartine-almandine garnet and magnetite; 
plane polarised transmitted light (Sample G28-1495). b. Pyroxferroite intimately intergrown with and altered to 
amphibole; plane polarised transmitted light; nicols crossed (Sample G23-1462). 

lamellae within rhodonite attest to the alteration of clinopyroxene to pyroxenoid (Fig. 4.24d). The latter 

is present as medium-grained euhedral crystals and is normally closely associated with clinopyroxene. 

Manganoan calcite may form the dominant mineral in these assemblages, forming the matrix between 

larger clinopyroxene, rhodonite, amphibole and garnet grains (Fig. 4.24e). Titanite is typically present 

as a minor to accessory phase and is in places intimately intergrown with garnet (Fig. 4.24f). Opaque 

minerals are dominated by magnetite but sphalerite, pyrrhotite, galena or arsenopyrite may also occur.

Manganese formations: Manganese formations are restricted to the C2 Unit and include several 

contrasting parageneses, which are all characterised by the highly manganiferous nature of the individual 

constituents. Observed parageneses include garnet-rhodonite-magnetite/hematite, garnet-rhodonite-

franklinite, garnet-calcite-jacobsite and rhodochrosite-olivine-amphibole-magnetite. Iron in these 

assemblages is mostly trivalent, as is evident from the predominance of andradite-calderite garnet, 

hematite or jacobsite-franklinite type minerals. The rocks are distinctly laminated, manifested by garnet-

rich layers that alternate with rhodonite-rich and Fe-Mn-Zn-oxide layers. Minor to accessory minerals 

include K-feldspar, apatite, pyrophanite, Mn- and Zn-rich tremolite, barite, melanotekite, mimetite and 

various Mn-rich alteration products, such as Mn-oxides or secondary Mn-silicates.

Garnet is distinctly bright yellow to brownish yellow in colour and is similar to garnet in andradite-

calderite-rich coticules. The latter are interbedded with manganese formations in the Overturned Limb 

and distinction is made according to the absence or presence of quartz. Garnet is commonly concentrated 

in garnet-rich layers and occurs as small to coarse individual grains, which may form massive annealed 

aggregates (Fig. 4.25a-b). Rhodonite is normally intimately associated with garnet (Fig. 4.25c). In 
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Fig. 4.24 Photomicrographs of clinopyroxene-bearing assemblages; scale bars represent 500 µm. a. Coarse-
grained clinopyroxene, associated with garnet and magnetite; plane polarised transmitted light (Sample GamD2-
286). b. Typical assemblage of clinopyroxene, garnet and rhodonite in the C1 Unit. The clinopyroxene is partly 
altered along cleavage planes; plane polarised transmitted light (Sample G45-1140). c. Garnet porphyroblast 
intimately intergrown with amphibole and clinopyroxene; plane polarised transmitted light (Sample GamD2-292). 
d. Back-scattered electron image showing the transformation of clinopyroxene to rhodonite (Sample Gu201-
79.5). e. Impure marble composed of manganoan calcite, rhodonite and garnet; plane polarised transmitted light 
(Sample G64-1120). f. Titanite intimately intergrown with garnet in impure marble; plane polarised transmitted 
light (Sample G64-1120).
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Fig. 4.25 Photomicrographs showing textural features of manganese formations; plane polarised transmitted 
light; scale bars represent 500 µm. a. Garnet-rich layers composed of andradite-calderite garnet alternating with 
clinopyroxene-rich layers composed of manganoan hedenbergite (Sample G118-188). b. Massive andradite-
calderite garnet hosting manganoan calcite and jacobsite (Sample G38-1080). c. Typical assemblage of rhodonite, 
manganoan hedenbergite, K-feldspar and magnetite (Sample G39-917). d. Large andradite-calderite porphyroblast 
containing poikiloblastic inclusions of K-feldspar (Sample G39-917). e. Relict cores of garnet within manganoan 
hedenbergite attest to the alteration of garnet to clinopyroxene (Sample G109-88). f. Pseudomorph of manganoan 
hedenbergite after garnet (Sample G109-88).
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addition, garnet porphyroblasts may hold poikiloblastic inclusions of magnetite or K-feldspar (Fig. 

4.25d). Occasionally, andradite-calderite garnet is showing signs of alteration to clinopyroxene, such 

as the preservation of cores of garnet within clinopyroxene or clinopyroxene pseudomorphs after 

garnet (Fig. 4.25e-f). The clinopyroxene is normally moderately pleochroic in thin section, ranging 

from green-yellow to brownish-green in colour. Iron-poor rhodonite or pyroxmangite are the dominant 

single-chain silicates in these assemblages. The pyroxenoids are present as small- to medium-grained (< 

2 mm) euhedral crystals or as massive annealed aggregates. The two minerals are distinguished by the 

considerably higher Ca content and larger 2V of rhodonite compared to pyroxmangite. Similar to garnet, 

pyroxenoids are commonly concentrated within separate mesobands. In carbonate-rich samples (e.g. 

G38-1080, Gu200-23.0) pyroxenoid minerals are absent. 

Iron-rich oxide minerals form a distinct constituent in all the assemblages. The latter may either be 

magnetite, hematite or members of the jacobsite-franklinite-magnetite solid solution. Where magnetite 

is present, it occurs as medium- to coarse-grained isolated porphyroblasts, which commonly show early 

to advanced martitisation. Close to end-member pyrophanite occurs as bright red blebs and lamellae 

within magnetite. In reflected light, pyrophanite is distinguished from magnetite by a slightly lighter 

grey (Fig. 4.26). Hematite is normally found as small euhedral grains that form thin (1-2 mm) seams 

alternating with garnet and pyroxenoid mesobands. Franklinite is present as medium- to coarse-grained 

(<2 mm) annealed grains and aggregates (Fig. 4.27a) that are commonly concentrated within individual 

mesobands (<1 cm). Poikiloblastic inclusions of calderitic garnet in franklinite or vice versa are common, 

suggesting simultaneous crystallisation of the two mineral species (Fig. 4.27b). The franklinite from 

Gamsberg is chemically homogeneous and no exsolution lamellae or intergrowths with magnetite and/or 

pyrophanite have been observed (Fig. 4.27c-d). Complex intergrowths of these minerals with franklinite 

are a common feature at the Franklin and Sterling Hill deposits and have been interpreted as reflecting 

unmixing of these phases during slow cooling (Frondel and Klein, 1965; Valentino et al., 1990). The 

franklinite grains show signs of brittle fracturing along the {111} cleavage planes, especially where 

the grains have been forced against each other (Fig. 4.27c). In sample G38-1080, individual grains are 

characterised by homogeneous cores and altered rims (Fig. 4.27d), suggesting that martitisation of the 

spinel has taken place.

Melanotekite (Pb2Fe2
3+Si2O9) represents a minor but conspicuous component in these assemblages. 

This Pb silicate is a relatively rare phase in metamorphosed Mn-rich base metal deposits (e.g. Långban; 

Glasser, 1967) and pegmatites. It shows characteristic greenish-yellow to yellow-brown pleochroism 

and occurs as isolated grains or small patches that are intimately associated with calderitic garnet and 

jacobsite (Fig. 4.28a).
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Fig. 4.26 Exsolution lamella of pyro-
phanite in magnetite; plane polarised 
reflected light; scale bar represents 
250 µm (Sample RH-C2).

Fig. 4.27 Photomicrographs of jacobsite-franklinite type minerals; scale bars represent 200 µm. a. Jacobsite in 
garnet-manganoan calcite rock; plane polarised transmitted light (Sample G38-1080). b. Garnet porphyroblast 
holding franklinite inclusions; plane polarised transmitted light (Sample G111-284). c. Back-scattered electron 
image of a franklinite grain, exhibiting inclusions of garnet (Sample G74-680). d. Back-scattered electron image 
of jacobsite showing homogeneous cores and altered rims (Sample G30-1080).
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A special type of manganese formation is represented by sample Gu200-23.0, a massive rhodochrosite-

altered olivine-amphibole-magnetite rock. Rhodochrosite is the dominant mineral in this assemblage 

and forms the matrix in which sub- to euhedral porphyroblasts of magnetite, large amphibole grains and 

pseudomorphs after olivine are embedded. The latter has been altered to a mixture of serpentine, hematite 

and Mn silicate but the presence of olivine pseudomorphs attests to the prograde crystallisation of (Mg-

rich) olivine (Fig. 4.28b).

Fig. 4.28 a. Photomicrograph showing melanotekite associated with jacobsite, calderitic garnet and manganoan 
calcite; plane polarised transmitted light; scale bar represents 250 µm (Sample G38-1080). b. Pseudomorph of 
serpentine and hematite after olivine in a matrix of rhodochrosite; plane polarised transmitted light; scale bar 
represents 250 µm (Sample Gu200-23.0).   

4.3.4 Barite and Ba-rich Quartzite

Toward the eastern and southeastern part of Gamsberg, the Gams Formation is dominated by Si- and 

Ba-rich chemical metasediments (Stalder and Rozendaal, 2004b). Barite is concentrated as massive 

to laminated layers, forming a considerable industrial grade deposit (± 6 Mt), which has in the past 

sporadically been mined by small-scale opencast operations. The surface expression of barite is shown 

in Figure 4.3 and a schematic cross-section through the southeastern limb of the Gamsberg structure 

is shown in Figure 4.4. The relationship of barite with other metalliferous rocks is illustrated in Figure 

4.17. 

In the south of Gamsberg, the barite ore body dips steeply (± 60°) to the north. Toward the east, the dip 

increases and eventually exceeds 90°, resulting in a moderately (± 45°) eastward dipping layer in the 

east of Gamsberg. The barite ore body is underlain by a pyritic, generally Zn-poor, quartz-sillimanite-

muscovite schist, which shows elevated Ba contents. Toward the top, massive to laminated barite grades 
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into hematite- and barite-rich quartzite, which is overlain by spessartine-quartz-hematite rocks of the C2 

Unit. The barite has a marble-like appearance in fresh hand samples and ranges in colour from white to 

dark grey (Fig. 4.29a). The dark colour is caused by interlaminations of fine hematite and/or magnetite 

seams, which take on a reddish colour upon oxidation. Microscopically, barite occurs as coarse-grained 

recrystallised aggregates, with individual barite grains ranging in size from less than 0.5 to about 3 

mm (Fig. 4.29b). Metamorphic and deformational textures such as annealing, strained extinction and 

deformation twinning are common (Fig. 4.29c). In places, coarse barite grains are fractured and partially 

replaced by a second generation of fine-grained sub- to anhedral barite. Variable concentrations of quartz 

are present in these rocks, together with accessory garnet and muscovite. No sulphide minerals are 

directly associated with barite. 

Fig. 4.29 Photographs of barite and Ba-rich quartzite; scale bars represent 250 µm. a. Laminated barite from 
Gamsberg (photo from Rozendaal, 1982). b. Coarse-grained barite and associated hematite and quartz; plane 
polarised transmitted light (Sample G77-665). c. Deformation twinning of barite; plane polarised transmitted 
light (Sample GB-1). d. Flakes of barian muscovite in quartzite; plane polarised transmitted light; nicols crossed 
(Sample GR-118).
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Massive to laminated barite alternates with less baritic, Si-rich lithologies, which are composed of 

equigranular annealed quartz, hosting variable concentrations of coarsely recrystallised magnetite and/or 

hematite aggregates or individual sub- to euhedral Fe oxide grains. Barite in these rocks occurs as coarse 

isolated grains or patches of annealed aggregates. 

Barium is not restricted to barite but also occurs as in the form of barian micas, which are found as 

inclusions within quartzite. Abundant inclusions of Ba-rich mica may result in a conspicuous apple green 

colour of the latter (Fig. 4.29d). Similar green quartzite occurs in the Swartberg deposit and Ba-rich 

trioctahedral micas have been described from the Broken Hill mine, most importantly as the new brittle 

mica ferrokinoshitalite (Frimmel et al., 1995; Guggenheim and Frimmel, 1999).
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CHAPTER 5
GEOCHEMISTRY

The following section presents chemical data of whole rocks and individual minerals of the Gams 

Formation. The first section (5.1) deals with the bulk chemical composition of the different ore types and 

associated metalliferous rock types. Subsequently, the mineral chemistry of the most important mineral 

groups is discussed (section 5.2). Finally, REE data of both whole rocks and individual minerals is 

presented in section 5.3.

5.1 Bulk Composition

The bulk chemical characteristics of the Gams Formation have been discussed in detail by Rozendaal 

(1975, 1982). In order to prevent repetition, this section focuses on the chemical characterisation of the 

different rock types that have been identified during the present study. For this purpose, a database has 

been compiled incorporating 86 unmineralised metalliferous rocks, 40 ore-bearing and 60 country rock 

samples. The database includes samples analysed by Rozendaal (op. cit.), as well as new data generated 

during the course of this study (Appendix D). For comparison, additional country rock samples have been 

taken from Moore (1989) and Lipson (1990). In the first section (5.1.1), various discrimination diagrams 

are presented to distinguish between detrital, hydrothermal and hydrogenous components of the bulk 

composition. The subsequent sections (5.1.2 - 5.1.3) focus on chemical characteristics of the different 

rock types of the Gams Formation.

5.1.1 Detrital versus Hydrothermal Components

Interelement Pearson correlation coefficients have been calculated for all analysed elements, where 

sample populations have been considered adequately large (Appendix E). Significant positive 

interelement correlation exists between Si, Al, Ti, K, Rb, Zr and Y (Fig. 5.1a-i). All these elements 

are characteristically present in aluminosilicate minerals or other detrital particles and are regarded as 

representing the detrital and/or pelagic component of the bulk (Peter and Goodfellow, 1996; Spry et al., 

2000; Slack et al., 2000). The strong positive correlation between relatively immobile Al and Ti (Fig. 

5.1b; r = 0.81) is characteristic for sediment-hosted base metal deposits and indicates similar conditions 

of sedimentation for Al- and Ti-bearing detrital minerals (Slack et al., 2000). Similar relationships are 
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Fig. 5.1 Bivariate plots of elements showing relevant interelement Pearson correlation coefficients. a. TiO2 and 
SiO2. b. Al2O3 and TiO2. c. Zr and Al2O3. d. Rb and K2O. e. Fe2O3 and Al2O3. f. Fe2O3 and SiO2. g. Zr and TiO2. h. 
K2O and TiO2. i. Y and Al2O3.
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evident for Ti and Zr (r = 0.82), Al and Zr (r = 0.73), Zr and Y (r = 0.60), and to lesser extents between Al 

and Y (r = 0.57), Ti and Y (r = 0.43), Al and Rb (r = 0.48), Ti and Rb (r = 0.48), Ti and K (r = 0.46) and 

Al and K (r = 0.45). The exceptionally strong positive correlation between K and Rb (Fig. 5.1d; r = 0.97) 

demonstrates that the latter is mostly hosted by detrital K-bearing phases such as K-feldspar or micas. 

The detrital elements normally show a moderately negative correlation with Fe (e.g, Fig. 5.1e-f).

A second group of elements includes Fe, Mn, Ca, Zn, Pb, Ba, Sr, P, Cd and S. These elements are 

typically present in sulphides, oxides and carbonates and are regarded as representing the hydrothermal/

authigenic component of metalliferous sediments (Boström, 1973; Peter and Goodfellow, 1996; Spry 

et al., 2000). However, these elements show relatively weak correlation, possibly due to fractionation 

during hydrothermal precipitation. Statistically significant positive interelement correlation (r > 0.6) 

exists only between Zn and S (r = 0.73), Zn and Cd (r = 0.67), and Mn and P (r = 0.63). The first two 

element pairs demonstrate the concentration of sphalerite in the sulphide facies and the incorporation 

of Cd into the sphalerite lattice, respectively (Fig. 5.2). The correlation between Mn and P is poorly 

understood. It is possibly a manifestation of the association of apatite with the Mn-rich B2 and C Units, 

coupled with the partitioning of Mn into the apatite lattice in these metasediments. Moderately positive 

correlation also exists between Fe and V (r = 0.45), Cu and S (r = 0.55), Cu and Cd (r = 0.43), Cd and 

S (r = 0.47), Pb and Cd (r = 0.56), as well as Ca and P (r = 0.41), P and Y (r = 0.40) and Pb and Mn (r = 

0.47). Whereas the correlation of Fe and V manifests the substitution of V into Fe oxides, the next four 

element pairs demonstrate the close association of Pb, Cu and Cd with sphalerite-bearing ores. Relevant 

positive correlation between the last three element pairs is possibly due to the incorporation of Ca, Y, Mn 

and Pb into phosphate minerals. Relevant positive correlation also exists between Ba and Sr (r = 0.51), 

due to the partitioning of Sr into the barite lattice.

Fig. 5.2 Statistically significant interelement Pearson correlation coefficients of ore-related elements. a. Zn and S. 
b. Zn and Cd.
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Silica may be either detrital or hydrothermal in metalliferous sediments (Spry et al., 2000). The moderately 

positive correlation (r between 0.4 and 0.6) of Si with other detrital elements such as Al, Ti and Zr, as well 

as relevant negative correlation with hydrothermal elements such as Fe, Zn, Pb, Ba, Cd, S and P suggest 

that Si is mostly detrital at Gamsberg (Fig. 5.1). However, in certain rock types (e.g. iron formations, 

baritic quartzite), silica is most likely of hydrothermal origin, based on the intimate association with 

hydrothermal elements such as Fe and Ba and generally low concentrations of the detrital elements Al 

and Ti.

Fig. 5.3 Ternary Al-Fe-Mn plot of ore-bearing samples, metalliferous host rocks and unaltered schists of the 
stratigraphy. Data of unaltered aluminous schists from Rozendaal (1982), Moore (1989) and Lipson (1990).  
Hydrothermal and non-hydrothermal fields  after Boström (1973).
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As shown by Slack et al. (2000), Al and Ti are the best indicators of the amount of detrital material that 

has been added to the hydrothermal precipitates. An Al-Fe-Mn ternary plot of the ore-bearing samples 

and associated metalliferous rocks (Fig. 5.3) demonstrates that iron formations, metapelite-hosted ore 

and garnet-apatite ore plot within the hydrothermal field of Boström (1973). The fact that some Fe-Mn 

silicates plot outside the hydrothermal field is due to a strong enrichment in Mn and the predominance of 

Mn over Fe in these rocks. In contrast, the majority of coticules plot outside the hydrothermal field due 

to enrichment in Al, illustrating that these rocks have received a more pronounced detrital contribution. 

For comparison, regionally developed aluminous schists generally plot within or close to the non-

hydrothermal field of Boström (op. cit.). 

Fig. 5.4 Geochemical plots illustrating the relative contributions of detrital and hydrothermal components to the 
rocks of the Gams Formation. Fields of unaltered aluminous schists defined by data from Rozendaal (1982), Moore 
(1989) and Lipson (1990). a. Al2O3 versus TiO2 plot (after Slack et al., 2000). b. Fe/Ti versus Al/(Al+Fe+Mn) 
plot. 
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Fig. 5.5 (Ni+Co+Cu)*10-Fe-Mn ternary 
plot illustrating the hydrothermal versus 
hydrogenous nature of the ore-bearing 
samples and metalliferous rocks. Indicated 
are the general fields of hydrothermal 
sediments and hydrogenous nodules 
(Bonatti et al., 1972).

Similar relationships are illustrated by Al2O3 versus TiO2 and Fe/Ti versus Al/(Al+Fe+Mn) plots (Peter 

and Goodfellow, 1996; Spry et al., 2000; Slack et al., 2000) (Fig. 5.4). As mentioned above, Al2O3 and 

TiO2 display a strong positive correlation, illustrating progressive enrichment of the metasediments in 

detrital material from iron formations, over Fe-Mn silicates, impure marbles and garnet-apatite ore, to 

metapelite-hosted ore and coticules (Fig. 5.4a). The latter plot closest to the field occupied by unaltered 

aluminous metasediments of the stratigraphy, providing additional evidence for significant detrital 

contributions to these rocks. Figure 5.4b illustrates a continuous mixing curve between relatively pure 

hydrothermal precipitates, such as iron formations and garnet-apatite ore, and unaltered country rocks. 

Similar to relationships shown in Figure 5.3a, coticules represent the link between hydrothermal-

dominated and clastic metasediments. 

Adsorption of certain elements (e.g. Cu, Co, Ni, U, Th) from seawater onto hydrothermal precipitates 

may also influence the bulk composition of metalliferous sediments (e.g. Bonatti et al., 1972). As shown 

by Figure 5.5, these elements occur in insignificant amounts in the Gams Formation. Hydrogenous 

processes thus most probably only had a minor influence on the composition of the sediments.

5.1.2 Ore-Bearing Assemblages

Whole rock compositions of ore-bearing assemblages have been analysed by Rozendaal (1975, 1982) 

and only limited additional data has been generated during the course of this study. Table 5.1 summarises 

the chemical composition of the sulphide ores, as obtained from the complete database. Except for Zn, 
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Pb and Ba, no special emphasis has been placed on the trace elements and the reader is referred to the 

work of Rozendaal (op. cit.).

From Table 5.1 it is evident that metapelite-hosted ore is enriched in SiO2, TiO2, Al2O3 and S, and 

depleted in MnO, MgO, CaO, P2O5 and Zn, compared to chemogenic garnet-apatite mineralisation. Iron 

contents are comparable between the two units. The enrichment in Al, Ti and possibly Si corresponds to 

increased contributions of detrital aluminous clays and Ti-bearing minerals to metapelite-hosted ore. As 

a result, the mean Fe/Ti ratio of metapelite-hosted ore is significantly lower (94.8), compared to garnet-

apatite ore (275.9). The Al/(Al+Fe+Mn) ratios (0.126 of metapelite-hosted ore versus 0.075 of garnet-

apatite ore) provide additional evidence of higher detrital contributions to the former. A single analysis of 

Table 5.1 Summary of the chemical characteristics of ore-bearing assemblages

Garnet-Apatite Ore (n=11) Metapelite-Hosted Ore (n=31) PHO
Min Max Mean S.D. Min Max Mean S.D. M3-734

SiO2 (wt.%) 22.34 44.24 33.91 6.68 16.12 65.90 38.72 10.37 31.95

TiO2 0.01 0.31 0.20 0.11 0.16 0.83 0.43 0.11 0.36

Al2O3 0.63 10.77 3.96 2.69 3.39 12.30 6.24 1.75 5.33

Fe(t)* 16.43 34.03 23.75 6.32 7.69 27.91 21.15 4.09 16.34

MnO 2.17 9.90 4.69 2.38 0.03 2.90 0.98 0.66 1.62

MgO 0.08 2.49 0.87 0.84 0.00 1.10 0.66 0.26 0.51

CaO 0.31 3.87 2.22 1.17 0.07 1.55 0.42 0.32 5.21

Na2O 0.00 1.55 0.47 0.58 0.00 1.62 0.25 0.45 0.00

K2O 0.00 1.00 0.21 0.34 0.06 2.06 1.18 0.50 1.23

P205 0.06 3.36 1.45 0.96 0.09 0.82 0.23 0.16 4.01

S 5.23 26.09 16.45 5.95 9.90 32.70 21.87 5.86 15.56

Zn (wt.%) 3.35 26.90 11.28 6.83 1.42 12.48 5.70 2.37 11.50

Pb (ppm) 1100 21800 5738 7953 563 11600 3730 2740 3842

Ba (ppm) 13 640 292 275 34 1023 201 175 173

Fe/(Fe+Mn+Ca) 0.686 0.942 0.812 0.089 0.869 0.989 0.951 0.030 0.767

Mn/(Mn+Fe+Ca) 0.051 0.254 0.128 0.067 0.003 0.096 0.035 0.023 0.059

Ca/(Ca+Fe+Mn) 0.006 0.103 0.059 0.034 0.004 0.043 0.014 0.010 0.175

Si/(Si+Fe+Mn) 0.225 0.448 0.369 0.067 0.216 0.665 0.437 0.091 0.459

Si/(Si+Mn) 0.718 0.909 0.821 0.061 0.896 0.996 0.957 0.024 0.923

Fe/Ti 101.9 1190.7 275.9 346.3 60.3 280.4 94.8 41.5 76.1

Al/(Al+Fe+Mn) 0.023 0.148 0.075 0.035 0.062 0.188 0.126 0.031 0.138

* Fe as Fe(t), since mostly hosted by sulphide phases
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phosphorite-hosted ore of the AMU (sample M3-734) yielded Al, Ti and Mn concentrations intermediate 

to those of metapelite-hosted ore and garnet-apatite ore.

In contrast to metapelite-hosted ore, garnet-apatite mineralisation is distinctly enriched in P (mean of 

1.45 wt.% P2O5). The latter occurs mostly as rounded fluorapatite grains interstitial to sphalerite or quartz. 

Phosphorus is also an important component of phosphorite-hosted ore, with sample M3-734 reaching 4.01 

wt.% P2O5. The morphological characteristics and host rock association of the two phosphate occurrences 

are, however, fundamentally different. The implications of these features will be discussed in section 7.2. 

Mean Ba contents of both metapelite-hosted ore and garnet-apatite ore (201 and 292 ppm, respectively) 

are comparable to concentrations of average black shales (300 ppm; Vine and Tourtelot, 1970), indicating 

that no anomalous input of Ba has occurred into the ore horizon.

Individual mesobands of banded garnet-amphibole-apatite mineralisation have been studied in detail 

microscopically and bulk compositions of two mesobands have been calculated from electron microprobe 

data, using an estimation of the modal mineralogical composition of the individual layers (Table 5.2). 

Table 5.2 Major element chemistry of banded mineralisation (sample G-MB)

Sample G-MB G-MB/grta G-MB/ama

Ore type GAO GAO GAO

SiO2 (wt.%) 28.10 25.29 44.24

TiO2 0.02 0.01 0.07

Al2O3 3.03 4.22 0.63

Fe2O3 (23.82)b (23.49)b 31.30

Fe 16.66 16.43 (24.33)c

MnO 3.31 3.60 5.74

MgO 0.16 0.08 1.39

CaO 2.69 1.36 2.73

Na2O 0.30 0.00 0.00

K2O 0.00 0.00 0.00

P2O5 2.02 0.83 2.08

Zn 19.70 26.90 5.38

S 21.82 18.59 5.23

Total 97.81 97.28 98.79
aCompositions of garnet-rich and amphibole-rich mesobands have been calculated 
assuming the following modal compositions: Garnet-rich mesoband: 20% grt, 18% 
qtz, 5% mgt, 5% po, 2% ap, 50% sp; Amphibole-rich mesoband: 67% amp, 10% 
qtz, 5% po, 5% ap, 3% grt, 10% sp
bTotals calculated from the Fe values, since most Fe hosted by sulphides
cTotal calculated from Fe2O3 value, since most Fe hosted by silicates 
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Table 5.3 Summary of the chemical characteristics of the different types of metalliferous rocks

 Iron Formations (n=11) Coticules (n=28) Fe-Mn Silicates and Impure 
Marbles (n=28)

Min Max Mean S.D. Min Max Mean S.D. Min Max Mean S.D.

SiO2 (wt.%) 2.60 54.38 35.59 14.62 42.70 68.50 55.22 6.42 17.55 57.51 38.00 8.95

TiO2 0.05 0.47 0.20 0.11 0.30 0.90 0.57 0.12 0.09 0.61 0.26 0.12

Al2O3 0.17 6.85 2.60 2.18 5.29 13.10 9.41 1.75 1.75 7.94 4.65 1.67

Fe2O3* 33.59 88.65 53.77 15.82 6.33 32.89 14.98 6.84 13.02 46.90 30.96 9.63

MnO 0.23 9.92 3.29 3.59 0.41 19.12 9.57 4.81 0.49 31.30 12.58 6.84

MgO 0.01 0.71 0.22 0.22 0.10 3.70 1.59 0.85 0.00 5.79 1.85 1.48

CaO 0.18 4.69 1.40 1.44 0.26 8.74 3.72 2.42 0.64 17.31 6.30 5.63

Na2O 0.00 0.28 0.10 0.09 0.01 0.53 0.17 0.12 0.00 0.77 0.19 0.18

K2O 0.00 0.28 0.09 0.11 0.00 2.86 0.86 0.92 0.00 1.47 0.19 0.33

P2O5 0.17 4.38 0.91 1.23 0.05 0.65 0.34 0.16 0.03 0.75 0.38 0.20

Zn (ppm) 265 9300 3180 2479 400 26200 4131 5251 120 30300 6284 7211

Pb 175 20600 5425 7847 15 9590 1297 1911 25 25600 3346 6181

Ba 8 19122 2333 6303 91 3828 777 929 0 2729 532 793

Fe/(Fe+Mn+Ca) 0.755 0.990 0.910 0.094 0.252 0.968 0.509 0.162 0.270 0.968 0.610 0.200

Mn/(Mn+Fe+Ca) 0.006 0.196 0.066 0.076 0.020 0.568 0.355 0.134 0.013 0.624 0.269 0.144

Ca/(Ca+Fe+Mn) 0.003 0.085 0.024 0.024 0.012 0.468 0.136 0.101 0.014 0.344 0.121 0.105

Si/(Si+Fe+Mn) 0.019 0.468 0.300 0.130 0.378 0.815 0.599 0.105 0.181 0.514 0.362 0.080

Si/(Si+Mn) 0.440 0.993 0.839 0.173 0.607 0.990 0.782 0.101 0.329 0.984 0.655 0.162

Fe/Ti 83.4 1573.2 454.1 408.5 11.6 125.2 34.4 25.8 35.7 496.2 175.1 104.2

Al/(Al+Fe+Mn) 0.002 0.109 0.037 0.033 0.085 0.498 0.236 0.088 0.022 0.147 0.075 0.033

* Total Fe as Fe2O3

The bulk composition of a 30 cm core interval of banded mineralisation (sample G-MB), as obtained by 

XRF, demonstrates that the ore is distinctly dominated by the hydrothermal/chemical elements Zn, Fe, 

Mn, Ca and P, with minor contributions of detritally-derived Al and Ti. Calculated compositions indicate 

that garnet-rich mesobands are enriched in Zn, S and Al, compared to amphibole-rich mesobands, which 

are dominated by Si, Fe and Mn. The strong enrichment of garnet-rich mesobands in Zn suggests that 

this element has been fractionated to a considerable extent from Fe and Mn and concentrated in the more 

aluminous layers. Textural and chemical characteristics of the banded ores and their implications for ore-

forming processes are discussed in section 7.3.
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5.1.3 Unmineralised Metalliferous Assemblages

A summary of the chemical characteristics of iron formations, coticules and Fe-Mn silicates/impure 

marbles is presented in Table 5.3. Baritic rocks have not been listed in Table 5.3 due to their simple 

chemical composition and the strong antipathetic relationship between Si and Ba. The chemical trends 

within the barite ore body are discussed below using downhole plots of a borehole intersection through 

the southern part of the Gamsberg structure.

Iron formations: Mineralogically, iron formations are distinguished from coticules, Fe-Mn silicates 

and impure marbles by the distinct predominance of magnetite/hematite and quartz over other mineral 

phases. Consequently, Fe and Si are the dominant constituents and combined normally constitute more 

than 80% of the rock. A strong antipathetic relationship exists between Fe and Si due to the presence of 

alternating Fe- and Si-rich mesobands. This relationship is manifested by the large standard deviation 

and wide compositional range of Fe and Si, ranging from 2.60-54.38 wt.% SiO2 and 33.59-88.65 wt.% 

Fe2O3. Iron formations are enriched in Fe compared to other metalliferous rocks, reaching a mean of 

53.77 wt.% Fe2O3 and a mean Fe/(Fe+Mn+Ca) ratio of 0.910. Characteristically, iron formations have 

low contributions of detrital material, as evident from Fe/Ti ratios between 83.4 and 1573.2 (mean of 

454.1) and Al/(Al+Fe+Mn) ratios between 0.002 and 0.109 (mean of 0.037). 

Compared to other types of metalliferous rocks at Gamsberg, iron formations generally have low 

concentrations of Ca and Mn. The low Ca content is due to the absence of co-precipitated carbonate. 

Similarly, low concentrations of Mn might also be related to the paucity of Mn-fixing carbonate, and 

Mn is thus hosted predominantly by associated phosphates and garnet. The presence of significant 

concentrations of garnet results in enrichment in Mn and Al and illustrates the transition to coticules. The 

Gamsberg iron formations are characteristically enriched in P, reaching a maximum of 4.38 wt.% P2O5 in 

the graftonite/wolfeite-bearing assemblage (G38-1050) and a mean of 0.91 wt.% P2O5. For comparison, 

coticules and Fe-Mn silicates/impure marbles contain relatively low concentrations of P (mean of 0.34 and 

0.38 wt.% P2O5, respectively). Apart from P, iron formations may also show anomalous enrichment in Zn, 

Pb or Ba. Zinc occurs mostly as gahnite or zincian hercynite, but the element may also be partitioned into 

phosphates, such as graftonite or wolfeite. Lead is present as associated galena, apatite or pyromorphite 

and commonly reaches concentrations, which exceed those of the ore body. The occurrence of barite 

within iron formations demonstrates the transition to baritic quartzite. 

Coticules: Similar to iron formations, coticules are characterised by a relatively simple mineralogy 

dominated by garnet and quartz. Chemically, coticules are enriched in Si, Al and Ti, but depleted in Fe, 

compared to iron formations and Fe-Mn silicates/impure marbles. As a result, coticules display relatively 
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Table 5.4 Chemical composition of the two types of coticules

Andradite-calderite-bearing (n = 4) Spessartine-almandine-bearing (n = 20)

Min Max Mean S.D. Min Max Mean S.D.

SiO2 (wt.%) 47.05 52.94 49.40 2.51 46.33 68.50 57.50 4.54

TiO2 0.44 0.60 0.53 0.07 0.38 0.90 0.61 0.11

Al2O3 6.82 9.93 8.32 1.35 7.32 13.10 10.01 1.37

Fe2O3* 13.61 17.29 15.09 1.24 6.33 21.84 12.33 4.21

MnO 16.59 19.12 17.99 1.11 2.16 14.72 8.62 2.81

MgO 0.47 1.33 0.99 0.40 0.40 3.70 1.88 0.82

CaO 2.42 7.42 5.08 2.66 0.43 8.74 3.94 2.31

Na2O 0.09 0.31 0.16 0.10 0.01 0.53 0.18 0.14

K2O 0.00 1.40 0.36 0.70 0.04 2.86 1.02 0.93

P205 0.25 0.47 0.37 0.09 0.05 0.65 0.35 0.17

Zn (ppm) 946 3423 2014 1253 400 26200 4517 5750

Pb 79 274 177 108 15 9590 1501 2095

Ba 336 2444 1270 961 91 3828 742 947

Fe/(Fe+Mn+Ca) 0.365 0.401 0.375 0.017 0.252 0.747 0.474 0.096

Mn/(Mn+Fe+Ca) 0.426 0.568 0.500 0.070 0.135 0.526 0.368 0.089

Ca/(Ca+Fe+Mn) 0.066 0.177 0.126 0.058 0.015 0.468 0.159 0.106

Si/(Si+Fe+Mn) 0.471 0.508 0.485 0.016 0.448 0.815 0.642 0.079

Si/(Si+Mn) 0.607 0.639 0.624 0.014 0.655 0.946 0.802 0.062

Fe/Ti 26.3 41.8 34.4 8.3 11.6 52.0 24.3 10.3

Al/(Al+Fe+Mn) 0.126 0.178 0.152 0.023 0.127 0.498 0.269 0.077

* Total Fe as Fe2O3

low XFe [Fe/(Fe+Mn+Ca)] and Fe/Ti values (mean of 0.509 and 34.4, respectively). These chemical 

trends are accompanied by relatively high Al/(Al+Fe+Mn) and Si/(Si+Fe+Mn) ratios (0.236 and 0.599, 

respectively). Collectively, the chemical characteristics indicate variable but relatively high contributions 

of detrital material to these rocks.

Coticules are enriched in Mn compared to iron formations, but normally do not reach concentrations 

attained by Fe-Mn silicates and impure marbles. Mineralogically, a distinction has been made between 

coticules of the A4/C1 Units (spessartine-almandine-bearing coticules) and those of the C2 Unit 

(andradite-calderite-bearing coticules). A summary of the chemical composition of the two types of 

coticules is shown in Table 5.4. Chemically, andradite-calderite-bearing coticules are distinguished from 
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spessartine-almandine-bearing coticules by enrichment in Fe, Mn and Ca, and depletion in Si, Al and Mg. 

An exception is made by spessartine-quartz-hematite rocks that overlie the barite ore body, and which are 

chemically comparable to andradite-calderite-bearing coticules of the C2 Unit in the Overturned Limb.

Fe-Mn silicates and impure marbles: These rocks are characterised by a more heterogeneous variety of 

minerals than iron formations and coticules. The mineralogical diversity is reflected by a more complex 

chemical composition and relative enrichment in Mn, Ca and Mg. Iron contents are generally high (mean 

of 30.96 wt.% Fe2O3) but do not reach concentrations attained by iron formations. Fe-Mn silicates and 

impure marbles are the most Mn-rich metalliferous rocks, reaching a maximum of 31.30 wt.% MnO in 

rhodonite-garnet rocks of the C2 Unit (sample RH-C2) and a mean of 12.58 wt.% MnO. In addition, Ca 

contents are relatively high, with a mean of 6.30 wt.% CaO. The Fe-Mn silicates and impure marbles 

are characterised by relatively low SiO2 contents (mean of 38.00 wt.%) and Al and Ti concentrations 

intermediate to those of iron formations and coticules. Occasionally, Fe-Mn silicates and impure marbles 

may be enriched in Zn (franklinite-bearing assemblages) and Pb. The latter occurs as associated galena, 

melanotekite or mimetite.

A summary of the chemical composition of the four subtypes of Fe-Mn silicates/impure marbles is 

shown in Table 5.5. A general increase in XMn [Mn/(Fe+Mn+Ca)] is evident from orthopyroxene-bearing 

assemblages, over pyroxferroite- and clinopyroxene-bearing assemblages, to manganese formations. 

These relationships are accompanied to some extent by an increase in XCa [Ca/(Fe+Mn+Ca)] and a 

decrease in the Fe/Mn ratio. However, Ca concentrations are low where rhodochrosite is stabilised 

preferentially over calcite (e.g. sample Gu200-23.0). Maximum Fe and Si concentrations are attained by 

orthopyroxene-bearing assemblages, suggesting a chemical affinity to iron formations. Clinopyroxene-

bearing assemblages are enriched in Ca, as evident from XCa values generally above 0.200. Carbonate 

minerals have been preserved in samples with low SiO2 values, probably corresponding to high activities 

of CO2 in the metamorphic fluids. Where Si contents are exceptionally low (e.g. sample Gu200-23.0), no 

pyroxene or pyroxenoid minerals are present. 

Barite and Ba-rich rocks: Chemical trends of the barite ore body and associated Ba-rich rocks 

(metapelitic schist, quartzite) are illustrated by a type section though the southern limb of the Gamsberg 

structure, as drilled by borehole Gam77. The chemical composition of barite and Ba-rich rocks is shown 

in Figure 5.6. Individual chemical analyses and the procedure of sample selection have been presented 

by Stalder and Rozendaal (2004b). Maximum Ba contents are attained by massive barite at the base of 

the C1 Unit. The distribution of Ba is strongly mimicked by that of Sr, indicating a similar geochemical 

behaviour of these elements and substitution of Sr for Ba in the barite lattice. Toward the top, massive 

to laminated barite grades into baritic quartzite, holding high concentrations of SiO2 and variable Ba and 
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Fe. These Ba- and Si-rich rocks can be correlated with Fe-Mn silicates and impure marbles of the North 

Body, which indicates that a significant decrease in Fe, Mn and Ca, and an increase in Ba and Si, has 

occurred toward the barite ore body. Zinc concentrations within the barite body are in the order of 100-

1500 ppm, demonstrating effective fractionation of barite from the sulphide ore body. 
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The barite ore body is underlain by a pyritic metapelitic schist, interpreted to represent the ore-

equivalent schist in the southern part of Gamsberg. The latter is depleted in Zn and Pb (900 and 2400 

ppm, respectively) but anomalously enriched in Ba (2.26 wt.% BaO). Barium-rich rocks also occur in 

country rocks enveloping the Gams Formation. This chemical signature indicates the presence of a Ba 

halo, which extends into the wall rocks of the deposit. Since barite is absent in these rocks, Ba is mostly 

partitioned into mica and/or feldspar. Green quartzite of the Hotson Formation reaches Ba values of 

2351 ppm due to the inclusion of Ba muscovite. Metapelitic to metapsammitic schists of the Hotson and 

Koeris Formations may be anomalously enriched in Ba up to 12,400 ppm (Rozendaal, 1982).

Fig. 5.6. Downhole plots of selected elements through a type section in the barite ore body. Data from Stalder and 
Rozendaal (2004b).
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5.2 Mineral Chemistry

The following section presents mineral chemical data of the different mineral groups of the Gams 

Formation, as obtained by electron microprobe and quantitative EDS analyses. In the case of minerals 

where Fe may occur in both the divalent and trivalent forms (e.g. spinel, garnet, pyroxene, pyroxenoid), 

ferric Fe has been calculated according to the formula of Droop (1987). In epidote and melanotekite, all 

Fe has been regarded as trivalent. Based on stoichiometric considerations, Fe has been treated as divalent 

in all other minerals. Manganese has been regarded as divalent due the absence of any Mn3+-bearing 

minerals at Gamsberg. In addition, stoichiometric relationships precluded any significant concentrations 

of trivalent Mn in the individual phases. Selected analyses of individual minerals are shown in the 

sections below. The complete data set is presented in Appendix F.

5.2.1 Garnet Group

Garnet is ubiquitous in the Gams Formation and is present in all rock types except metapelite-hosted 

ore and some iron formations. Chemically, two types of garnet can be distinguished: (1) garnet with 

predominantly Al in the octahedral position, and (2) garnet with major to dominant amounts of ferric Fe 

in the octahedral position. As a rule, garnet is included in the second group when the combined andradite 

+ calderite component exceeds that of spessartine. It must be noted that some unusual spessartine-

calderite(-andradite) garnets are also included in this group. Al-garnet occurs in garnet-apatite ore, 

spessartine-almandine-rich coticules, iron formations, as well as Fe-Mn silicates and impure marbles of 

the A2, A3 and C1 Units. Fe3+-rich garnet is restricted to andradite-calderite-rich coticules and manganese 

formations of the C2 Unit. The latter is characterised by a diagnostic yellow colour in hand samples and 

thin section. 

Representative garnet analyses are listed in Tables 5.6 and 5.7, and the composition of garnet is graphically 

presented in Figures 5.7-5.9. The composition of garnet is mostly a function of variations in the 

concentration of Fe, Mn, Ca and Al. Magnesium contents (i.e. the pyrope component) are low throughout 

the Gams Formation. The garnet is chemically homogeneous on a thin section scale and within individual 

grains (core-rim compositions), suggesting equilibration during prograde metamorphism. These findings 

are in agreement with data presented by Rozendaal (1982) for Gamsberg and Hoffmann (1993) for the 

neighbouring Broken Hill deposit. The end-members of Al-rich garnet have been calculated according to 

the formula of Rickwood (1968). In Fe3+-rich garnet, end-members have been assigned according to the 

following procedure: (1) all Mg and Fe2+ to pyrope and almandine, respectively, (2) all Al to spessartine, 

(3) all Ca to andradite, (4) remaining Mn and Fe3+ to calderite. 
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From Figure 5.7a it is evident that Al-rich garnet is mostly spessartine-almandine, with minor to significant 

concentrations of the grandite (grossular + andradite) component. Garnet in garnet-apatite ore and iron 

formations is generally depleted in the Ca-bearing molecules grossular and andradite, compared to garnet 

in Fe-Mn silicates, impure marbles and some coticules. The composition varies between Alm66Sps30Gro4, 

Sps81Alm13Adr4 and Sps46Adr39Alm12, corresponding to maximum concentrations of Fe, Mn and Ca in 

the dodecahedral position, respectively. Rozendaal (1982) reported more Fe-, Mn- and Ca-rich garnet 

compositions in iron formations and coticules at Gamsberg, with maximum concentrations of Fe, Mn and 

Ca varying between Alm92Sps3Pyr3, Sps84Adr7Alm6 and Gro53Sps29Alm11Adr7.

Fig. 5.7 Chemical composition of 
garnet. a. Al3+-garnet in the spessartine-
almandine-grandite diagram. Open dots 
indicate maximum values of Fe, Mn and 
Ca in the dodecahedral position as reported 
by Rozendaal (1982). b. Fe3+-garnet in the 
spessartine-andradite-calderite diagram.
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Garnet of the C2 Unit represents solid solution between the andradite, calderite and spessartine end-

members (Fig. 5.7b; Table 5.7). Most Fe is in the trivalent form, substituting for Al in the octahedral 

position, whereas the dodecahedral position is predominantly occupied by Mn and Ca. The composition 

varies between Adr54Sps23Cld14, Cld36Adr35Sps23 and Sps62Cld20Adr8, corresponding to maximum 

Table 5.6 Representative compositions of Al-rich garnet

Sample G64-1175 G45-1195 G-MB G103-26 G77-732 G73-1185 G45-1140 G23-1462 G64-1120 G63-1145

Rock type GAO GAO GAO IF COT COT SIL SIL IM IM

SiO2 36.65 36.35 36.37 36.54 36.27 36.74 36.03 36.81 36.76 36.39

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al2O3 20.23 19.25 20.56 20.20 16.51 20.56 12.58 20.51 18.63 16.34

Fe2O3 0.87 2.15 0.11 0.69 6.25 0.33 12.16 0.59 3.45 6.78

FeO 13.39 9.91 28.43 6.21 4.30 14.99 5.50 16.07 8.76 7.65

MnO 24.71 29.30 13.21 34.78 30.34 22.89 21.00 20.53 23.54 23.14

MgO 0.19 0.00 0.00 0.48 0.46 0.00 0.00 0.24 0.00 0.00

CaO 3.96 3.03 1.32 1.10 5.88 4.50 12.73 5.26 8.87 9.70

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

All analyses normalised to 24 oxygen atoms 

Si 5.996 5.995 5.996 6.002 6.002 6.001 6.003 5.995 5.998 5.994

Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Al 0.004 0.005 0.004 - - - - 0.005 0.002 0.006

Total Z 6.000 6.000 6.000 6.002 6.002 6.001 6.003 6.000 6.000 6.000

Al 3.897 3.737 3.991 3.911 3.219 3.958 2.470 3.932 3.580 3.165

Fe3+ 0.107 0.267 0.013 0.085 0.778 0.040 1.524 0.073 0.423 0.840

Total Y 4.004 4.004 4.004 3.996 3.996 3.998 3.994 4.004 4.003 4.006

Fe2+ 1.832 1.367 3.918 0.853 0.595 2.048 0.767 2.188 1.194 1.054

Mn 3.424 4.092 1.845 4.839 4.252 3.166 2.964 2.832 3.253 3.228

Mg 0.046 0.000 0.000 0.117 0.113 0.000 0.000 0.058 0.000 0.000

Ca 0.693 0.536 0.232 0.193 1.043 0.787 2.272 0.917 1.550 1.712

Total X 5.996 5.995 5.996 6.002 6.002 6.001 6.003 5.995 5.998 5.994

Adr 2.7 6.7 0.3 2.1 17.0 1.0 37.8 1.8 10.6 21.0

Pyr 0.8 0.0 0.0 2.0 1.8 0.0 0.0 1.0 0.0 0.0

Sps 57.1 68.3 30.8 80.6 69.4 52.8 49.3 47.2 54.2 53.9

Gro 8.9 2.3 3.5 1.1 0.0 12.1 0.0 13.5 15.3 7.5

Alm 30.6 22.8 65.4 14.2 9.7 34.1 12.7 36.5 19.9 17.6

Cld 0.0 0.0 0.0 0.0 2.0 0.0 0.2 0.0 0.0 0.0

Grandite 11.6 8.9 3.9 3.2 17.0 13.1 37.8 15.3 25.8 28.6
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andradite, calderite and spessartine components, respectively. Indications are that garnet in Fe-Mn 

silicates/impure marbles is enriched in the andradite and calderite components, relative to garnet in 

coticules that is enriched in spessartine. The Al2O3 content of andradite-calderite garnet is rarely below 6 

wt.%, resulting in a maximum calderite component of around 35% (Table 5.7). Considering the textural 

Table 5.7 Representative compositions of andradite-calderite and spessartine-calderite garnet

Sample G39-917 G109-88 G38-1080 G64-740 G74-680 G76-496 GR-65 G111-284

Rock type SIL SIL SIL SIL SIL SIL COT COT

SiO2 35.00 35.44 35.54 34.71 34.77 35.59 35.67 35.25

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al2O3 5.43 12.25 8.58 5.90 5.71 14.50 10.94 9.89

Fe2O3 22.81 12.18 18.05 21.48 21.50 8.54 14.02 15.72

FeO 3.04 2.99 2.27 2.59 2.51 4.40 2.64 2.35

MnO 16.34 30.53 20.21 23.61 24.06 34.38 26.24 27.38

MgO 0.00 0.00 0.16 0.00 0.05 0.00 0.00 0.02

CaO 17.38 6.61 15.20 11.71 11.40 2.60 10.49 9.39

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

All analyses normalised to 24 oxygen atoms

Si 5.985 6.001 5.999 6.001 6.017 6.013 6.021 6.000

Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Al 0.015 - 0.001 - - - - -

Total Z 6.000 6.001 6.000 6.001 6.017 6.013 6.021 6.000

Al 1.079 2.446 1.707 1.202 1.166 2.888 2.177 1.985

Fe3+ 2.935 1.552 2.293 2.795 2.801 1.086 1.781 2.015

Total Y 4.014 3.997 4.000 3.998 3.967 3.974 3.958 4.000

Fe2+ 0.435 0.423 0.320 0.375 0.363 0.621 0.373 0.334

Mn 2.367 4.379 2.890 3.457 3.527 4.920 3.751 3.948

Mg 0.000 0.000 0.040 0.000 0.013 0.000 0.000 0.005

Ca 3.184 1.199 2.750 2.169 2.114 0.471 1.897 1.713

Total X 5.985 6.001 5.999 6.001 6.017 6.013 6.021 6.000

Adr 53.2 20.0 45.8 36.1 35.1 7.8 31.5 28.5

Pyr 0.0 0.0 0.7 0.0 0.2 0.0 0.0 0.1

Sps 20.2 54.1 36.7 23.8 22.8 61.7 48.0 44.0

Gro 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Alm 7.3 7.1 5.3 6.2 6.0 10.3 6.2 5.6

Cld 19.4 18.9 11.5 33.8 35.8 20.1 14.3 21.8
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Fig. 5.8 Ternary XFe-XMn-XCa plot illustrating the general enrichment of garnet in Mn and Ca in 
clinopyroxene-bearing assemblages and manganese formations, compared to garnet in orthopyroxene- 
and pyroxferroite-bearing assemblages. The shaded area corresponds to the compositional range of 
garnet in ore-bearing assemblages. 

evidence for the breakdown of calderitic garnet, these relationships suggest that this represents the 

upper stability limit of calderite at Gamsberg (see section 6.3.4). To the author’s knowledge, Gamsberg 

represents the only locality, where andradite-calderite-bearing coticules are associated with sediment-

hosted base metal mineralisation (see Spry et al., 2000).

If only garnet in Fe-Mn silicates and impure marbles is considered, a general increase in the XMn and 

XCa values of garnet is evident from orthopyroxene-bearing assemblages, over pyroxferroite-bearing 

assemblages, to clinopyroxene-bearing assemblages and manganese formations (Fig. 5.8). This chemical 

trend of garnet corresponds to whole rock increases in XMn and XCa with increasing vertical distance 

from the ore horizon (section 5.1.3), thus indicating that garnet closely reflects the composition of the 

bulk. Similar relationships are shown in Figure 5.9. The general enrichment of garnet in Mn and Ca 

toward the top of the Gams Formation, however, is counteracted to some extent by the incorporation of 

Fe3+ into the garnet lattice in the C2 Unit (Fig. 5.9a). The relationships are more clearly illustrated by a 

(Mn+Ca) versus Fe2+ plot (Fig. 5.9b), demonstrating progressive substitution of Mn and Ca for Fe in the 

dodecahedral position toward the top of the Gams Formation.
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Table 5.8 Concentrations of trace elements in garnet as obtained by LA-ICP-MS (selected analyses)

Sample GR-65  G64-1135 G64-1471 Gu200-23.0 G63-1145 G64-1175 G77-632

Sc 7.2 6.5 nd 4.2 6.4 4.4 3.9 nd
Ti 828 788 385 265 185 101 92 257
V 11 9.8 632 14 48 5.5 57 86
Co 5.2 10.3 0.8 1.4 0.7 nd 1.0 12
Zn 37 120 17 12 24 89 425 205
Rb 0.03 0.20 nd 0.01 nd 0.26 0.21 nd
Sr 77 412 0.11 76 0.07 0.08 nd 4.9
Y 22 23 80 83 99 32 127 41
Zr 137 3.7 1.4 1.7 2.7 9.8 0.39 1.5
Nb 0.25 0.32 nd 0.15 0.05 0.07 0.04 1.5
Ba 0.30 9.0 0.36 5.5 0.15 0.16 nd 7.2
Hf 3.4 0.20 nd 0.19 0.03 0.6 0.03 0.14
Pb 6.5 9.3  nd 3.2 nd 0.7 0.01 9.0

nd = not detected

Fig. 5.9 Composition of garnet in ore-
bearing assemblages and Fe-Mn silicate/
impure marbles in terms of (Mn+Ca) 
versus Fe. a. (Mn+Ca) versus Fetot plot. 
b. (Mn+Ca) versus Fe2+ plot.
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The trace element concentration of garnet has been determined by LA-ICP-MS (Table 5.8). With the 

exception of Ti (92-828 ppm), garnet generally does not contain significant amounts of trace elements. 

Individual grains may be enriched in V (up to 633 ppm), Zn (up to 425 ppm), Sr (up to 412 ppm), Y (up 

to 127 ppm) and Zr (up to 137). Scandium, Co, Rb, Nb, Ba, Hf and Pb are present in concentrations below 

10 ppm. The concentration and distribution of REE is presented in section 5.3.2.

Fig. 5.10 Composition of Mn-rich pyroxenes and pyroxenoids in the FeSiO3-MnSiO3-CaSiO3 diagram. Tie lines 
join coexisting phases. Tie lines in black show prograde equilibrium assemblages, whereas crossing tie lines in red 
provide evidence for a second generation of retrograde clinopyroxene. Single-chain silicate fields after Brown et 
al. (1980). Open circles: data from Rozendaal (1982); solid circles: data from Hoffmann (1993).

5.2.2 Single-Chain Silicates

Single-chain silicates (clinopyroxene, orthopyroxene, pyroxferroite, pyroxmangite, rhodonite) are 

important constituents of Fe-Mn silicates and impure marbles of the A2, A3, C1 and C2 Units. Accessory 

to minor amounts may also occur in coticules and garnet-apatite mineralisation. The nature and 

distribution of single-chain silicates is governed by the miscibility gaps in the system FeSiO3-MnSiO3-
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CaSiO3 under the ambient conditions of metamorphism (Fig. 5.10). Clinopyroxene in Figure 5.10 has 

shifted outside the clinopyroxene field of Brown et al. (1980) due to relatively high concentrations of 

Mg in the crystal lattice. However, representation in the FeSiO3-MnSiO3-CaSiO3 diagram is preferred to 

allow comparison with the pyroxenoid fields of Brown et al. (op. cit.).

Table 5.9 Average compositions of single-chain silicates in Fe-Mn silicates/impure marbles

Mineral Opx Pxf1 Pxf2 Cpx1 Cpx2 Rdn1 Rdn2
(n=10) (n=22) (n=7) (n=79) (n=12) (n=72) (n=38)

Subtype OPX PXF PXF CPX CPX CPX MF

SiO2  49.41 48.60 47.38 50.45 51.14 47.05 47.16

TiO2  0.00 0.01 0.00 0.02 0.02 0.01 0.01

Al2O3 0.00 0.03 0.00 0.06 0.05 0.00 0.04

Fe2O3 0.00 0.69 0.09 0.72 1.10 0.35 0.00

FeO   35.96 26.28 23.70 14.11 10.57 13.15 4.06

MnO   9.46 14.47 22.44 8.36 10.77 31.16 40.71

MgO   4.98 8.52 3.06 6.66 8.49 1.86 2.74

CaO   0.20 1.30 3.24 19.11 17.56 6.70 4.90

ZnO   0.00 0.13 0.10 0.27 0.21 0.19 1.07

Na2O  0.00 0.00 0.00 0.11 0.41 0.01 0.02

Total 100.00 100.04 100.00 99.87 100.31 100.48 100.72

All analyses normalised to 6 oxygen atoms

Si 2.051 1.991 2.005 1.998 2.005 1.991 1.990

Al 0.000 0.002 0.000 0.002 0.000 0.000 0.001

Total T 2.051 1.993 2.005 2.000 2.005 1.991 1.991

Ti 0.000 0.000 0.000 0.001 0.000 0.000 0.000

Al 0.000 0.000 0.000 0.001 0.002 0.000 0.000

Fe3+ 0.000 0.021 0.003 0.022 0.019 0.005 0.000

Fe2+ 1.249 0.901 0.839 0.469 0.347 0.466 0.143

Mn 0.333 0.502 0.804 0.281 0.357 1.116 1.455

Mg 0.308 0.519 0.193 0.391 0.494 0.117 0.173

Ca 0.009 0.057 0.147 0.812 0.738 0.304 0.222

Zn 0.000 0.011 0.010 0.010 0.006 0.011 0.034

Na 0.000 0.003 0.001 0.011 0.031 0.002 0.000

Total M 1.899 2.014 1.997 1.998 1.994 2.021 2.027

(Fe+Mg)SiO3 82.0 72.1 52.1 44.7 44.0 29.3 15.8

MnSiO3 17.5 25.1 40.5 14.2 18.2 55.6 73.0

CaSiO3 0.5 2.9 7.4 41.1 37.7 15.1 11.1

(Mn+Ca)SiO3 18.0 27.9 47.9 55.3 56.0 70.7 84.2
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Table 5.10 Selected compositions of ortho- and clinopyroxene

Sample G28-1495 G5-910* 51200**  G64-1471 G45-1140 G63-1145 G23-1462 Gu201-79.5 G39-917

Mineral opx  cxp1 cpx2

SiO2  49.29 46.27 46.59 50.05 50.60 50.30 50.55 51.00 51.11
TiO2  0.00 0.08 - 0.00 0.00 0.00 0.00 0.06 0.00
Al2O3 0.00 0.20 0.20 0.00 0.00 0.29 0.00 0.12 0.10
Fe2O3 0.00 0.53 - 0.12 0.68 0.00 0.09 0.26 0.00
FeO   35.76 41.32 40.85 17.77 10.57 12.86 16.59 7.92 14.83
MnO   9.25 7.30 7.78 6.40 12.90 9.61 6.70 11.64 9.02
MgO   5.48 3.41 4.13 5.45 6.22 6.01 7.35 10.65 5.85
CaO   0.22 0.47 0.00 20.21 18.90 20.53 18.72 17.33 17.78
Na2O  0.00 - - 0.00 0.28 0.06 0.00 0.02 0.85
ZnO   0.00 - - 0.00 0.26 0.15 0.00 0.06 0.46
Total 100.00 99.58 99.55 100.00 100.42 99.81 100.00 99.05 100.00

All analyses normalised to 6 oxygen atoms

Si 2.043 1.984 1.99 1.998 2.001 1.997 1.999 1.992 2.026
Al 0.000 0.010 0.01 0.000 0.000 0.003 0.000 0.006 0.000
Total T 2.043 1.994 2.00 1.998 2.001 2.000 1.999 1.998 2.026
Ti 0.000 0.003 - 0.000 0.000 0.000 0.000 0.002 0.000
Al 0.000 0.000 0.00 0.000 0.000 0.011 0.000 0.000 0.005
Fe3+ 0.000 0.017 - 0.003 0.020 0.000 0.003 0.008 0.000
Fe2+ 1.240 1.482 1.46 0.593 0.350 0.427 0.549 0.259 0.492
Mn 0.325 0.265 0.28 0.216 0.432 0.323 0.224 0.385 0.303
Mg 0.339 0.218 0.26 0.324 0.367 0.356 0.433 0.620 0.346
Ca 0.010 0.022 0.00 0.864 0.801 0.874 0.793 0.726 0.755
Na 0.000 0.000 - 0.000 0.022 0.005 0.000 0.001 0.065
Zn 0.000 0.000 - 0.000 0.008 0.004 0.000 0.002 0.013
Total M 1.914 2.007 2.00 2.000 2.000 2.000 2.002 2.003 1.979

FeSiO3 0.648 0.748 0.730 0.298 0.188 0.216 0.275 0.133 0.259
MnSiO3 0.170 0.132 0.140 0.108 0.219 0.163 0.112 0.193 0.160
MgSiO3 0.177 0.109 0.130 0.162 0.186 0.180 0.216 0.310 0.182
CaSiO3 0.005 0.011 0.000 0.432 0.407 0.441 0.396 0.363 0.398

Hedenbergite (%) 52.5 31.6 38.6 45.6 21.0 43.1
Diopside (%) 28.5 31.4 32.2 35.8 48.8 30.3
Johannsenite (%)    19.0 37.0 29.2 18.6 30.3 26.6

- = not determined
* Data from Rozendaal (1982)
** Data from Hoffmann (1993)
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Table 5.11 Representative compositions of pyroxenoid minerals 

Sample G23-1462 G64-1135 G64-1471 G64-1120 G45-1140 RH-C2 G76-496 G64-740
Mineral pxf1 pxf rdn/pxm rdn1 rdn1 rdn2 pxm rdn2

 High Fe       High Mn

SiO2  47.55 48.36 45.90 46.74 47.21 47.12 45.77 46.11

TiO2  0.08 0.03 0.02 0.03 0.03 0.01 0.01 0.00

Al2O3 0.33 0.08 0.00 0.00 0.00 0.03 0.00 0.00

Fe2O3 0.93 2.27 2.55 1.62 0.13 0.36 3.79 2.10

FeO   27.47 22.14 17.32 14.92 10.15 5.98 3.17 0.00

MnO   14.23 15.45 27.29 27.82 33.43 39.48 40.43 42.30

MgO   7.35 10.05 1.43 1.45 1.56 1.84 4.39 2.17

CaO   1.25 1.16 5.46 7.55 7.31 5.13 1.50 5.51

Na2O  0.02 0.08 0.03 0.00 0.00 0.00 0.00 0.00

ZnO   0.28 0.37 0.29 0.63 0.37 0.62 1.00 1.65

Total 99.48 99.98 100.29 100.75 100.18 100.57 100.05 99.84

All analyses normalised to 6 oxygen atoms

Si 1.976 1.965 1.960 1.973 1.997 1.993 1.939 1.965

Al (IV) 0.016 0.004 0.000 0.000 0.000 0.002 0.000 0.000

Total 1 1.992 1.969 1.960 1.973 1.997 1.995 1.939 1.965

Ti 0.003 0.001 0.001 0.001 0.001 0.000 0.000 0.000

Al (VI) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe3+ 0.029 0.070 0.082 0.051 0.004 0.011 0.121 0.067

Fe2+ 0.955 0.752 0.618 0.527 0.359 0.212 0.112 0.000

Mn 0.501 0.532 0.987 0.995 1.198 1.415 1.451 1.527

Mg 0.455 0.608 0.091 0.091 0.098 0.116 0.277 0.138

Ca 0.056 0.051 0.250 0.341 0.331 0.232 0.068 0.252

Na 0.002 0.006 0.002 0.000 0.000 0.000 0.000 0.000

Zn 0.009 0.011 0.009 0.020 0.012 0.019 0.031 0.052

Total 2 2.008 2.031 2.040 2.027 2.003 2.005 2.061 2.036

FeSiO3 49.3 40.8 34.5 28.8 18.2 11.2 11.5 3.4

MnSiO3 25.1 26.4 48.7 49.6 60.2 71.2 71.5 77.0

MgSiO3 22.8 30.2 4.5 4.5 4.9 5.8 13.7 6.9

CaSiO3 2.8 2.5 12.3 17.1 16.7 11.7 3.3 12.7

Similar  to  relationships  shown by garnet, a progressive decrease in X(Fe+Mg) [(Fe+Mg)/(Fe+Mn+Ca+Mg)] 

is evident in single-chain silicates from orthopyroxene, over pyroxferroite, clinopyroxene, to pyroxenoid 

in clinopyroxene-bearing assemblages and finally pyroxenoid in manganese formations (Table 5.9). The 

decrease in X(Fe+Mg) corresponds to an increase in XMn, although ratios are obscured by the incorporation 
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of Ca into clinopyroxene. However, if X(Mn+Ca) [(Mn+Ca)/(Fe+Mn+Ca+Mg)] ratios are considered, 

enrichment of single-chain silicates in Mn and Ca relative to Fe toward the top of the Gams Formation 

is clearly evident.

Representative compositions of pyroxenes and pyroxenoids are shown in Tables 5.10 and 5.11, 

respectively. Orthopyroxene corresponds in composition to manganoan ferrosilite, containing 16-18 

mole% MnSiO3 and 13-19 mole% MgSiO3 in solid solution. Manganoan ferrosilite from Gamsberg and 

Broken Hill has also been described by Rozendaal (1982) and Hoffmann (1993), respectively. These 

analyses were enriched in Fe and Mg compared to the present data, yielding 10-14 mole% MnSiO3 in 

solid solution with ferrosilite. Pyroxferroite is enriched in Mn relative to manganoan ferrosilite. Sample 

G23-1362 is characterised by the coexistence of two types of pyroxferroite: pyroxferroite1 contains 23-

29 mole% MnSiO3 in solid solution and maximum Mg concentrations of 10.88 wt.% MgO (32.5 mole% 

MgSiO3). Pyroxferroite2 has 39-43 mole% MnSiO3, 41-43 mole% FeSiO3 and 9-12 mole% MgSiO3. 

Hoffmann (1993) described pyroxferroite from Broken Hill containing 44-50 mole% FeSiO3 and 43-51 

mole% MnSiO3.The distribution of manganoan ferrosilite and pyroxferroite confirms the presence of a 

miscibility gap along the join FeSiO3-MnSiO3 at amphibolite-facies metamorphic conditions (Brown et 

al., 1980).

Clinopyroxene is characterised by considerable solid solution between hedenbergite, diopside and 

johannsenite (Fig. 5.11). Texturally, two types of clinopyroxene can be distinguished: an earlier prograde 

clinopyroxene (cpx1) and a second generation derived from the breakdown of andraditic garnet or 

pyroxenoid (cpx2). Chemically, no distinct difference is evident between the two types of clinopyroxene, 

but crossing tie lines in Figure 5.10 attest to the presence of two clinopyroxene generations. The 

composition varies between Hd56Jh24Di20, Di49Jh30Hd21 and Jh37Hd32Di31, corresponding to maximum 

concentrations of Fe, Mg and Mn, respectively. The clinopyroxene has ZnO concentrations generally 

below 0.5 wt.%, thus showing limited solid solution with the Zn clinopyroxene petedunnite (CaZnSi2O6). 

Similarly, Al and Na contents are normally low, demonstrating the absence of significant omphacitic and 

aegirine-augite components.

Pyroxenoid coexisting with clinopyroxene is mostly rhodonite (rdn1), as evident from relatively high 

Ca contents (Fig. 5.10). The latter is enriched in Mn and depleted in Fe compared to pyroxenoid in 

pyroxferroite-bearing assemblages, containing 17-34 mole% FeSiO3 and 48-62 mole% MnSiO3 in 

solid solution. Several analyses are plotting between the pyroxmangite and rhodonite fields of Brown 

et al. (1980), suggesting that these pyroxenoids may represent submicroscopic pyroxmangite-rhodonite 

alteration products (Veblen, 1985; Livi and Veblen, 1992; Mancini et al., 2000). Similar chemical 

relationships are illustrated by pyroxenoid in the ore-bearing assemblage G54-1015. The latter also 
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shows signs of alteration, as evident from the occurrence of amphibole lamellae within the pyroxenoid.

The most Mn-rich pyroxenoid occurs in manganese formations (70-77 mole% MnSiO3). It contains 

3-12 mole% FeSiO3, 6-14 mole% MgSiO3 and 3-13 mole% CaSiO3 in solid solution. The pyroxenoid 

corresponds to rhodonite, based on relatively high Ca contents, and is referred to as rdn2 to distinguish 

it from pyroxenoid in clinopyroxene-bearing assemblages. Zinc contents reach a maximum of 1.65 wt.% 

ZnO in rhodonite of manganese formations, therefore illustrating solid solution with the Zn-rich variety 

“fowlerite“.

Fig. 5.11 Composition of clinopyroxene in the hedenbergite-diopside-
johannsenite plot. 

5.2.3 Amphibole Group

Two types of amphibole can be distinguished: (1) Mn-rich Fe-Mg amphibole found in garnet-apatite ore, 

coticules and Fe-Mn silicates/impure marbles of the A, B2 and C1 Units, and (2) Mn- and Zn-rich calcic 

amphibole, which is mostly restricted to coticules and manganese formations of the C2 Unit. Figure 5.12 

illustrates the composition of amphibole from the various assemblages in terms of Mn (apfu) versus XFe. 

Selected analyses of both types of amphibole are listed in Tables 5.12 and 5.13. 
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Manganoan Fe-Mg amphibole displays considerable chemical variation from layer to layer and both 

Fe- and Mg-dominant varieties are present. Between different assemblages, the composition ranges from 

12.29-38.63 wt.% FeO, 2.06-17.96 wt.% MgO and 4.97-13.55 wt.% MnO. Within a certain assemblage, 

however, the composition is generally uniform. Based on Fe/Mg ratios, the amphibole is referred to 

as manganogrunerite (Fe>Mg) or manganocummingtonite (Mg>Fe) (Leake et al., 1997). The Fe-Mg-

Mn amphibole is depleted in Zn (ZnO contents generally below 0.50 wt.%) and contains negligible 

concentrations of Na2O and K2O (Table 5.12).

Fig. 5.12 Composition of amphibole in terms of Mn (apfu) versus XFe (after Kahl and Schumacher, 2000). 

Calcic amphibole of the C2 Unit corresponds to manganoan tremolite, with relatively low Fe contents 

(maximum of 4.40 wt.% FeO). Compared to Fe-Mg-Mn amphibole, manganoan tremolite is rich in Zn, 

reaching a maximum of 2.46 wt.% ZnO (Table 5.13). In contrast to the former, calcic amphibole displays 

a wide compositional range between Mn- and Ca-rich varieties on a thin section scale. In assemblage 

G64-740, Mn contents range from 6.13-16.80 wt.% MnO, corresponding to Ca contents between 11.77 

and 2.18 wt.% CaO. Chemically, the Ca-poor varieties are rather comparable to manganocummingtonite 

of the underlying C1 Unit. As illustrated by Figure 5.13a, a distinct negative correlation is evident 

between Ca and Mn, suggesting that Mn is partitioned into the Ca position. The relationship is supported 

by a less distinct correlation between (Fe+Mg) and Mn (Fig. 5.13b).
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Table 5.12 Representative compositions of Fe-Mg-Mn amphibole

Sample G64-1175 G-MB G28-1495 G23-1462 G64-1471 Gu201-79.5 Gu200-23.0 G45-1180

Rock type GAO GAO OPX PXF CPX CPX MF COT

SiO2  52.50 48.90 49.65 50.90 49.10 52.73 54.67 54.33

TiO2  0.00 0.00 0.02 0.05 0.00 0.06 0.02 0.04

Al2O3 0.00 0.00 0.00 0.01 0.02 0.15 0.25 0.14

FeO   21.51 37.77 33.21 25.15 27.99 14.37 12.88 16.75

MnO   9.77 7.21 10.55 8.73 11.44 13.16 10.34 8.88

MgO   13.08 3.37 4.21 9.65 5.82 13.43 17.59 15.79

CaO   1.18 0.10 0.15 1.47 1.71 2.50 2.05 1.82

Na2O  0.00 0.00 0.05 0.00 0.04 0.05 0.22 0.08

K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

ZnO   0.00 0.00 0.16 0.20 0.36 0.33 0.51 0.36

Total 98.05 97.35 97.99 96.16 96.48 96.79 98.53 98.20

All analyses normalised to 23 oxygen atoms

Si 7.942 7.998 8.004 7.994 7.942 7.979 7.938 7.991

Al (IV) 0.000 0.000 0.000 0.002 0.004 0.021 0.043 0.009

Total 1 7.942 7.998 8.004 7.996 7.946 8.000 7.981 8.000

Ti 0.000 0.000 0.002 0.006 0.000 0.007 0.002 0.004

Al (VI) 0.000 0.000 0.000 0.000 0.000 0.005 0.000 0.016

Fe 2.721 5.166 4.478 3.303 3.786 1.818 1.564 2.060

Mn 1.252 0.998 1.441 1.161 1.567 1.687 1.272 1.106

Mg 2.951 0.823 1.012 2.259 1.403 3.029 3.807 3.462

Ca 0.191 0.017 0.026 0.247 0.296 0.405 0.319 0.287

Na 0.000 0.000 0.016 0.000 0.013 0.015 0.062 0.023

K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Zn 0.000 0.000 0.022 0.027 0.049 0.042 0.063 0.045

Total 2 7.115 7.004 6.997 7.004 7.116 7.008 7.089 7.003

Fe/Mg 0.922 6.277 4.425 1.462 2.699 0.600 0.411 0.595

In contrast to garnet and single-chain silicates, amphibole does not display distinct variation in Mn/Fe 

toward the top of the Gams Formation. However, indications are that amphibole in garnet-apatite ore, 

as well as orthopyroxene- and pyroxferroite-bearing assemblages is dominantly manganogrunerite, 

whereas amphibole in clinopyroxene-bearing assemblages, manganese formations and possibly coticules 

is dominantly manganocummingtonite, showing transitions to manganoan tremolite. 
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Table 5.13 Selected compositions of calcic amphibole of the C2 Unit

Sample GR-65  G64-740 G23-780*

SiO2  52.31 52.36 56.53 55.43 54.66 52.46

TiO2  0.07 0.08 0.00 0.00 0.00 0.08

Al2O3 2.60 2.37 0.00 0.39 0.17 3.65

FeO   3.49 2.93 3.08 2.33 4.40 3.84

MnO   4.71 4.64 6.13 11.71 16.80 4.68

MgO   18.99 19.25 18.39 19.22 16.55 19.68

CaO   10.41 10.90 11.77 5.92 2.18 10.59

Na2O  1.65 1.13 0.25 0.25 0.17 1.20

K2O   0.27 0.23 0.00 0.00 0.00 -

ZnO   1.67 1.80 1.80 1.37 2.46 -

Total 96.18 95.69 97.96 96.61 97.38 96.18

All analyses normalised to 23 oxygen atoms

Si 7.581 7.605 8.004 7.985 8.033 7.517

Al (IV) 0.419 0.395 0.000 0.015 0.000 0.483

Total 1 8.000 8.000 8.004 8.000 8.033 8.000

Ti 0.008 0.009 0.000 0.000 0.000 0.009

Al (VI) 0.026 0.011 0.000 0.052 0.029 0.134

Fe 0.423 0.356 0.365 0.280 0.541 0.460

Mn 0.579 0.570 0.736 1.429 2.092 0.568

Mg 4.102 4.167 3.882 4.127 3.624 4.203

Ca 1.616 1.697 1.786 0.914 0.344 1.626

Na 0.464 0.318 0.068 0.069 0.048 0.333

K 0.049 0.043 0.000 0.000 0.000 0.000

Zn 0.179 0.193 0.189 0.145 0.267 0.000

Total 2 7.446 7.364 7.026 7.016 6.945 7.333

Fe/Mg 0.103 0.086  0.094 0.068 0.149 0.109

-, not analysed; * data from Rozendaal (1982)
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Fig. 5.13 Cation occupation of manganoan tremolite. a. Ca versus Mn plot demonstrating substitution of Mn for 
Ca. b. (Fe+Mg) versus Mn plot of the same amphibole samples.

5.2.4 Olivine Group

Members of the olivine group are mostly found in orthopyroxene- and pyroxferroite-bearing Fe-Mn 

silicates and impure marbles. Exception is made by sample Gu200-23.0, a rhodochrosite-rich manganese 

formation, which contains pseudomorphs after olivine. Due to the altered nature of the olivine, the 

composition of the mineral could not be determined quantitatively. However, semi-quantitative EDS 

analyses indicated that the olivine is altered to a mixture of Mg-silicate (“serpentine“), hematite 

and Mn-silicate. The evidence points to an original forsterite-rich prograde olivine, which is in 

agreement with the relatively Mg-rich nature of the host rock, as well as the occurrence of associated 

manganocummingtonite.

Selected compositions of olivine are shown in Table 5.14. Olivine in orthopyroxene- and pyroxferroite-

bearing assemblages is dominantly fayalite, with considerable tephroite (Mn2SiO4) components. 

Manganese contents range between 9.50-24.99 wt% MnO, corresponding to 24-35 mole% tephroite 

in solid solution. MgO concentrations reach a maximum of 5.44 wt%, corresponding to 13 mole% 

forsterite in solid solution. Zinc contents are low in the Gamsberg olivine (maximum of 0.50 wt.% ZnO), 

demonstrating limited solid solution with the Zn olivine willemite (Zn2SiO4). Although the data base 

is limited, indications are that olivine in pyroxferroite-bearing assemblages is enriched in the forsterite 

component, relative to olivine in the orthopyroxene-bearing assemblages (Fig. 5.14).

5.2.5 Spinel Group

Members of the spinel group are ubiquitous constituents of the Gams Formation. Individual spinel 

minerals include Mn- and Zn-poor magnetite, gahnite/zincian hercynite, as well as members of the 
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Fig. 5.14 Composition of olivine in 
orthopyroxene- and pyroxferroite-
bearing assemblages. 

Table 5.14 Selected compositions of olivine 

Sample G5-910*  G64-1135  G28-1495  G39-930*

Rock type OPX PXF OPX PXF
 High Fe   High Mg  High Mn    

SiO2  29.46 30.57 31.14 29.38 29.49 30.02

TiO2  0.05 0.00 0.05 0.00 0.00 0.00

Al2O3 0.09 0.00 0.00 0.00 0.00 0.00

FeO   59.46 45.73 41.51 45.70 44.88 49.03

MnO   9.50 18.98 21.51 24.99 24.38 17.00

MgO   1.04 5.26 5.44 0.52 0.57 3.24

CaO   0.02 0.06 0.07 0.00 0.00 0.05

ZnO   - 0.00 0.50 0.13 0.15 -

Total 99.63 100.60 100.22 100.74 99.47 99.34

All analyses normalised to 4 oxygen atoms

Si 0.994 0.991 1.006 0.987 0.999 0.998

Ti 0.001 0.000 0.001 0.000 0.000 0.000

Al 0.004 0.000 0.000 0.000 0.000 0.000

Fe 1.678 1.240 1.121 1.284 1.271 1.363

Mn 0.272 0.521 0.589 0.711 0.699 0.479

Mg 0.052 0.254 0.262 0.026 0.029 0.161

Ca 0.001 0.002 0.003 0.000 0.000 0.002

Zn 0.000 0.000 0.012 0.003 0.004 0.000

Total M 2.008 2.017 2.000 2.024 2.003 2.005

Fe2SiO4 83.8 61.5 56.9 63.5 63.6 68.1
Mn2SiO4 13.6 25.9 29.8 35.2 35.0 23.9
Mg2SiO4 2.6  12.6 13.3  1.3 1.4  8.0

-, not analysed; * data from Rozendaal (1982)
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Fig. 5.15 Composition of spinel 
minerals. a. Fe3+ spinel in the Fe2+-
Mn-Zn diagram. b. Aluminate spinel 
in the Fe2+-Zn-(Mn+Mg) diagram.

magnetite-jacobsite-franklinite solid solution. Magnesium is a minor component of the spinels and 

spinel sensu stricto (MgAl2O4) has not been observed. Spinel minerals belonging to the Fe subgroup 

(magnetite, jacobsite, franklinite) occur predominantly in iron formations, Fe-Mn silicates and impure 

marbles, but close to end-member magnetite may also form a minor component of garnet-apatite ore. 

In contrast, metapelite-hosted ore does not contain magnetite. Similar to garnet-apatite ore, magnetite 

in iron formations, orthopyroxene- and pyroxferroite-bearing assemblages is poor in Mn and Zn, 

whereas magnetite in clinopyroxene-bearing assemblages and especially manganese formations may 

be considerably enriched in Mn and Zn. In certain manganese formations, the jacobsite and franklinite 

components are dominant over magnetite (Fig. 5.15a). It is interesting to note that hematite is the 

dominant Fe-bearing oxide in andradite-calderite-bearing coticules of the C2 Unit. 

Representative compositions of Fe spinels are shown in Table 5.15. Zinc contents reach a maximum of 

13.79 wt.% ZnO in sample G111-284, corresponding to 39 mole% franklinite in solid solution. Similarly 

to franklinite from Franklin and Sterling Hill (Frondel and Klein, 1965, Johnson et al., 1990; Sclar and 
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Table 5.15 Representative compositions of magnetite-jacobsite-franklinite spinel 

Sample G64-1471 RH-C2 G64-740 Gu200-23.0 Gu201-79.5 G76-496 G74-680 G38-1080 G111-284

Rock type CPX MF MF MF CPX COT MF MF MF

 High Fe High Ti Int Mn, Zn High Mn High Zn

SiO2  0.00 0.06 0.03 0.09 0.00 0.00 0.04 0.00 0.00

TiO2  0.02 0.30 1.85 2.12 0.60 0.57 0.26 0.06 0.30

Al2O3 0.00 0.07 0.05 1.82 0.00 0.15 0.29 0.15 1.24

Fe2O3 68.41 68.28 65.30 63.48 66.90 68.60 67.82 67.93 66.35

FeO   30.34 30.01 31.40 28.27 28.15 26.30 7.76 13.49 7.51

MnO   0.46 0.40 0.52 2.99 2.77 2.14 12.76 14.30 11.44

MgO   0.00 0.49 0.48 0.58 0.04 0.55 0.44 0.06 0.00

CaO   0.00 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.00

ZnO   0.00 0.21 0.00 1.75 0.18 2.94 11.06 3.05 13.79

Total 99.23 99.86 99.64 101.12 98.64 101.30 100.46 99.06 100.63

All analyses normalised to 4 oxygen atoms

Si 0.000 0.002 0.001 0.003 0.000 0.000 0.002 0.000 0.000

Ti 0.000 0.009 0.053 0.060 0.018 0.016 0.007 0.002 0.009

Al 0.000 0.003 0.002 0.080 0.000 0.007 0.013 0.007 0.056

Fe3+ 1.999 1.974 1.889 1.793 1.965 1.959 1.969 1.989 1.926

Total 1 1.999 1.988 1.945 1.936 1.983 1.982 1.991 1.998 1.991

Fe2+ 0.985 0.964 1.009 0.887 0.918 0.834 0.250 0.439 0.242

Mn 0.015 0.013 0.017 0.095 0.092 0.069 0.417 0.471 0.374

Mg 0.000 0.028 0.027 0.033 0.002 0.031 0.025 0.004 0.000

Ca 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000

Zn 0.000 0.006 0.000 0.048 0.005 0.082 0.315 0.088 0.393

Total 2 1.000 1.011 1.054 1.063 1.000 1.016 1.008 1.002 1.009

Magnetite 98.5 98.1 98.4 86.1 90.5 84.7 25.5 44.0 24.0

Jacobsite 1.5 1.3 1.6 9.2 9.0 7.0 42.4 47.2 37.1

Franklinite 0.0 0.6 0.0 4.7 0.5 8.3 32.1 8.8 38.9

Leonard, 1992), the Gamsberg franklinite contains high concentrations of Mn and Fe2+. The values of 

the latter are between 6.31-14.78 wt.% MnO and 7.14-17.72 wt% FeO, corresponding to a maximum 

of 49 mole% jacobsite and 58 mole% magnetite in solid solution with franklinite. Zinc-poor spinel of 

clinopyroxene-bearing assemblages reaches a maximum Mn content of 2.77 wt% MnO (sample Gu201-

79.5), corresponding to 9 mole% jacobsite in solid solution with magnetite. In certain assemblages (e.g. 

G64-740, Gu200-23.0), Ti may be enriched up to 2.12 wt.% TiO2, mostly as a substitution for Fe3+ in the 

octahedral position.
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Table 5.16 Representative compositions of gahnite and zincian hercynite 

Sample G38-994  G91-121  G103-26

SiO2  0.00 0.00 0.00 0.00 0.00 0.00
TiO2  0.04 0.02 0.00 0.00 0.00 0.00
Al2O3 56.76 57.43 55.98 55.64 50.26 50.36
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00
Fe2O3 3.29 3.09 1.19 1.35 6.16 6.28
FeO   17.20 18.25 9.03 9.07 0.73 0.79
MnO   0.36 0.33 1.36 1.17 0.57 0.59
MgO   0.76 0.82 0.78 0.88 0.35 0.55
CaO   0.00 0.00 0.00 0.01 0.00 0.01
Na2O 0.81 0.74 - - - -
ZnO   20.29 19.91 31.94 31.71 41.08 40.71
Total 99.53 100.59 100.27 99.83 99.15 99.29

All analyses normalised to 4 oxygen atoms

Si 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.001 0.000 0.000 0.000 0.000 0.000
Al 1.972 1.973 1.973 1.969 1.855 1.853
Cr 0.000 0.000 0.000 0.000 0.000 0.000
Fe3+ 0.073 0.068 0.027 0.031 0.145 0.147
Total 1 2.046 2.041 2.000 2.000 1.999 2.000
Fe2+ 0.424 0.445 0.226 0.228 0.019 0.021
Mn 0.009 0.008 0.034 0.030 0.015 0.015
Mg 0.034 0.035 0.035 0.039 0.016 0.025
Ca 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.046 0.042 - - - -
Zn 0.441 0.429 0.705 0.703 0.949 0.938
Total 2 0.954 0.959 1.000 1.002 0.999 0.999

Hercynite 46.7 48.5 22.6 22.8 - -
Spinel 3.7 3.9 3.5 3.9 - -
Galaxite 1.0 0.9 3.4 3.0 - -
Gahnite 48.6 46.7 70.5 70.3 92.7 92.6
Franklinite - -  - -  7.3 7.4

-, not analysed

Representative analyses of the aluminate spinel (gahnite, zincian hercynite) are listed in Table 5.16 and 

the composition is graphically illustrated in Figure 5.15b. The Al-bearing spinel is mostly restricted to 

iron formations of the C1 Unit, where it occurs closely associated with magnetite and/or hematite. All 

analysed samples lie distinctly along the join FeAl2O4-ZnAl2O4, showing only limited solid solution to 

the Mg and Mn end-members spinel sensu stricto and galaxite, respectively. The composition of the Zn-
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Fig. 5.16 Composition of pyrophanite-ilmenite solid solution in terms of Ti-Mn-
(Fe2++Fe3+). The field of magnetite composition is also indicated. 

rich aluminate spinel ranges from 19.91-41.08 wt% ZnO and 0.35-20.01 wt.% FeO, corresponding to 

47-93 mole% gahnite and 1-53 mole% hercynite in solid solution. In the hematite-bearing assemblage 

G103-26, the tetrahedral position is almost completely filled by Zn. Incorporation of trivalent Fe into 

the crystal lattice indicates that this spinel corresponds to solid solution between gahnite and franklinite 

(maximum of 7 mole% franklinite). As shown by Carvalho and Sclar (1988), gahnite can contain up to a 

maximum of 20 mole% franklinite in solid solution at elevated temperatures. At the Sterling Hill deposit, 

high-temperature Fe3+-rich gahnite exsolved magnetite and/or franklinite during retrogressive cooling. 

Similar exsolution features have been preserved at Gamsberg in the form of submicroscopic specks of an 

unidentified Fe oxide within gahnite.

5.2.6 Ilmenite Group

Members of the ilmenite group occur mostly as blebs and lamellae within magnetite, but occasionally the 

mineral is present as discreet disseminated grains (e.g. sample G23-1462). No ilmenite group minerals 

have been observed in association with franklinite- or jacobsite-rich spinel. The composition of ilmenite 

is shown in Figure 5.16 and representative compositions are listed in Table 5.17.



CHAPTER 5 - GEOCHEMISTRY

119

Table 5.17 Representative compositions of pyrophanite and ilmenite 

Sample G45-1180 G23-1462 G64-1135 G54-1015 G64-1471 G39-917 RH-C2 G76-496

Rock type COT PXF PXF GAO CPX CPX-MF MF COT
 High Fe       High Mn

SiO2  0.00 0.00 0.01 0.00 0.00 0.00 0.05 0.00
TiO2  53.50 50.93 52.62 49.99 54.71 52.97 51.28 52.81
Al2O3 0.00 0.07 0.01 0.24 0.00 0.00 0.03 0.00
Fe2O3 0.00 3.69 1.47 3.84 0.00 0.00 3.32 0.94
FeO   28.60 23.06 24.93 10.58 16.04 4.45 0.96 1.23
MnO   18.73 22.45 21.01 33.81 31.03 42.39 44.22 45.39
MgO   0.00 0.00 0.31 0.02 0.00 0.00 0.00 0.00
CaO   0.00 0.00 0.03 0.00 0.07 0.15 0.00 0.00
ZnO   0.00 0.00 0.59 0.12 0.02 0.11 0.48 0.31
Total 100.84 99.83 100.85 98.60 101.87 100.07 100.01 100.60

All analyses normalised to 3 oxygen atoms

Si 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000

Ti 1.004 0.964 0.986 0.959 1.011 1.000 0.967 0.991
Al 0.000 0.002 0.000 0.007 0.000 0.000 0.001 0.000
Fe3+ 0.000 0.070 0.028 0.074 0.000 0.000 0.063 0.018
Fe2+ 0.597 0.485 0.519 0.226 0.330 0.093 0.020 0.026
Mn 0.396 0.479 0.443 0.731 0.646 0.901 0.939 0.960
Mg 0.000 0.000 0.012 0.001 0.000 0.000 0.000 0.000
Ca 0.000 0.000 0.001 0.000 0.002 0.004 0.000 0.000
Zn 0.000 0.000 0.011 0.002 0.000 0.002 0.009 0.006
Total 1.996 2.000 2.000 2.000 1.989 2.000 2.000 2.000

Pyrophanite 39.9 49.6 46.0 76.4 66.2 90.6 97.9 97.4
Ilmenite 60.1 50.4 54.0 23.6 33.8 9.4 2.1 2.6

Similar to garnet and single-chain silicates, members of the ilmenite group display distinct enrichment 

in Mn from the ore horizon toward the top of the Gams Formation. Chemically, the Mn-rich ilmenite 

corresponds to pyrophanite, showing variable FeTiO3 components. Manganese contents range from 

18.73-45.39 wt% MnO, corresponding to 40-97 mole% pyrophanite. If applying the 50% rule (Nickel 

and Grice, 1998), ilmenite in spessartine-almandine-bearing coticules, as well as orthopyroxene- and 

pyroxferroite-bearing assemblages, corresponds in composition to ilmenite sensu stricto, holding 40-50 

mole% pyrophanite in solid solution. In manganese formations, the ilmenite group mineral displays close 

to end-member pyrophanite compositions. Pyrophanite in some chemogenic ores (sample G54-1015) 

and clinopyroxene-bearing assemblages has Mn contents intermediate to that of manganese formations 

and the more Fe-rich varieties in orthopyroxene- and pyroxferroite-bearing assemblages. Apart from Ti, 

Mn and Fe, pyrophanite may contain small quantities of Zn (below 0.60 wt.% ZnO).
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Table 5.18 Composition of apatite in phosphorite-hosted and garnet-apatite ore 

Sample M3-734  G45-1195 G54-1015 G64-1175 G-MB

Unit AMU (apatite nodules) B2 B2 B2 B2

CaO   53.62 55.03 55.73 54.57 54.95 55.33

Al2O3 0.00 0.00 0.00 0.00 0.00 0.00

FeO   0.07 0.23 0.00 0.11 0.08 0.13

MnO   0.21 0.63 0.47 0.43 0.67 0.61

MgO 0.03 0.00 - - - -

PbO - - 1.31 1.97 0.64 0.00

P2O5  42.85 41.83 40.79 40.42 41.69 41.34

F 2.94 2.27 3.85 3.36 3.51 4.03

Cl - 0.29 - - - -

-O=F, Cl 1.24 1.02 1.62 1.42 1.48 1.70

Total 98.48 99.25 100.52 99.45 100.05 99.74

All analyses normalised to 26 anions

Ca 9.471 9.834 9.767 9.766 9.626 9.623
Al 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.010 0.032 0.000 0.015 0.011 0.017
Mn 0.030 0.088 0.065 0.061 0.093 0.084
Mg 0.007 0.000 0.000 0.000 0.000 0.000
Pb 0.000 0.000 0.058 0.089 0.028 0.000
P 5.981 5.907 5.648 5.717 5.771 5.682
Total 1 15.498 15.861 15.538 15.648 15.528 15.407
F 1.531 1.197 1.989 1.776 1.815 2.070
Cl 0.000 0.081 0.000 0.000 0.000 0.000
Total 2 1.531 1.278 1.989 1.776 1.815 2.070

Ca/P 1.583 1.665  1.729 1.708 1.668 1.694

-, not analysed

5.2.7 Phosphates and Arsenates

Phosphate minerals, mostly fluorapatite, are present as distinct accessory to minor constituents of 

garnet-apatite mineralisation, Fe-Mn silicates and impure marbles, whereas iron formations may contain 

considerable concentrations of fluorapatite. Locally, two distinct types of phosphate intergrowths have 

been observed in galena-bearing iron formations (sample G38-1050): (1) coarsely-crystalline fluorapatite 

holding exsolution needles of pyromorphite, and (2) fine-grained granular aggregates of graftonite, 

wolfeite and hydroxylchlorapatite. The granular aggregates are commonly rimmed by an unidentified 

Pb-rich ferromanganoan phosphate. Pyromorphite may also occur as discreet individual grains on the 

periphery of fluorapatite crystals or interstitial to magnetite porphyroblasts.
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Fig. 5.17 Composition of apatite in terms of Ca-((Mn+Fe)*10)-(Pb*10).

Selected compositions of the different phosphate minerals are presented in Tables 5.18-5.21 and ternary 

plots of fluorapatite and graftonite/wolfeite are shown in Figures 5.17 and 5.18, respectively. Compared 

to ore-bearing assemblages and Fe-Mn silicates/impure marbles, fluorapatite in iron formations is 

relatively enriched in Mn and Fe (Fig. 5.17). Manganese contents of this apatite range from 1.94-

5.50 wt.% MnO, whereas Fe concentrations are between 0.16 and 2.09 wt.% FeO (Table 5.19). For 

comparison, fluorapatite in ore-bearing assemblages and Fe-Mn silicates/impure marbles generally has 

MnO contents below 1 wt.% and very low concentrations of FeO (Tables 5.18 and 5.19). Throughout the 

Gams Formation, fluorapatite may be enriched in Pb, reaching a maximum of 7.76 wt.% PbO in sample 

G38-1050. Although the purest parts of the grains have been analysed, these Pb values might have to 

be taken with care, since the occurrence of submicroscopic pyromorphite needles cannot be ruled out. 

Nonetheless, taking into account that apatite and pyromorphite are isostructural (Dai and Hughes, 1989), 

considerable solid solution between these two end-members may be expected. Compared to fluorapatite, 

associated hydoxylchlorapatite is depleted in Pb, but contains similar Mn and Fe contents (Table 5.19).

Pyromorphite is enriched in Ca, with CaO contents ranging from 10.34-16.82 wt%. These values 

correspond to 25-55 mole% apatite in solid solution with pyromorphite, providing additional support 

for the replacement of Ca by Pb in the apatite structure. In general, discreet pyromorphite grains are 

enriched in Pb (low Ca pyromorphite in Table 5.20) and contain Cl in the X group anion position (F, 
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Table 5.19 Composition of apatite in metalliferous host rocks

Sample G38-1050 G38-1050* G103-26 G28-818 G28-818 G38-1080

Unit C1 C1 C1 C1 C1 C2

Rock type IF IF IF IF IF MF

CaO   44.09 46.80 52.30 53.86 51.97 53.18

Al2O3 0.02 0.27 - - - -

FeO   1.55 2.09 0.67 0.45 0.16 0.04

MnO   5.10 5.50 2.83 1.94 3.76 0.34

MgO 0.00 0.00 - - - -

PbO 7.76 2.86 1.70 0.31 0.00 2.95

Na2O - 0.39 - - - -

P2O5  39.57 38.55 40.73 40.60 40.46 39.41

F 2.90 0.70 3.00 3.68 3.78 3.69

Cl - 1.93 - - - -

-O=F, Cl 1.22 0.73 1.26 1.55 1.59 1.56

Total 99.77 98.34 99.96 99.29 98.55 98.07

All analyses normalised to 26 anions

Ca 8.305 8.977 9.392 9.533 9.245 9.670

Al 0.004 0.056 0.000 0.000 0.000 0.000

Fe 0.227 0.313 0.094 0.062 0.022 0.006

Mn 0.760 0.833 0.402 0.271 0.529 0.049

Mg 0.000 0.000 0.000 0.000 0.000 0.000

Pb 0.367 0.138 0.077 0.014 0.000 0.135

Na 0.000 0.136 0.000 0.000 0.000 0.000

P 5.890 5.843 5.779 5.678 5.688 5.663

Total 1 15.553 16.295 15.744 15.559 15.484 15.523

F 1.610 0.397 1.588 1.924 1.985 1.982

Cl 0.000 0.584 0.000 0.000 0.000 0.000

Total 2 1.610 0.981 1.588 1.924 1.985 1.982

Ca/P 1.410 1.536 1.625 1.679 1.625 1.708

-, not analysed; * hydroxylchlorapatite

Cl, OH). In contrast, pyromorphite needles that occur within apatite are relatively enriched in Ca, and 

characterised by low Cl and elevated F contents. These relationships are most probably due to exsolution 

of pyromorphite from Cl-free fluorapatite. Pyromorphite has low concentrations of Mn, indicating that 

this element is fractionated into fluorapatite during exsolution.
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Table 5.20 Selected compositions of graftonite, wolfeite and pyromorphite in assemblage G38-1050

Mineral graftonite  wolfeite   pyromorphite  

 Low Ca Int. Ca High Ca  High Mn High Fe High Zn  Low Ca Int. Ca High Ca

CaO 4.38 6.21 10.24 0.34 0.11 0.27 6.25 10.34 16.82

Al2O3 - - - - - - 0.00 0.10 0.06

FeO 39.48 35.63 30.31 40.12 51.24 43.71 0.21 0.22 0.31

MnO 14.93 16.18 17.33 20.88 11.86 17.41 0.22 0.53 1.48

MgO 0.80 0.48 0.33 0.58 0.70 0.42 0.00 0.00 0.00

PbO 0.32 - 0.16 - - - 74.20 67.32 56.16

ZnO 1.15 - 0.59 0.94 0.37 1.61 - - -

Na2O 0.11 0.03 0.06 0.08 0.10 0.00 0.00 0.00 0.00

P2O5 39.30 40.47 39.18 31.09 31.42 31.50 17.57 20.83 24.32

F - - - - - - - 1.39 1.40

Cl - - - - - - 2.09 - -

-O=F,Cl - - - - - - 0.47 0.58 0.59

Total 100.47 99.00 98.20 94.04 95.80 94.93 100.07 100.14 99.97

Graftonite normalised to 8 oxygens, wolfeite normalised to 4.5 oxygens, pyromorphite normalised to 26 anions

Ca 0.276 0.390 0.650 0.014 0.004 0.011 2.569 3.670 5.169

Al - - - - - - 0.000 0.038 0.021

Fe 1.933 1.746 1.503 1.268 1.595 1.370 0.068 0.060 0.075

Mn 0.744 0.803 0.870 0.669 0.374 0.553 0.070 0.148 0.358

Mg 0.070 0.042 0.029 0.033 0.039 0.024 0.000 0.000 0.000

Pb 0.005 - 0.003 - - - 7.664 6.004 4.336

Zn 0.050 - 0.026 0.026 0.010 0.045 - - -

Na 0.013 0.003 0.007 0.006 0.007 0.000 0.000 0.000 0.000

P 1.966 2.007 1.966 0.995 0.990 0.999 5.708 5.843 5.904

Total 1 5.057 4.991 5.053 3.010 3.019 3.001 16.079 15.764 15.865

F - - - - - - 0.000 1.452 1.268

Cl - - - - - - 1.358 0.000 0.000

Total 2 - - - - - - 1.358 1.452 1.268

Fe/Mn 2.598 2.174 1.727 1.897 4.266 2.479 - - -

Ca/Pb - - - - - - 0.335 0.611 1.192

Graftonite 68.7 68.5 63.3

Beusite 31.3 31.5 36.7

Wolfeite 65.5 81.0 71.3

Triploidite 34.5 19.0 28.7

Pyromorphite 74.9 62.1 45.6

Apatite         25.1 37.9 54.5

-, not analysed 
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Fig. 5.18 Composition of graftonite and wolfeite in the Fe-Mn-Ca diagram.

Graftonite and wolfeite are enriched in Fe, showing solid solution with the Mn end-members beusite 

(Mn,Fe,Ca)3(PO4)2 and triploidite (Mn,Fe)2(PO4)(OH), respectively (Table 5.20). In graftonite, Fe and 

Mn contents range between 30.31-39.30 wt.% FeO and 14.93-17.33 wt.% MnO. Calcium contents 

are variable, ranging from 4.38 to 10.24 wt.% CaO. The graftonite is Zn-rich, reaching a maximum of 

1.15 wt.% ZnO. The presence of Zn in graftonite-beusite minerals is not uncommon, since it is readily 

accommodated in the crystal stucture (Černý et al., 1998; Smeds et al., 1998). Compared to graftonite, 

wolfeite is enriched in Fe and essentially Ca-free. Considerable variation in the Fe and Mn content of 

individual grains is evident, with Fe concentrations ranging between 40.12 and 51.24 wt.% FeO and Mn 

between 11.86 and 20.88 wt.% MnO. As a rule, however, Mn concentrations of wolfeite and co-existing 

graftonite are comparable, a feature also observed from other triploidite-beusite and wolfeite-graftonite 

pairs (Černý et al., 1998; Smeds et al., 1998). Wolfeite is enriched in Zn compared to associated graftonite, 

reaching a maximum of 1.61 wt.% ZnO.

The composition of the unidentified phosphate is shown in Table 5.21. Electron microprobe analyses 

are low with a few percent but totals are approaching 100% if Fe is regarded as trivalent. No F or 

Cl has been detected during electron microprobe analyses, thus supporting – in conjunction with the 

pleochroic nature of the phosphate – the presence of ferric Fe. The mineral has (Pb0.6Mn0.4):(Fe3+
1.0Al0.8):P 

proportions corresponding most closely to ~1:2:2, resulting in a postulated hypothetical formula of 

(Pb,Mn)(Fe3+,Al)2(PO4)2. Small amounts of Ca, Mg and potentially Fe2+ can possibly substitute for Mn 

and/or Pb. Indications are that solid solution may exist between Fe and Al, as well as Pb and Mn in both 

of the postulated crystal positions (see sample 4, Table 5.21). No phosphate mineral has been found 

corresponding to the above formula and chemical composition but, unfortunately, the crystal structure 

could not be determined due to the small size and intergrown nature of the phosphate. 
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Table 5.21 Composition of the unidentified phosphate

Sample 1 2 3 4

P2O5 29.32 29.65 29.33 35.56

Al2O3 10.70 10.54 7.54 2.24

Fe2O3 20.16 17.78 21.27 31.98

MnO 6.86 6.94 8.57 10.13

MgO 0.36 0.49 0.32 2.07

CaO 0.07 2.38 1.18 1.24

Na2O - 0.09 0.13 -

ZnO - 0.11 0.11 -

PbO 32.71 31.93 30.15 12.78

F 0.32 - - 0.84

Cl - 0.00 0.00 -

Total 100.50 99.90 98.60 96.84

-, not analysed

In manganese formations of the C2 Unit, small grains of a conspicuous Pb-rich mineral occur interstitial 

to garnet and rhodonite porphyroblasts. No electron microprobe data has been gathered of this mineral. 

However, semi-quantitative EDS analyses demonstrated the presence of As, P and V, indicating that it 

represents solid solution between mimetite (Pb5(AsO4)3Cl), pyromorphite and vanadinite (Pb5(VO4)3Cl).

5.2.8 Carbonates

Carbonate minerals (manganoan calcite, rhodochrosite) may form minor to major constituents of 

chemogenic mineralisation, coticules, Fe-Mn silicates and impure marbles. Unfortunately, only limited 

high-quality microprobe data could be gathered and many analyses yielded totals deviating with a few 

percent from 100%. Nonetheless, the molecular proportions of the different cations may still provide 

an indication of the carbonate composition. CO2 of the carbonates has been calculated according to the 

formula:

CO2 = (CaO*0.7856)+(MgO*1.092)+(FeO*0.6128)+(MnO*0.6206)    (1)

The composition of the carbonates is graphically illustrated in Figure 5.19 and selected analyses are 

listed in Table 5.22. Carbonate minerals are either manganoan calcite or rhodochrosite, as a result of the 

miscibility gap along the join CaCO3-MnCO3 at amphibolite-facies metamorphic conditions (Goldsmith 
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Table 5.22 Selected compositions of carbonate minerals

Sample G28-1436 G64-1471 G64-1120 G64-1135 Gu201-79.5 G38-1080 G84-436 Gu200-23.0

Rock type UM CPX CPX PXF CPX MF MF MF

CaO 55.32 49.30 49.32 45.25 45.77 47.27 0.39 1.54

MgO 0.33 - 0.17 1.13 0.84 - 0.48 0.42

FeO 0.02 1.03 0.80 1.56 0.79 0.03 18.22 1.38

MnO 0.91 4.97 5.02 7.60 9.46 10.38 39.66 55.43

CO2* 44.40 42.66 42.54 42.45 43.23 43.60 36.61 36.91

Total 100.98 97.96 97.86 97.99 100.08 101.28 95.36 95.68

All analyses normalised to 6 oxygen atoms

Ca 1.956 1.818 1.820 1.674 1.662 1.702 0.017 0.065
Mg 0.016 0.000 0.009 0.058 0.043 0.000 0.029 0.025
Fe 0.001 0.030 0.023 0.045 0.022 0.001 0.610 0.046
Mn 0.025 0.145 0.147 0.222 0.272 0.296 1.344 1.864
Total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
C* 2.001 2.004 2.001 2.001 2.001 2.001 2.000 2.000
-, not analysed; * calculated from stoichiometry

Fig. 5.19 Composition of carbonates 
plotted onto the CaCO3-MnCO3-
(Fe,Mg)CO3 diagram. Solvus curves 
at 500°C and 600°C are indicated 
(after Goldsmith and Graf, 1957).

and Graf, 1957; Fig. 5.19). The unaltered marble of the stratigraphy (sample G28-1436) corresponds 

to close to end-member calcite, holding only minor concentrations of Mn, Fe and Mg. In manganoan 

calcite, Mn concentrations range between 4.97 and 10.38 wt.% MnO, whereas Fe and Mg contents are 

generally low, reaching a maximum of 1.56 wt.% FeO and 1.13 wt.% MgO, respectively. Rhodochrosite 

contains low concentrations of Ca (below ca. 2 wt.% CaO), but may be enriched in Fe up to 18.22 wt.% 

FeO (sample G84-436).
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Fig. 5.20 Chemical composition of 
sphalerite in garnet-apatite ore and 
associated metalliferous host rocks. 

Table 5.23 Selected compositions of sphalerite

Sample G45-1195 G54-1015 G64-1175 G-MB  G28-1495 G84-436

Rock type GAO GAO GAO GAO  OPX MF

Zn 65.17 55.49 55.39 53.56 64.33 63.96

Fe 1.41 9.27 9.83 11.46 2.61 2.24

Mn 0.29 1.00 0.79 0.32 0.10 0.45

S 32.72 33.74 34.49 33.54 31.61 33.25

Total 99.58 99.49 100.49 98.88  98.64 99.90

5.2.9 Sphalerite

The composition of sphalerite from garnet-apatite mineralisation and associated metalliferous rocks is 

listed in Table 5.23 and graphically illustrated in Figure 5.20. From Figure 5.20 it is evident that a Fe-Mn 

poor and a Fe-Mn rich population can be distinguished. Unlike findings in previous investigations (e.g. 

Rozendaal, 1982), however, the Mn content of sphalerite has proven to be rarely above 1 wt% in the 

present study. The most prominent variation in chemistry is due to differences in the Fe content, which 

ranges between 0.75 and 12.45 wt.%. The variation in Fe is clearly manifested by the colour of sphalerite, 

which varies between honey-coloured and colourless in Fe-Mn-poor varieties, to dark red in Fe-rich 

varieties. No relationship is evident between the Fe content of sphalerite and that of the host rock, since 

both ore-bearing assemblages and metalliferous host rocks contain Fe-rich and Fe-poor varieties.
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A reconnaissance study of the In, Ga, Ge and Cd content of the Gamsberg sphalerite using PIXE yielded 

mostly negative results. The study was initiated, since these elements represent economically and 

strategically important minor constituents of sphalerite and are globally almost exclusively obtained 

as by-product of the mining for Zn (Schwarz-Schampera and Herzig, 1999). Concentrations of In, Ga 

and Ge in sphalerite were all below the detection limits of 25, 3307 and 6549 ppm, respectively. With 

the method used, the detection limits of especially Ga and Ge have proven to be relatively high due to 

interference with the Zn peaks. Consequently, PIXE does not represent an adequate method for analysing 

these elements in sphalerite, and future research in this field should focus on alternative methods, such 

as ICP-MS. Cadmium concentrations were in the order of 800-900 ppm, representing comparably low 

concentrations of this element.

5.2.10 Melanotekite, Sr-Rich Epidote, Barian Muscovite, Hyalophane

The minerals melanotekite (Pb2Fe3+
2Si2O9), strontian epidote ((Ca,Sr)2(Fe3+,Al)3(SiO4)3(OH)), barian 

muscovite ((K,Ba)Al2(Si,Al)4O10(OH,F)2) and hyalophane ((K,Ba,Na)((Al,Si)4O8)) are grouped together 

here, since they represent minor but conspicuous minerals of unusual composition. Representative 

analyses of these minerals are shown in Table 5.24.

Melanotekite is restricted to manganese formations of the C2 Unit (sample G38-1080, G64-740, 

G111-284). It is Fe-rich showing only very limited solid solution with the Mn3+ end-member kentrolite 

(Pb2Mn3+
2Si2O9). Apart from elevated TiO2 contents (up to 1.16 wt.%), all elements except Pb, Fe and Si 

are present only in accessory amounts.

Strontian epidote has been observed intimately intergrown with garnet of the C2 Unit (sample GR-

65). Strontium contents are between 15.09 and 16.58 wt.% SrO, corresponding to 0.784-0.870 apfu, 

whereas Ca values are between 11.04 and 11.67 wt.% CaO (1.070-1.105 apfu). Similar to melanotekite, 

concentrations of Mn are low (maximum of 1.72 wt.% MnO), thus showing limited solid solution 

toward piemontite (Ca2(Mn3+,Al)3(SiO4)3(OH)). Lead concentrations reach a maximum of 2.26 wt.% 

PbO, demonstrating the presence of a minor hancockite (Pb2(Fe3+,Al)3(SiO4)3(OH)) component. Unlike 

piemontite, which can contain considerable concentrations of Sr, reports of epidote holding elevated Sr 

contents are rare. Grapes and Watanabe (1984) have described epidote containing up to 8.5 wt.% SrO (see 

also Nagasaki and Enami, 1998). To the author’s knowledge, the Gamsberg example represents the most 

Sr-rich epidote reported thus far, with concentrations only slightly below those  warranting consideration 

as a new mineral according to the predominance of Sr over Ca. 

Barian muscovite is a conspicuous constituent of Ba-rich quartzite at Gamsberg. Similar Ba-rich 
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Table 5.24 Selected compositions of melanotekite, Sr-rich epidote, barian muscovite and hyalophane

Sample G38-1080  GR-65  GR-118 G111-284

Mineral Melanotekite  Sr-rich epidote  Barian muscovite Hyalophane

SiO2 15.82 16.50 33.24 33.36 33.21 42.94 42.11 43.21 55.55 56.96
TiO2 1.16 1.16 0.00 0.11 0.13 1.22 1.40 1.30 0.00 0.00
Al2O3 0.27 0.43 17.31 17.43 15.40 36.72 37.05 36.41 20.23 19.60
FeO 0.00 0.00 0.00 0.00 0.00 0.57 0.48 0.54 0.00 0.27
Fe2O3 17.22 17.06 16.22 16.49 18.71 0.00 0.00 0.00 - -
MnO 0.72 0.69 1.74 1.72 1.30 0.03 0.00 0.00 - -
MgO 0.15 0.09 0.03 0.05 0.01 0.65 0.58 0.73 - -
CaO 0.00 0.00 11.44 11.67 11.04 0.00 0.00 0.00 - -
Na2O - - - - - 0.25 0.23 0.40 1.92 3.64
K2O - - - - - 7.20 7.01 7.71 8.90 7.24
ZnO 0.12 0.07 - - - - - - - -
PbO 63.99 64.72 1.37 1.68 2.26 - - - 0.00 3.81
BaO - - 0.00 0.03 0.13 5.23 6.07 3.95 13.47 8.48
SrO - - 15.83 15.09 16.58 - - - - -
Total 99.45 100.72 97.19 97.62 98.76 94.81 94.93 94.25 100.07 100.00

Melanotekite normalised to 9 O, epidote normalised to 12.5 O, muscovite normalised to 22 O, hyalophane to 8 O

Si 1.993 2.036 2.996 2.988 3.004 5.867 5.784 5.899 2.783 2.825
Ti 0.110 0.108 0.000 0.007 0.009 0.126 0.145 0.134 0.000 0.000
Al 0.040 0.063 1.839 1.840 1.642 5.915 5.999 5.859 1.194 1.146
Fe2+ 0.000 0.000 0.000 0.000 0.000 0.065 0.055 0.061 0.000 0.011
Fe3+ 1.632 1.583 1.100 1.111 1.274 0.000 0.000 0.000 - -
Mn 0.077 0.072 0.133 0.131 0.099 0.003 0.000 0.000 - -
Mg 0.028 0.016 0.003 0.007 0.001 0.132 0.118 0.148 - -
Ca 0.000 0.000 1.105 1.119 1.070 0.000 0.000 0.000 - -
Na - - - - - 0.067 0.062 0.105 0.186 0.350
K - - - - - 1.255 1.228 1.343 0.569 0.458
Zn 0.011 0.006 - - - - - - - -
Pb 2.170 2.149 0.033 0.040 0.055 - - - 0.000 0.051
Ba - - 0.000 0.001 0.005 0.280 0.327 0.211 0.264 0.165
Sr - - 0.827 0.784 0.870 - - - - -
Total 6.061 6.033 8.035 8.029 8.029 13.710 13.717 13.761 4.997 5.006

Ba occupation (%)  17.48 20.20 12.74 25.91 16.11

-, not analysed

muscovite has been reported from bedded sulphide deposits elsewhere (Coats et al., 1980; Fortey and 

Beddoe-Stephens, 1982; Chabu and Boulègue, 1992; Jiang et al., 1996). The Gamsberg muscovite 

contains from 3.95-6.16 wt.% BaO, corresponding to an occupation of 13-20% of the interlayer site. The 

generally low occupancy of the interlayer site might be due to vacancies resulting from a 1:1 replacement 

of K+ for Ba2+ (Guidotti, 1984). The octahedral site is mostly occupied by Al, with the remaining positions 
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filled by Ti, Mg and Fe. TiO2 contents are relatively high (up to 1.40 wt.%), a feature also observed from 

other Ba muscovite (e.g. Chabu and Boulègue, 1992).

Green mica in the Aggeneys-Gamsberg area has previously been described as fuchsite (e.g. Colliston et 

al., 1989), but no chemical data has been provided. This mica is most probably also a Ba-rich variety, 

taking into account the evidence from Gamsberg and the paucity of Cr-rich minerals in the area.

Hyalophane has been identified in sample G111-284 of the C2 unit. The feldspar is K-dominant with 

Na concentrations ranging from 1.92 to 3.83 wt.% Na2O. Barium contents range from 8.48 to 13.47 

wt.% BaO, corresponding to 16-26 mole% of the celsian molecule in solid solution with orthoclase. The 

feldspar may also contain minor Pb, reaching a maximum of 0.051 apfu.

5.3 Rare Earth Element Chemistry

The following section presents REE data of both whole rocks and individual minerals of the Gams 

Formation. The REE abundances have been normalised against primitive chondritic material (Evensen 

et al., 1978) and REE patterns are graphically illustrated in sections 5.3.1 and 5.3.2. Although 

metasedimentary rocks are commonly normalised against a shale standard, normalisation against 

chondrite has been preferred to allow comparison with a wide range of different rock types. Individual 

REE abundances are listed in Appendix G. 

The size of the Eu and Ce anomalies – Eu/Eu* and Ce/Ce*, respectively – has been calculated according 

to the formula of Taylor and McLennan (1985). The ratios are a measure of the depletion or enrichment 

of Eu and Ce relative to their neighbouring REE. Eu and Ce correspond to the measured elemental 

abundances of the sample, whereas Eu* is the theoretical concentration for no anomaly. The latter is 

calculated according to:

Eu/Eu* = EuCN/[(SmCN)(GdCN)]1/2         (2)

Ce/Ce* = CeCN/[(LaCN)(PrCN)]1/2         (3),

where subscript CN refers to the chondrite normalised abundances. Values of Eu/Eu* and Ce/Ce* less 

than 0.95 indicate depletion, and values of greater than 1.05 enrichment of these elements relative to their 

neighbouring REE.
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Fig. 5.21 REE patterns of the ore-bearing assemblages. a. Metapelite-hosted ore. b. Garnet-apatite ore. 
The shaded areas correspond to the range of three unaltered aluminous schists of the stratigraphy.

5.3.1 Whole Rock Abundances

Chondrite normalised whole rock REE concentrations are shown in Figures 5.21-5.23 and a summary 

of the REE characteristics of the different rock types is presented in Table 5.25. All analysed samples 

are characterised by moderate enrichment of LREE over HREE, with average  (La/Yb)CN values ranging 

from 5.8 in massive barite to 13.8 in phosphorite-hosted ore. In addition to barite, metapelite-hosted ore, 

coticules and Fe-Mn silicates/impure marbles display relatively low (La/Yb)CN values (< 10), compared 

to garnet-apatite ore, phosphorite-hosted ore and iron formations (> 10). For comparison, the average 

(La/Yb)CN value of three unaltered schists of the stratigraphy is 9.8. 
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Fig. 5.22 REE patterns of metalliferous host rocks. a. Assemblages with nil to slightly positive Eu anomalies. With 
the exception of Gu200-23.0 (manganese formation), these rocks are phosphatic and zincian iron formations. b. 
Assemblages with negative Eu anomalies. The shaded areas correspond to the range of three unaltered aluminous 
schists of the stratigraphy. 

The total REE concentrations of ore-bearing assemblages and metalliferous host rocks range from 18-331 

ppm. In general, chemical/hydrothermal metasediments (e.g. barite, iron formation, sulphide ores) have 

low abundances of REE (< 100 ppm), whereas detrital-dominated metasediments (coticules) are enriched 

in REE (102-203 ppm), similar to unaltered schists (average of 136 ppm). However, care has to be taken 

when interpreting total REE abundances, since high concentrations of REE-rich minerals (e.g. apatite, 

titanite) may result in enrichment of a rock in REE. Consequently, phosphorite-hosted ore is significantly 

enriched in total REE (331 ppm), compared to metapelite-hosted and garnet-apatite ore (both average 

of 87 ppm). Similarly, the relatively high average total REE content of Fe-Mn silicates/impure marbles 

is due to the inclusion of two REE-rich assemblages G64-1120 and G64-1471, which exhibit total REE 

concentrations of 259 and 299 ppm, respectively. These assemblages contain titanite as a distinct minor 

constituent, which is most probably responsible for enrichment of these rocks in REE. For comparison, 
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Table 5.25 Summary of the REE characteristics of the different rock types of the Gams Formation

ΣREE ΣLREE ΣMREE ΣHREE La/Yb(CN) Eu/Eu* Ce/Ce*

Metapelite-hosted ore 
(n=5)

87 68 9 10 6.5 0.68 0.73

Garnet-apatite ore (n=8) 87 71 9 7 10.5 2.52 0.84

Phosphorite-hosted ore 
(n=1)

331 271 38 22 13.8 1.77 0.80

Iron formations (n=6) 63 51 7 5 10.7 1.24 0.82

Coticules (n=4) 161 130 16 16 6.3 0.62 0.94

Fe-Mn silicates and 
impure marbles (n=8)

118 96 10 11 7.6 0.72 0.80

Barite (n=3) 25 20 3 3 5.8 0.63 0.44

Unaltered schist (n=3) 136 116 11 9 9.8 0.65 0.79

other Fe-Mn silicates and impure marbles contain total REE in the range of 31-91 ppm, comparable with 

other chemical metasediments of the Gams Formation.

The most prominent REE characteristic is the moderately positive Eu anomaly exhibited by garnet-

apatite and phosphorite-hosted ore (Fig. 5.21b). The former has Eu/Eu* values ranging from 1.72-3.67 

(average of 2.52), whereas a single analysis of phosphorite-hosted ore has Eu/Eu* of 1.77. Phosphatic and 

zincian iron formations also display a small positive Eu anomaly (average Eu/Eu* of 1.24) (Fig. 5.22a). 

In contrast, metapelite-hosted ore, coticules, Fe-Mn silicates, impure marbles and barite all display 

negative Eu anomalies, with average Eu/Eu* values ranging between 0.62 and 0.72 (Figs. 5.21a, 5.22b, 

5.23, Table 5.25). These values are comparable to Eu/Eu* values of unaltered schists of the stratigraphy 

(average Eu/Eu* of 0.65).

In addition to the Eu anomaly, most samples are characterised by a small negative Ce anomaly. The 

negative Ce anomaly is most prominent in massive barite (average Ce/Ce* of 0.44, Fig. 5.23), whereas 

Ce/Ce* values of other host rocks are in the range of 0.73-0.94.

5.3.2 REE Distribution of Individual Minerals

The trace and REE concentrations of garnet, apatite and graftonite have been determined by LA-ICP-MS. 

REE are plotted in Figures 5.24-5.28 and a summary of the REE characteristics is provided in Table 5.26. 

The complete data base is listed in Appendix G.
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Table 5.26 Summary of the REE characteristics of garnet, apatite and graftonite

Mineral Rock type (Sample) ΣREE (La/Yb)CN Eu/Eu*

Spessartine-almandine 
garnet (n=29)

Garnet-apatite ore 66 0.098 2.92

Spessartine-almandine 
garnet (n=40)

Coticules, Fe-Mn silicates, 
impure marbles

27 0.06 1.03

Andradite-calderite garnet 
(n=11)

Coticules, manganese 
formations

40 0.232 0.73

Apatite nodules (n=41) Phosphorite-hosted ore 459 2.9 1.49

Fluorapatite (n=6) Garnet-apatite ore (G45-
1195)

1718 237 2.34

Fluorapatite (n=10) Garnet-apatite ore (G-MB) 413 6.5 0.56

Fluorapatite (n=5) Iron formation (G38-1050) 3394 7.1 1.12

Fluorapatite (n=6) Iron formations 124 7.4 0.69

Graftonite (n=16) Iron formation (G38-1050) 150 0.251 1.57

Fig. 5.23 REE patterns of three 
massive barite samples.

Garnet: The REE distribution of garnet has proven to be highly variable; both on a thin section scale 

and different assemblages. Most garnet grains are enriched in HREE (Fig. 5.24), reminiscent of garnet 

elsewhere in regionally metamorphosed terranes (Grauch, 1989). In comparison to the latter, however, 

garnet at Gamsberg is characterised by higher and more variable concentrations of LREE. The LREE are 

especially enriched in andradite-calderite garnet of the C2 unit, resulting in relatively flat patterns (Fig. 

5.24a-c). Garnet in ore-bearing assemblages generally displays a positive Eu anomaly (Fig. 5.25a-b), 

whereas garnet in metalliferous host rocks exhibits no or a small negative Eu anomaly. 
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Fig. 5.24 REE patterns of garnet from the Gams Formation. a. Andradite-calderite garnet in manganese formation. 
b. Andradite-calderite garnet in coticules of the C2 Unit. c. Spessartine in coticules of the C2 Unit. d-f. Fine-
grained spessartine-almandine garnet in coticules of the A4 Unit.

Garnet in ore-bearing assemblages is enriched in REE, with total REE contents ranging between 25 and 

148 ppm (average of 66 ppm). In comparison, andradite-calderite garnet of the C2 Unit has total REE 

concentrations from 19-36 ppm (average of 27 ppm), whereas spessartine-almandine garnet has total 

REE contents from 7-83 ppm (average of 40 ppm). Average (La/Yb)CN values range from 0.232 in case 

of the LREE enriched andradite-calderite garnet, over 0.098 of spessartine-almandine garnet from ore-

bearing assemblages, to 0.060 of spessartine-almandine garnet from other host rocks.

Eu/Eu* values of garnet in garnet-apatite ore range from 0.87 to 6.75 (average of 2.92). In contrast, 

andradite-calderite garnet generally displays a small to moderate negative Eu anomaly, with Eu/Eu* 

values between 0.52 and 0.87 (average of 0.73). The Eu anomaly in spessartine-almandine garnet varies 

between moderately negative (0.51) to moderately positive (1.74). However, most samples have average 
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Fig. 5.25 REE patterns of garnet from the Gams Formation. a-c. Spessartine-almandine garnet in garnet-apatite 
mineralisation. d-h. Spessartine-almandine garnet in Fe-Mn silicates and impure marbles.

Eu/Eu* values close to 1, demonstrating general uniform REE distribution in the region Sm-Eu-Gd. 

Taking into account the above considerations, three distinct patterns are distinguished: (1) LREE-

depleted, HREE-enriched patterns, with no distinct Eu anomaly, (2) relatively flat patterns, with a small 

negative Eu anomaly, and (3) ΣREE-enriched patterns with a positive Eu anomaly. In some assemblages 

(e.g. G64-1175, G54-1015), the negative Ce anomaly of the bulk has also been preserved in the garnet.



CHAPTER 5 - GEOCHEMISTRY

137

Fig. 5.26 REE patterns of apatite of the Gams Formation. a. Apatite nodules in the AMU. b-c. Rounded apatite 
grains in garnet-apatite ore. d-f. Apatite in iron formations. 

Apatite and graftonite: Similar to garnet, apatite displays highly variable REE patterns and concentrations 

between assemblages (Fig. 5.26). The REE distribution of apatite nodules resulted in middle REE 

(MREE) enriched concave-down patterns (Fig. 5.26a). In comparison, apatite in garnet-apatite ore and 

metalliferous host rocks shows moderate to strong LREE-enrichment (Fig. 5.26b-f). 

Total REE contents of the apatite nodules range from 126-812 ppm (average of 459), whereas chondrite-

normalised La/Yb ratios are between 0.5 and 10.1. The distinct variation of the latter reflects variations 

in the concentration of LREE, especially La. Most nodules are characterised by a moderately positive Eu 

anomaly, with Eu/Eu* values ranging between 0.68 and 2.27 (average of 1.49).
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Fig. 5.27 REE patterns of graftonite-
wolfeite aggregates.

Apatite of the ore-bearing assemblage G45-1195 shows strong enrichment in LREE over HREE, with 

(La/Yb)CN values ranging from 107-342 (average of 237). The apatite contains total REE in the order of 

1057-2301 ppm (average of 1718 ppm) and displays a moderately positive Eu anomaly (Eu/Eu* between 

2.26 and 2.41, average of 2.34). In contrast, apatite in banded garnet-amphibole-apatite mineralisation 

(sample G-MB), has considerably lower total REE contents (388-434 ppm, average of 413 ppm) and a 

prominent negative Eu anomaly (Eu/Eu* between 0.44 and 0.69, average of 0.56). Compared to sample 

G45-1195, apatite in G-MB shows less pronounced fractionation of LREE over HREE, with (La/Yb)CN 

values ranging from 5.4-8.4 (average of 6.5). The negative Eu anomaly of apatite from assemblage G-

MB is unusual, considering that apatite readily accommodates Eu and thus normally displays a positive 

Eu anomaly in ore-bearing assemblages. In addition, associated garnet in assemblage G-MB has a 

prominent positive Eu anomaly.

Apatite in iron formations displays moderate enrichment of LREE over HREE ((La/Yb)CN between 

5.1 and 10.8) and considerable variation in the concentration of REE. Total REE contents of apatite in 

assemblage G38-1050 are in the range of 3211-3610 ppm (average of 3394 ppm), whereas apatite in 

samples G18-818 and G103-26 contains total REE between 97 and 167 ppm. In assemblage G38-1050, 

the small positive Eu anomaly exhibited by the host rock has also been preserved in the apatite (Eu/Eu* 

from 1.10-1.14). Compared to coexisting apatite, graftonite-wolfeite aggregates in assemblage G38-1050 

are enriched in HREE relative to LREE, with (La/Yb)CN ratios between 0.064 and 0.587 (average of 

0.251) (Fig. 5.27). Graftonite is depleted in total REE (98-219 ppm; average of 150 ppm) and similarly 

displays a small positive Eu anomaly (Eu/Eu* between 1.13 and 1.94). The partitioning of REE between 

apatite and graftonite is in agreement with the Ca content of the individual phases, such that LREE are 

preferred by apatite and HREE by graftonite. 
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CHAPTER 6
METAMORPHISM

The following chapter discusses preserved metamorphic features of the Gams Formation. The first 

section (6.1), focuses on metamorphism of the sulphide ores, including evidence for metamorphic 

remobilisation, the sulphur budget during metamorphism, and the metamorphic history of the ores. The 

next section is aimed at constraining the physical conditions of metamorphism, with special emphasis on 

oxygen and sulphur fugacities (section 6.2). Phase relations and metamorphic reactions between silicates, 

carbonates, oxides and sulphides are discussed in section 6.3. Finally, section 6.4 is aimed at interpreting 

the nature of possible precursor phases.

Previous workers established metamorphic P-T conditions in Bushmanland by investigating regionally-

developed country rock assemblages (Rozendaal, 1982; Joubert, 1986; Lipson, 1990). The limits of P 

and T are constrained by the assemblages cordierite + sillimanite + K-feldspar and quartz + muscovite in 

metapelite, indicating medium- to upper-amphibolite facies and maximum P-T conditions of 630-670°C 

and 3-4.5 kbar. This study focuses on the behaviour of the Gamsberg ores and metalliferous host rocks 

under the ambient conditions of metamorphism. Unfortunately, no internally consistent thermodynamic 

database is available that includes the range of minerals at Gamsberg. Especially the incorporation of 

Mn and Zn into a variety of silicate, carbonate and oxide phases results in complex solid solutions, the 

thermodynamic properties of which are poorly understood. As a result, the metamorphic interpretation 

is mostly restricted to qualitative observations, assuming highly simplified systems. Nonetheless, the 

textural evidence may provide information regarding metamorphic reactions and the behaviour of Fe-

Mn-Ca-Zn-Si-rich sediments under amphibolite-facies metamorphic conditions. 

6.1 Metamorphism of the Sulphide Ores

6.1.1  Metamorphic Remobilisation of the Ores

Textural relationships of the ore-bearing assemblages have shown that movement of ductile sulphides 

relative to more refractory ore minerals or the enclosing host rocks has occurred (section 4.2). On 

a macroscale, these features include development of cross-cutting sulphide veins and thickening of 
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sulphide masses in fold hinges. On a microscale, displacement on grain boundary interfaces, grain size 

reduction by fracturing, formation of pressure fringes on porphyroblasts, healing of fractures, and the 

development of “durchbewegt” textures all indicate that metamorphic remobilisation has been active 

(Stalder and Rozendaal, 2001). Marshall et al. (2000) have shown that these translocation processes can 

occur by means of solid-state (mechanical), liquid-state (chemical) and mixed transfer (Table 6.1). While 

mechanical processes such as cataclastic flow or dry-state dislocation flow are normally held responsible 

for intra- and intergranular displacement and the healing of microfractures, the vast majority of extensive 

remobilisation involves mixed- or liquid-state transfer (Marshall and Gilligan, 1993; Marshall et al., 

2000). Mixed transfer includes fluid-controlled cataclasis or fluid induced dislocation flow that may 

accompany mechanical processes on a microscale. At Gamsberg, features such as reopening of annealed 

grain boundaries and the formation of ore shoots by hinge zone thickening or elongated effects may be 

attributed to mixed processes. The fluid required to drive these translocation processes has most probably 

been derived from metamorphic dewatering of the host rocks during prograde regional metamorphism 

(Marshall et al., 2000). As evident from the development of cross-cutting pyrite or sphalerite veins, 

metamorphic fluid flow seems to have occurred through micro- to macrofracture systems related 

to ductile or brittle shear zones. The latter are most probably of early- to syn-tectonic origin, since 

convincing evidence of extensive retrograde fluid infiltration is lacking in the host rock assemblages 

(Rozendaal, 1982). The scale of mixed-state or liquid-assisted remobilisation at Gamsberg is in the order 

of centimetres to perhaps a few metres, and no evidence has been observed to suggest large-scale external 

remobilisation.

Table 6.1 The spectrum of remobilisation processes in metamorphosed base metal deposits (after Marshall et al., 
2000 and Mavrogenes et al., 2001)

Principal category Subcategory Scale Observed texture Importance at 
Gamsberg

Solid-state transfer Cataclastic flow Intergranular Brittle fracturing Major

Dislocation flow Intragranular Recrystallisation, healing of 
fractures, “Durchbewegung”

Major

Mixed-state transfer Fluid-induced dislocation 
flow; fluid-induced cataclasis

cm to few 
metres

Hinge zone thickening, 
elongation of ore shoots

Major

Liquid-state transfer Aqueous-solution transfer < 100 m Sulphide veins, ore pegmatites Minor

 Magmatic transfer > 150 m (?) Sulphide dykes, ore pegmatites, 
sulphide segregations (”droppers” 
at Broken Hill, Australia)

None
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Marshall et al. (2000) have shown that extensive remobilisation in the form of totally segregated sulphide 

dykes and ore pegmatites might be possible by means of fluid-dominated advective transfer. In contrast 

to the neighbouring Broken Hill deposit, discordant sulphide segregations have only been observed at 

Gamsberg on a small scale. It is thus proposed that fluid-dominated advective transfer only played a 

minor role in the remobilisation of the sulphide ores. 

Ore pegmatites and sulphide segregations are characteristic features of the Broken Hill (Australia) ore 

body, where they are referred to as “droppers”. These droppers crosscut the regional foliation, as well as 

post-ore pegmatites, and extend up to 150 m into the country rocks. Compared to the main Zn-rich lodes, 

the droppers are enriched in Pb and trace elements such as Ag, As, Au, Bi, Sb and Hg (e.g. Lawrence, 

1967). Mavrogenes et al. (2001) and Frost et al. (2002) proposed that the development of such sulphide 

segregations and accompanying enrichment in trace elements is due to partial melting and preferential 

remobilisation of the ore masses. Sulphide melting experiments by these authors have shown that the pure 

system PbS-FeS-ZnS would melt at 830°C at 5 kbar, whereas the addition of 1 wt.% Ag2S to the system 

lowered the 5 kbar eutectic temperature to 810°C. These temperatures are well within the P-T conditions 

experienced by the Broken Hill deposit, indicating that partial melting of these ore assemblages must 

have taken place. At Broken Hill, the experimental evidence for partial melting of the ores has been 

supported by textural evidence, such as the identification of polyphase sulphide melt inclusions within 

quartz veins and garnetite associated with the droppers. Similar to the bulk composition of the droppers, 

the sulphide melt inclusions are extremely enriched in Ag, As and Sb compared to the main Broken Hill 

lodes (Sparks and Mavrogenes, 2003). 

Stevens et al. (2003) conducted melting experiments adding Cu and excess S to the PbS-FeS-ZnS system. 

These components, especially the availability of excess S, lowered the melting temperature at least 50°C 

below the PbS-FeS-ZnS solidus, suggesting that such assemblages should melt in the upper amphibolite 

facies. Similar to the findings of Mavrogenes et al. (2001), Zn has been significantly concentrated in the 

restite, attesting to the low solubility of sphalerite in the melt. 

At Gamsberg, peak metamorphic conditions have been estimated at 630-670°C and 3-4.5 kbar 

(Rozendaal, 1975, 1986). As shown by Figure 6.1, these conditions are well below the solidi determined 

by Mavrogenes et al. (2001) and Stevens et al. (2003), suggesting that partial melting of the sulphide 

assemblages has not occurred. In addition, the very Zn-dominant nature of the Gamsberg ore would 

have shifted the solidus to even higher temperatures due to the restitic nature of sphalerite. Compared 

to Broken Hill (Australia) and Broken Hill (Bushmanland), the Gamsberg sulphide ore is remarkably 

poor in trace elements. In addition, preliminary PIXE analyses indicated that the Gamsberg sphalerite 

is poor in elements such as In, Ga, Ge and Cd (section 5.2.9). Considering the absence of significant 
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concentrations of trace elements that might lower the solidus, it thus seems very unlikely that the 

Gamsberg ores experienced remobilisation through the development of sulphide melts.

Fig. 6.1 Comparison of Gamsberg peak metamorphic conditions (black dot) with 
experimental results on partial melting of sulphide assemblages. The black line represents 
the FeS-PbS-ZnS solidus defined by Mavrogenes et al. (2001), the white dot the near 
solidus of Stevens et al. (2003). The shaded area corresponds to the estimated shift in the 
FeS-PbS-ZnS solidus by the addition of excess S.

6.1.2 Metamorphism of Iron Sulphides

The distribution of pyrite and pyrrhotite within a metamorphosed sulphide deposit can provide valuable 

constraints on a variety of physico-chemical conditions of metamorphism, including ƒ(S2) and ƒ(O2) 

(Spry, 2000). Although the premetamorphic origin of pyrrhotite in many metamorphosed sulphide 

deposits is by now well established (Plimer and Finlow-Bates, 1978; Craig and Vokes, 1992, Gu and 

Vokes, 1996), it is also clear that pyrrhotite can both be formed and consumed by reactions with pyrite 

during metamorphism (Vokes, 2000). Craig and Vokes (1993) demonstrated that the conversion of 

pyrrhotite to pyrite or vice versa requires movement of Fe and S in an essentially isochemical system 

(Fig. 6.2). According to these authors, the coexistence of pyrite and pyrrhotite provides a buffer that 

constrains sulphur activity during metamorphism. Constant re-equilibration of pyrite- and pyrrhotite-

bearing assemblages during metamorphism will result in prograde growth of pyrrhotite due to the 

desulphidation of pyrite according to:

FeS2 = FeS + 1⁄2 S2           (4)
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The reaction is reversed during retrograde cooling, resulting in regrowth of pyrite as pyrrhotite releases 

sulphur. According to Craig and Vokes (1993) and Vokes (2000), pyrite- and pyrrhotite-bearing 

assemblages could only move off the buffer if one of the minerals is decomposed, which is most probable 

in ores with an initially low pyrite:pyrrhotite ratio.

Fig. 6.2 Log aS2-temperature plot showing the pyrite-pyrrhotite sulphidation 
curve, which buffers the sulphur activity during metamorphism of pyrite-
pyrrhotite ores (modified from Craig and Vokes, 1993). 

At Gamsberg, a metamorphic boundary is evident that separates pyrite-bearing ores with no or little 

pyrrhotite (B1 Unit) from pyrrhotite-dominant ores, which display evidence of retrograde growth of 

pyrite from pyrrhotite (B2 Unit). As shown by Craig and Vokes (1993), the high thermal stability of pyrite 

ensures that pyrite survives amphibolite-facies metamorphism in pyrrhotite-free ores without being 

converted to pyrrhotite. The prominent transition from pyrite- to pyrrhotite-bearing ores is therefore 

ascribed to gradients in ƒ(S2) and ƒ(O2), which have governed the initial pyrite:pyrrhotite ratio of the 

ores. It is proposed that concentrations of dissolved HS- have been high enough in the original shale (now 

metapelite-hosted ore) for diagenetic pyrite to form. During prograde metamorphism, these assemblages 

simply recrystallised, forming massive annealed pyrite aggregates or individual py1 porphyroblasts. In 

contrast, the activity of sulphur was lower in graphite-free garnet-apatite ore, resulting in the diagenetic 
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formation of both pyrite and pyrrhotite. It is proposed that the initial pyrite:pyrrhotite ratio has been 

low enough to convert all available pyrite into pyrrhotite during prograde metamorphic desulphidation. 

However, no evidence of any prograde pyrrhotite-forming reactions have been observed, indicating that the 

preserved metamorphic fabric is mostly of a retrograde origin. Consequently, the initial pyrite:pyrrhotite 

ratio, as well as the temperature at which conversion of pyrite to pyrrhotite reached completion, remains 

speculative. The preserved textural evidence indicates that pyrrhotite has been converted to pyrite during 

retrograde cooling, as discussed by Craig and Vokes (1993), resulting in the growth of py2 within the 

annealed pyrrhotite assemblages. 

6.1.3 Metamorphic History of the Ores 

Microstructural relationships between individual sulphide minerals indicate that the Gamsberg ores 

have experienced recrystallisation, solid-state and liquid-assisted remobilisation, mineralogical phase 

changes, as well as several episodes of deformation (Stalder and Rozendaal, 2001). Since recrystallisation 

and remobilisation have obliterated most signs of prograde metamorphism, the preserved fabric is 

predominantly of a retrograde origin. The proposed sequence of metamorphic events is shown in Table 

6.2 and Figure 6.3 and is summarised below.

The preservation of banded ores in low strain areas is interpreted as a primary sedimentary/diagenetic 

signature, indicating that at least part of the mineralisation must have been present prior to metamorphism. 

In situ grain growth and annealing of sulphides in these assemblages probably took place early during 

the first regionally observed phase of deformation, D2. Pressure solution and dry state dislocation flow 

might have resulted in the development of rounded and abraded py1 porphyroblasts and the distinct S2 

foliation of the ores. During syn-D2 times, isoclinal folding of the host rocks and individual sulphide 

layers resulted in the formation of large- and small-scale recumbent isoclinal folds (F2) and flow of  

sulphides into the hinge zones of F2 folds. Prograde metamorphism continued after D2, resulting in 

metamorphic dewatering of the protolith and fluid-assisted movement of sulphides into structural traps in 

the form of veins and small dykes. The presence of sulphide veins that are cross-cutting S2 indicates that 

remobilisation post-dated formation of the regional foliation. 

Prolonged retrogression and slow cooling followed peak metamorphism. Retrograde re-equilibration of 

pyrite- and pyrrhotite-bearing assemblages initiated the inversion of pyrrhotite to pyrite and growth of 

retrograde py2 porphyroblasts within pyrrhotite. This process continued until late in the metamorphic 

history of the deposit, as evident from the occurrence of essentially undeformed pyrite cubes within 

pyrrhotite. Coeval with retrograde re-equilibration of pyrite and pyrrhotite, alabandite was probably 

exsolved from Mn-rich sphalerite. 
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The first episode of deformation that postdates peak metamorphism (D3) is evident from the preservation 

of truncated and indented pyrite grains in massive recrystallised pyrite aggregates. This texture is 

interpreted to demonstrate ductile behaviour of pyrite and indicates that D3 occurred at temperatures 

above the brittle-ductile transition of pyrite (450°C; Cox 1987). Subsequently, a shearing event below 

temperatures of 450°C resulted in cataclastic deformation of recrystallised pyrite porphyroblasts and 

annealed pyrite aggregates, accompanied by movement of more ductile sulphides into the cracks and 

fractures (D4). This event corresponds to the regionally observed late retrograde event of Willner (1995), 

which is manifested by growth of low grade phases and penetrative infiltration of fluids at pressures of 

1.5 kbar and temperatures of 300-400°C. Ductile deformation of the sulphide matrix is evident from bent 

cleavage planes and deformation twin lamellae in galena and chalcopyrite, which suggests that an episode 

of low-temperature deformation has occurred (D5?) that post-dated recrystallisation and remobilisation 

of these sulphides. 

Table 6.2 Metamorphic history of the sulphide ores

Event Preserved Feature  Estimated Temperature

Pre-D2 Meso- and microscale banding of sulphide 
ores and meta-exhalites during sedimentation

Early-D2 In situ grain growth and annealing. 
Formation of regional foliation

> 300°C

Syn-D2 Isoclinal folding of ores and host rocks. 
Flow of sulphides into fold hinges of F2 
folds. Development of cross-cutting sulphide 
veins and dykes.

> 450°C - 670°C

D3 Plastic deformation of recrystallised pyrite 
porphyroblasts

> 450°C  

D4 Cataclastic deformation of pyrite and 
movement of ductile sulphides into cracks 
and fractures.

< 450°C

D5? Ductile deformation of matrix sulphides  < 300°C

6.2 Constraints on Oxygen and Sulphur Fugacities

The sharp transition from sulphide-bearing ores of the B Unit to silicate-, carbonate- and oxide-facies host 

rocks of the A and C Units points to strong gradients in ƒ(O2)/ƒ(S2) within the Gams Formation; either 

due to an increase in ƒ(O2), a decrease in ƒ(S2) or a combination of both. In order to adequately represent 
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Fig. 6.3 Metamorphic evolution of the Gamsberg sulphide ore. The clockwise P-T path is adopted from Willner 
(1995). The numbers indicate the following stages of metamorphism: (1) recrystallisation and annealing of 
sulphides, (2) isoclinal folding of the ore accompanied by flow of sulphides into fold hinges, (3) fluid-assisted 
remobilisation of sulphides and formation of cross-cutting veins, (4) ductile deformation of pyrite, (5) cataclastic 
deformation of pyrite and healing of fractures by ductile sulphides. Aluminosilicate stability fields according to 
Holdaway (1971).

the assemblages of the Gams Formation in log ƒ(O2)-log ƒ(S2) space, the system Fe-Mn-Ca-Zn-Al-Si-

O-S-C would have to be considered. However, this system is too complex to allow detailed conclusions 

and must be significantly simplified. During the course of this study, two oxidation-sulphidation trends 

within the Gams Formation have been identified, which are subsequently referred to as “lateral trend” 

and “vertical trend” (Fig. 6.4). Constraints on the activities of oxygen and sulphur within these trends are 

discussed below.

6.2.1 Lateral Oxidation-Sulphidation Trend 

In the Gams Formation, a lateral transition is evident from sillimanite-sphalerite-pyrite ore of the B1 Unit, 

over garnet-sphalerite-pyrrhotite ore of the B2 Unit, to magnetite-quartz-gahnite and ultimately hematite-

quartz-gahnite iron formations of the C1 Unit in the Overturned Limb. These assemblages are relatively 

poor in Mn and Ca, which occurs mostly as a substitution in garnet or as accessory to minor amounts 
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Fig. 6.4 Schematic diagram illustrating the vertical and lateral oxidation-sulphidation trends 
within the Gams Formation. Note that the vertical scale is strongly exaggerated. 

of associated amphibole, pyroxenoid, calcite or apatite. Therefore, if Mn, Ca and CO2 are ignored, the 

assemblages can be represented in the system Fe-Zn-Al-Si-S-O. However, the latter is still too complex, 

allowing for example complex solid solution between the spinel minerals gahnite-hercynite-franklinite-

magnetite, the sulphides sphalerite-pyrrhotite or the olivine-type minerals fayalite-willemite. Phase 

relations between these minerals are up to date poorly constrained and, consequently, no quantitative 

calculations could be conducted. 

Essene and Peacor (1987) and Johnson et al. (1990) superimposed relations in the systems Zn-Al-S-

Si-O and Fe-S-O to constrain ƒ(O2)-ƒ(S2) conditions of ores and host rocks at the Franklin and Sterling 

Hill deposits. This method is adopted here to describe the lateral variation in ƒ(O2) and ƒ(S2) within the 

Gams Formation. Figure 6.5 shows relevant phases in part of the systems Zn-Al-Si-S-O and Fe-S-O, and 

possible positions of the different rocks in log ƒ(O2)-log ƒ(S2) space are indicated. A progressive increase 

in ƒ(O2)/ƒ(S2) is evident from metapelite-hosted ore (point A in Fig. 6.5), over magnetite-gahnite- and 

hematite-gahnite-bearing iron formations of the C1 Unit (points B and C, respectively). Willemite is 

absent at Gamsberg and requires even higher conditions of ƒ(O2)/ƒ(S2). The variations observed within 

the lateral trend have to be understood in terms of oxidation-sulphidation reactions, which will be 

discussed in section 6.3.2.

6.2.2 Vertical Oxidation-Sulphidation Trend

Metamorphic assemblages that form part of the vertical trend are characterised by high concentrations 

of Mn-rich phases, especially in the C1 and C2 Units. Magnetite occurs as an ubiquitous mineral in the 

C1 Unit, whereas Fe is mostly trivalent in the C2 Unit. The position of the various rock types in log 

ƒ(O2)-log ƒ(S2) space is best represented by superimposing the systems Mn-Si-S-O and Fe-S-O, as has 
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Fig. 6.5 Stability of relevant phases in part of the system Zn-Al-Si-S-O at 5 kbar and 1,000K. Superimposed are 
relationships in the system Fe-S-O (modified from Essene and Peacor, 1987 and Johnson et al., 1990). At high 
ƒ(O2), reactions involving ZnS are replaced with analogue reactions with ZnSO4, resulting in a slope change at 
the ZnS-ZnSO4 boundary. Indicated are preferred positions in logƒ(O2)/ƒ(S2) space of metapelite-hosted ore (point 
A) and magnetite-gahnite- and hematite-gahnite-bearing iron formations of the Overturned Limb (points B and C, 
respectively). Additional abbreviations: cor = corundum, wt = willemite. 

been done by Johnson et al. (1990). The hypothetical location of rocks in the North Body in ƒ(O2)/ƒ(S2) 

space is shown in Figure 6.6, illustrating the shift from pyrrhotite-bearing rocks of the B2 Unit (point A 

in Fig. 6.6), to magnetite-bearing Fe-Mn silicates/impure marbles of the C1 Unit (point B), and hematite- 

and jacobsite-franklinite-bearing manganese formations and coticules of the C2 Unit (point C). It is 

evident that rocks of the vertical trend are an environment lower in ƒ(S2) than metapelite-hosted ore. The 

postulated trends depicted in Figure 6.6 indicate that the presence of magnetite in the C1 Unit does not 

necessarily imply higher ƒ(O2), but might be achieved by a significant decrease in the activity of sulphur. 

Only the development of hematite or franklinite-type spinel requires higher activities of oxygen. Under 

these conditions, hausmannite (Mn3O4) should theoretically be stable.

The low activity of sulphur in the C Unit suggests that the metamorphic assemblages have mostly been 

controlled by ƒ(O2) and bulk composition. Consequently, the activity of oxygen in the C Unit can be 

represented by a log ƒ(O2)-T diagram (Fig. 6.7). Orthopyroxene-bearing assemblages in close contact 

with the B2 Unit are characterised by the paragenesis magnetite-quartz-manganoan fayalite, indicating 

that these rocks have been buffered by the QFM assemblage. The lack of indicator minerals within 
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pyroxferroite- and clinopyroxene-bearing assemblages precludes similar conclusions, although the 

absence of hematite or other Fe3+-rich minerals within the C1 Unit places an upper limit of ƒ(O2) for 

these assemblages.

For the C2 Unit, an upper limit of ƒ(O2) is constrained by the absence of Mn3+-bearing minerals, which 

places the assemblages below the “rhodonite/braunite+quartz” buffer of Abs-Wurmbach and Peters 

(1999). At ƒ(O2) above the latter, rhodonite becomes unstable and alters to a mixture of braunite and 

quartz according to the reaction:

braunite + quartz = rhodonite + O2         (5).

The close spatial association of both hematite- and magnetite-bearing assemblages within the C2 Unit 

Fig. 6.6 Stability of phases in part of the systems Mn-Si-S-O and Fe-
S-O. Also shown is the franklinite90magnetite10-hematite equilibrium. 
Possible positions of pyrrhotite-bearing ore (B2 Unit) and Fe-Mn silicates/
impure marbles in logƒ(O2)/logƒ(S2) space are shown in points A and B, 
respectively. Point C indicates higher ƒ(O2) conditions of assemblages 
containing franklinitic spinel. Diagram modified from Johnson et al. 
(1990).
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Fig. 6.7 Logƒ(O2)-T plot for various buffers of 
interest. Estimated ƒ(O2) ranges for the C1 and 
C2 Units under the ambient temperatures of 
metamorphism are indicated. The buffer curves 
are from Abs-Wurmbach et al. (1983) and Spear 
(1993). Additional abbreviations: br = braunite.

suggests oxygen fugacities close to the HM buffer. It also indicates that oxygen behaved conservatively 

during metamorphism, allowing layer to layer variation in ƒ(O2). These constraints are in agreement with 

experimental studies on the stability of calderite, which indicated that calderite is stable only under a 

limited range of oxygen fugacities close to the HM and Cu/Cu2O buffers (Lattard and Schreyer, 1983). 

At higher ƒ(O2) conditions, equivalent to the Cu2O/CuO buffer, calderite was found to coexist with 

braunite, hematite and quartz and becomes totally replaced by more oxygenated phases at even higher 

oxygen fugacities. The lower stability limit of calderite in terms of ƒ(O2) is suggested by the breakdown 

of calderite to a mixture of olivine, pyroxmangite and magnetite at oxygen fugacities equivalent to the 

Ni/NiO buffer (Lattard and Schreyer, op. cit.).

The presence of a considerable magnetite component in solid solution with franklinite and jacobsite 

would seem to suggest ƒ(O2) below the HM buffer for franklinite- and jacobsite-bearing assemblages. 

As shown by Johnson et al. (1990), however, dilution of magnetite by franklinite may shift the HM 

equilibrium to higher ƒ(O2). Collectively, these relationships suggest that the C2 Unit has been buffered 

by the HM assemblage, which places the lower limit of ƒ(O2) at 10-12 to 10-13 bars at temperatures between 

630-670°C and pressures of 5 kbar (Fig. 6.7).
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6.3 Phase Relations and Metamorphic Reactions

Several studies have shown that metamorphic parageneses in complex Fe-Mn-Zn-Ca-bearing systems 

are controlled by a variety of factors, including bulk composition and the physico-chemical conditions 

of P, T, ƒ(O2), ƒ(S2), ƒ(H2O) and ƒ(CO2) (e.g. Nesbitt, 1986; Dasgupta et al., 1990; Johnson et al., 1990; 

Dasgupta, 1997; Spry, 2000). In the following section, the rocks of the Gams Formation are subdivided 

into two main categories: (1) ore-bearing assemblages of the B Unit, which can be compared to other 

metamorphosed base metal ores, and (2) metalliferous host rocks of the A and C Unit, which are similar 

to metamorphosed iron and manganese formations. In the first section (6.3.1), the influence of bulk 

composition on the cation distribution and observed mineral assemblages is discussed. Emphasis is 

placed on host metasediments, since ore-bearing assemblages are predominantly controlled by ƒ(S2). 

Subsequently, sulphidation-oxidation reactions are discussed, which are important in constraining 

mineral assemblages within sulphide-bearing ores and their immediate host rocks (section 6.3.2). Section 

6.3.3 focuses on decarbonation reactions that predominantly govern the metamorphic assemblages of 

Fe-Mn silicates, impure marbles and andradite-calderite-bearing coticules. Finally, a range of retrograde 

reactions are discussed that are evident throughout the Gams Formation (section 6.3.4).

6.3.1 Bulk Composition and Cation Distribution

The bulk composition of Mn-rich metasediments exerts an important control over the composition of solid 

solution minerals and the observed mineral assemblages, since the incorporation of Mn into a variety of 

minerals affects their stability in terms of P and T (Dasgupta et al., 1993; Jiménez-Millán and Velilla, 1994; 

Dasgupta, 1997; Kahl and Schumacher, 2000). In the following section, bulk chemical characteristics of 

metalliferous host rocks and garnet-apatite ore are discussed. As shown by Figure 5.3, iron formations 

and garnet-apatite ore are relatively enriched in Fe, whereas coticules are enriched in Al. Fe-Mn silicates, 

impure marbles and some coticules are enriched in Mn. Further bulk compositional relationships are 

illustrated by ternary Fe-Mn-Si and Fe-Mn-Ca plots (Fig. 6.8). The diagrams demonstrate that coticules 

are relatively enriched in Si, when compared to garnet-apatite ore, Fe-Mn silicates/impure marbles and 

most iron formations. Relationships are less clear in the case of Ca, but most Fe-Mn silicates/impure 

marbles and coticules are enriched in Ca relative to iron formations and garnet-apatite ore. 

The simple bulk composition of iron formations (essentially Fe and Si, with only minor Mn, Ca, Al 

and Mg) resulted in relatively simple metamorphic assemblages, dominated by magnetite+quartz or 

hematite+quartz. In general, the low concentration of Al prevented formation of significant quantities 
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of garnet, whereas low concentrations of Mn, Ca and Mg prevented crystallisation of ferromanganoan 

silicates. As shown by Rozendaal (1982), little reaction has taken place between quartz and Fe oxide, 

attesting to the inert behaviour of oxygen during metamorphism. On a small scale, martitisation has been 

observed, manifested by the development of hematite lamellae within magnetite. However, this feature 

might be ascribed to secondary oxidation processes. 

With the exception of metapelite-hosted ore, garnet has acted as sink for Al throughout the Gams Formation. 

In the former, crystallisation of garnet has been suppressed by the high sulphidation state, as explained in 

the next section. As pointed out by Jiménez-Millán and Velilla (1994), garnet is preferentially stabilised 

instead of other ferromanganoan silicates, given a sufficient supply of Al. Therefore, metamorphosed 

Fe-Mn-rich sediments that have received an appreciable amount of Si and Al from detrital sources are 

distinctly dominated by the minerals quartz and garnet, since Fe and Mn are preferentially incorporated 

Fig 6.8 Bulk compositional characteristics 
of garnet-apatite ore and host metasediments 
(molecular proportions). a. Ternary Fe-Mn-
Si diagram. b. Ternary Fe-Mn-Ca diagram.
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Fig. 6.9 Ternary (Fe+Mg)-Mn-Ca plots (apfu) showing compositional variations of the main minerals from the 
different subtypes of Fe-Mn silicates/impure marbles. a. Orthopyroxene-bearing assemblages. b. Pyroxferroite-
bearing assemblages. c. Clinopyroxene-bearing assemblages. d. Manganese formations. 
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into the garnet lattice. Geochemical characteristics of the Gams Formation, such as Si/(Si+Fe+Mn) and 

Al/(Al+Fe+Mn) ratios (Table 5.3), clearly illustrate the enrichment of coticules in Si and Al, compared 

to iron formations, Fe-Mn silicates and impure marbles. These signatures compare well with data from 

coticules elsewhere (Spry et al., 2000). 

The development of Fe-Mn silicates and impure marbles is restricted to rocks with relatively high 

activities of Fe, Mn, Ca, and to a lesser extent Mg, probably manifesting primary high activities of CO2. 

Figure 6.9 illustrates the distribution of cations between the most important minerals within the four 

subtypes of Fe-Mn silicates/impure marbles. It is evident from the diagrams that amphibole distinctly 

prefers Fe. This is in agreement with the observation that amphibole is preferentially stabilised in Fe-rich 

bulk compositions, such as garnet-apatite ore and orthopyroxene- or pyroxferroite-bearing assemblages. 

Pseudomorphs of chlorite after amphibole have also been observed in metapelite-hosted ore (Fig. 

4.6c). However, the exact paragenetic position of amphibole is complex, since textural evidence from 

Mn-rich garnet-apatite ore and clinopyroxene-bearing assemblages suggests that amphibole may also 

be a retrograde product after clinopyroxene or pyroxenoid (see section 6.3.4). In most garnet-apatite 

ore assemblages, however, amphibole is most likely of prograde origin, commonly forming micro- to 

mesobands of massive, coarse-grained amphibole. Manganese-rich calcic amphibole may occur as an 

accessory to minor component in manganese formations, indicating that calcic amphibole is stabilised in 

more Mn-rich bulk compositions. 

Similar to amphibole, orthopyroxene and olivine are relatively Fe-rich and prefer Fe-rich bulk 

compositions. In the more Mn-rich assemblages, these minerals are normally not stabilised. An exception 

is made by the manganese formation assemblage Gu200-23.0, which contains pseudomorphs after 

olivine. This assemblage is Si-poor and contains no pyroxenoid. Abs-Wurmbach and Peters (1999) have 

shown that under amphibolite-facies conditions (600°C, 4 kbar), the stabilisation of rhodonite and Mn 

olivine (tephroite) in the system Mn-Si-O is dependent on the activity of Si (Fig. 6.10). At Si/(Si+Mn) 

above 0.5, rhodonite coexists with quartz, whereas at values below about 0.32, tephroite coexists with 

manganite. The intermediate field is occupied by tephroite+rhodonite. Assemblage Gu200-23.0 has Si/

(Si+Mn) of 0.33, suggesting that tephroite (or a Mn-rich olivine) should be stabilised preferentially over 

rhodonite. At Gamsberg, rhodonite-bearing (olivine-free) rocks generally have Si/(Si+Mn) above 0.5, 

supporting the important of bulk composition for the stabilisation of these minerals. Therefore, in Mn- 

and Si-rich rocks, most Mn is partitioned into rhodonite, followed by spessartine- or calderite-rich garnet. 

Under very Si-poor compositions, neither rhodonite nor olivine are stable (e.g. G38-1080). These rocks 

contain manganoan calcite or rhodochrosite as the main phase and andradite-calderite as the dominant or 

only silicate mineral. The latter is stabilised due to the availability of Fe3+.
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Fig. 6.10 Logƒ(O2)-XSi/(Si+Mn) diagram for the system Mn-Si-O at 600°C and 
4 kbar (after Abs-Wurmbach and Peters, 1999). Additional abbreviations: 
brn = braunite, haus = hausmannite, mang = manganite, teph = tephroite.

Most Ca is hosted by manganoan calcite, followed by clinopyroxene and andradite-rich garnet, which 

tend to occur only in relatively Ca-rich rocks (XCa > 0.15). Titanite also prefers Ca-rich bulk compositions 

and is stabilised preferentially over ilmenite in these assemblages. The distribution of manganoan calcite 

and rhodochrosite warrants some consideration. As demonstrated by Okita (1992), rhodochrosite is 

stabilised instead of calcite in the presence of high concentrations of dissolved Mn. Because of the large 

size of the Ca ion, Ca is excluded from the rhodochrosite lattice, resulting in limited miscibility along 

the Ca-Mn binary. Due to the asymmetric solution behaviour of the Ca-Mn binary, however, the smaller 

cation may be substituted into the crystal site occupied by the larger cation. Therefore, considerable Mn 

may be partitioned into calcite (see Fig. 5.19). Within sedimentary Mn carbonate deposits, abrupt shifts 

from very low Ca (rhodochrosite zone) to very high Ca (calcite zone) are commonly observed (Okita, 

op. cit.). These variations are interpreted as illustrating variations in the concentrations of dissolved Mn, 

assuming a constant activity of Ca in seawater. If a critical activity of Mn is exceeded, the carbonate 

composition will bridge the miscibility gap, resulting in the deposition of rhodochrosite instead of 

manganoan calcite. At Gamsberg, rhodochrosite-rich zones that are low in Ca (below 2 wt.% CaO) have 

been identified both above and below the ore horizon (samples Gu200-23.0 and G84-436, respectively). 

The critical activity of Mn for the stabilisation of rhodochrosite, however, is difficult to determine, 

since Mn/Ca ratios cannot be considered due to the miscibility gap along the Ca-Mn binary. If XMn is 

considered, the following relationships are evident: The rhodochrosite-rich rocks yield XMn above 0.39. 

However, carbonate-free rhodonite-calderite±manganoan hedenbergite rocks commonly have XMn above 

these values, reaching a maximum of 0.55 in sample RH-C2. These metasediments may well have been 

derived through the decarbonation of a rhodochrosite precursor, although Ca values are considerably 

higher than in the rhodochrosite-bearing rocks (up to 8.21 wt.% CaO). Carbonate-rich impure marbles 
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Table 6.3 Comparison of whole rock and garnet compositions between andradite-
calderite- and spessartine-bearing coticules. The composition of pure spessartine is shown 
for comparison. 

Sample GR-65  G77-632   
Coticule type Andradite-Calderite Spessartine
 WR Garnet  WR Garnet  Spessartine

SiO2 47.05 33.63 46.33 35.72 36.41
TiO2 0.44 0.35 0.49 0.03 -
Al2O3 7.69 8.17 7.32 19.00 20.60
Fe2O3 15.76 17.97 21.84 1.43 -
FeO nd 0.00 nd 2.92 -
MnO 17.64 26.24 14.72 32.85 42.99
MgO 0.88 0.49 0.70 0.84 -
CaO 7.42 14.82 4.59 3.94 -

XFe 0.368 0.289 0.510 0.104 -
XMn 0.455 0.467 0.380 0.807 1.000
XCa 0.177 0.244 0.110 0.089 -
Mn/Al 3.356 4.699 2.943 2.530 3.054

And - 47.2 - 4.5 0.0
Pyr - 2.2 - 3.5 0.0
Sps - 40.8 - 77.9 100.0
Gro - 0.0 - 7.3 0.0
Alm - 0.0 - 6.8 0.0
Cld - 9.8  - 0.0  0.0

Mineralogical composition: GR-65 = garnet-quartz-hematite-tremolite-epidote; G77-632 = 
garnet-hematite-quartz-carbonate

that contain manganoan calcite have maximum XMn values of 0.33, suggesting that the critical value of 

XMn for the stabilisation of rhodochrosite lies between 0.33 and 0.39. It must be noted that the presence 

of magnetite or hematite influences the XMn value, but will probably not affect the rhodochrosite-calcite 

equilibrium. 

Bulk composition has also affected the stabilisation of andradite-calderite instead of spessartine and/

or rhodonite. At Gamsberg, andradite-calderite always contains some Al and a wide range of solid 

solution between andradite, calderite and spessartine is observed (section 5.2.1). Within the C2 Unit, a 

transition is evident from andradite-calderite-bearing coticules of the Overturned Limb in the northeast 

of Gamsberg (e.g. sample GR-65), to spessartine-bearing coticules that overlie the barite ore body 

(sample G77-632). Table 6.3 lists the bulk compositions and respective garnet compositions of these two 

assemblages. Assemblage GR-65 contains a relatively Al-poor andradite-calderite garnet, whereas garnet 
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in G77-632 is almost pure spessartine. From Table 6.3 it is evident, that the bulk compositions are very 

similar, especially in terms of Si and Al contents. GR-65 is relatively enriched in Mn, whereas G77-632 

is relatively enriched in Fe. However, the latter should not affect the stabilisation of andradite-calderite, 

since Fe in assemblage G77-632 occurs mostly in the form of hematite. If partitioning of elements 

between the bulk and garnet is considered, the following relationships are evident: In assemblage GR-65, 

XMn values of bulk and garnet are comparable, whereas garnet displays slightly lower XFe and higher XCa 

values relative to the bulk. These relationships indicate that Mn and Ca are preferentially partitioned into 

garnet, whereas excess Fe is deposited as hematite. Due to the Al-poor nature of the garnet, the Mn/Al 

ratio is significantly higher in garnet compared to the bulk. Excess Al in GR-65 occurs as Sr-rich epidote, 

which probably represents a breakdown product of garnet (see section 6.3.4). In assemblage G77-632, 

XFe is considerably higher in the bulk than in garnet, whereas XMn is significantly higher in garnet. The 

XCa ratios of bulk and garnet are comparable. whereas the Mn/Al ratio of garnet is slightly lower than that 

of the bulk. These relationships demonstrate that Mn and Al are strongly preferred by garnet, whereas 

Fe occurs mostly as hematite. Limited amounts of Ca have been partitioned into garnet, with the rest 

occurring as carbonate. 

Due to the excess Fe3+ in both assemblages, Fe cannot be the limiting factor controlling the stabilisation 

of andradite-calderite versus spessartine. It is rather proposed that the Mn/Al ratio is responsible for 

the stabilisation of the calderite molecule. The Mn/Al ratio of assemblage G77-632 is slightly lower 

but comparable to that of pure spessartine, indicating that available Mn can be hosted by spessartine. 

The higher Mn/Al ratio in assemblage GR-65 demonstrates that Fe3+ has to be incorporated into the 

garnet lattice, if all Mn is to be accommodated in garnet. Consequently, andradite-calderite-rich rocks 

at Gamsberg generally have Mn/Al ratios in excess of 3.35. As proposed by Dasgupta et al. (1990), the 

stability of andradite-calderite garnet may also be a function of the Ca content of the bulk. 

The common association of calderite-bearing garnet with quartz indicates that conditions have been 

favourable to stabilise andradite-calderite instead of Mn silicates, such as rhodonite. Apart from ƒ(O2), P 

and T, the stability of these minerals is controlled by the activity of Si. In very Si-rich bulk compositions, 

quartz+garnet are stabilised, resulting in the development of pyroxenoid-free andradite-calderite-bearing 

coticules. As shown above, pyroxenoid is not stable in Si-poor bulk compositions. Thus the coexistence 

of garnet and pyroxenoid is restricted to Mn-rich bulk compositions, coupled with critical activities of 

Si. Between coexisting rhodonite and andradite-calderite garnet, KD
Mn-Ca ranges from 1.3-5.8, illustrating 

that rhodonite incorporates considerably more Mn relative to Ca than garnet. Andradite-calderite should 

therefore be the stable phase in relatively Ca-rich bulk compositions, whereas rhodonite is stabilised in 

relatively Mn-rich compositions.
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Kahl and Schumacher (2000) have shown that Mn-rich bulk compositions tend to produce “granulite-

like” mineral assemblages in the amphibolite-facies (orthopyroxene + clinopyroxene). The authors 

presented compositional data of Mn-poor, intermediate and Mn-rich pyroxene-amphibole-bearing 

assemblages, which illustrated a successive shift towards more “granulite-like“ assemblages with 

increasing Mn content. Especially the occurrence of orthopyroxene has been restricted to Mn-rich layers. 

At Gamsberg, a similar trend is evident, although Mn concentrations are significantly higher: Fe-Mg-Mn 

amphibole is restricted to relatively Mn-poor compositions, the granulite-facies indicators orthopyroxene 

and clinopyroxene are restricted to intermediate compositions, and rhodonite is restricted to relatively 

Mn-rich bulk compositions. The variation in bulk composition, especially the variation of Mn within 

the North Body, has thus proven to be an important factor controlling the nature and mineralogical 

composition of the host metasediments.

6.3.2 Sulphidation-Oxidation Reactions

Sulphidation-oxidation reactions have been successfully applied to interpret metamorphic relationships 

in metamorphosed ore deposits (e.g. Nesbitt, 1986; Spry, 2000). These studies have shown that variations 

in oxide-sulphide-silicate equilibria, as a result of the interaction between sulphides, oxides and silicates 

during metamorphism, are important in controlling the observed assemblages and compositions of 

minerals in and around metamorphosed sulphide deposits. Sulphidation-oxidation reactions are especially 

prominent where large ƒ(S2)/ƒ(O2) gradients exist around metamorphosed deposits (Spry, 2000). In 

principle, the approach relies on the fact that O2 or S2 derived from the ore during metamorphism may 

buffer a variety of reactions involving silicate gangue minerals. Two common systems that may perform 

this type of buffering are (Nesbitt, 1986):

3FeO + 1⁄2O2 = Fe3O4            (6) 

  magnetite

and

FeO + S2 = FeS2 + 1⁄2O2          (7) 

  pyrite

In the present study, sulphidation-oxidation reactions are used to illustrate the variation in assemblages 

within the lateral oxidation-sulphidation trend (section 6.2.1). The following parageneses are of 

importance and restricted essentially to relationships in the system Fe-Al-Zn-Si-S-O. For simplicity, 

garnet is regarded as having the Fe end-member composition (almandine), ignoring incorporation of Mn 

into the crystal lattice. 
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• pyrite+sphalerite+sillimanite+quartz (metapelite-hosted ore of B1 Unit)

• pyrrhotite+sphalerite+almandine+quartz (garnet-apatite ore of B2 Unit)

• magnetite/hematite+gahnite+quartz (iron formations of C1 Unit)

Phase relations are illustrated using ternary Fe-Zn-Al plots under relatively low ƒ(O2)/ƒ(S2) and relatively 

high ƒ(O2)/ƒ(S2) conditions (Fig. 6.11a and 6.11b, respectively). From Figure 6.11a it is evident that the 

triangle sillimanite-sphalerite-pyrite (B1 Unit) is divided by the triangle almandine-sphalerite-pyrrhotite 

(B2 Unit). The following sulphidation-oxidation reaction can be written to illustrate this relationships 

(after Spry, 2000):

Fe3Al2Si3O12 + 3S2 =  Al2SiO5 + 3FeS2 + 2SiO2 + 3/2O2       (8)

almandine           sillimanite     pyrite

Fig. 6.11 Phase relations of relevant phases in the ternary Fe-Zn-Al diagram. a. Relatively low ƒ(O2)/ƒ(S2) 
conditions as evident from the B Unit. b. Relatively high ƒ(O2)/ƒ(S2) conditions in the C Unit.

Increasing sulphidation will drive the reaction to the right, while Fe is consumed by the buffer. In 

contrast, increasing oxidation will drive the reaction to the left, supplying Fe from the buffer. These 

relationships demonstrate that the activity of sulphur has been high enough in metapelite-hosted ore 

of the B1 Unit to convert all available Fe into pyrite, thereby suppressing the crystallisation of garnet 

(i.e. reaction 8 has reached completion to the right). In the B2 Unit, the increase in ƒ(O2)/ƒ(S2) initiated 

the development of garnet (reaction is driven to the left) until sillimanite has completely reacted. The 

excess Fe resulted in the formation of pyrrhotite, due to a lower activity of sulphur, but also due to the 

metamorphic transformation of pyrite to pyrrhotite (section 6.1.2). At these conditions, sphalerite has not 
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been affected by any sulphidation-oxidation reactions. 

Similar relationships are illustrated by the rutile-ilmenite equilibrium, which is buffered by the following 

reaction (Spry, 2000):

FeTiO3 + S2 = FeS2 + TiO2 + 1/2O2          (9)

ilmenite  rutile

At Gamsberg, rutile is restricted to the B1 Unit, where it coexists with sillimanite. Under higher ƒ(O2)/

ƒ(S2), the reaction is driven to the left, resulting in the formation of ilmenite as rutile is consumed. 

Consequently, ilmenite is the stable Ti-oxide in the B2 Unit and the enveloping metalliferous rocks, 

mostly occurring as blebs and lamellae within magnetite.

Under higher ƒ(O2)/ƒ(S2) conditions than those attained by the metapelite-hosted ore, sphalerite is getting 

involved in sulphidation-oxidation reactions. As shown by Figure 6.11b, the tie line almandine-sphalerite 

(B2 Unit) is crossed by the tie line gahnite-magnetite/hematite (iron formations of the C1 Unit). The 

following sulphidation-oxidation reaction may account for the appearance of gahnite in these rocks:

Fe3Al2Si3O12 + ZnS + O2 = ZnAl2O4 + Fe3O4 + 3SiO2 + 1/2S2     (10)

almandine sphalerite       gahnite

Increasing oxidation will drive the reaction to the right, resulting in the development of gahnite through 

the desulphidation of sphalerite. Spry (2000) has also proposed the development of gahnite from 

sillimanite and sphalerite according to:

Al2SiO5 + ZnS + 1/2O2 = ZnAl2O4 + SiO2 + 1/2S2       (11)

sillimanite sphalerite      gahnite

At Gamsberg, development of gahnite through the desulphidation of sphalerite is considered important 

in assemblages where sphalerite and gahnite coexist or relict textures such as sphalerite inclusions within 

gahnite have been observed (e.g. sample G23-1050). Similarly, Hicks et al. (1985) and Moore and Reid 

(1988) favoured desulphidation of sphalerite during metamorphism as the preferred mechanism to account 

for the occurrence of gahnite in several localities in the Namaqua Province. The presence of gahnite 

within hematite-quartz rocks (sample G103-26), however, is more difficult to explain by desulphidation 

of sphalerite. As shown by Spry et al. (2000), gahnite may be derived by a reaction such as:
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2Al2SiO5(OH)4 + ZnO = ZnAl2O4 + Al2SiO5 + 3SiO2 + 4H2O      (12)

kaolinite      zincite     gahnite sillimanite  

where ZnO may originally have been adsorbed onto clay minerals. No sillimanite is present in sample 

G103-26 but near end-member spessartine occurs as small disseminated grains. Spry et al. (op. cit.) have 

proposed the following reaction to account for this association:

2ZnMn3O7.3H2O + 4Al2SiO2O5(OH)4 = 

chalcophanite  kaolinite

2ZnAl2O4 + 2Mn3Al2Si3O12 + 2SiO2 + 14H2O + 3O2       (13)

gahnite  spessartine

Several studies demonstrated a general increase in the Mg/(Mg+Fe) ratios of ferromagnesian silicates 

associated with metamorphosed ore deposits as the ore body is approached (Spry, 2000 and references 

therein). The variation is due to the buffering capacity of Fe oxides and sulphides, resulting in the 

preferential incorporation of Fe into the latter and a corresponding enrichment of Mg in associated 

silicates. Unlike ore deposits hosted in volcanic terranes, Mg is a minor component at Gamsberg, with 

the primary substitution being between Fe and Mn. Figure 6.12 depicts an idealised vertical section 

through the North Body, demonstrating variations in the distribution and chemistry of garnet, ilmenite-

group minerals, olivine and single-chain silicates with increasing proximity to ore. Garnet and ilmenite 

persist into the ore zone, whereas olivine is mostly restricted to orthopyroxene- and pyroxferroite-bearing 

assemblages. Single-chain silicates display a clear transition from orthopyroxene, over pyroxferroite 

and clinopyroxene to rhodonite with increasing distance from the ore zone. From Figure 6.12, an abrupt 

increase in XFe is evident from the ore zone into the immediate wall rocks (orthopyroxene-bearing 

assemblages). The distinct variation can be ascribed to the buffering capacity of Fe sulphides in the B2 

Unit, resulting in a shift towards higher XMn in associated garnet and ilmenite. With increasing vertical 

distance from the ore, however, a gradual decrease in XFe is evident in all associated minerals, resulting 

in the occurrence of successively more manganiferous phases. This variation is not related to oxidation-

sulphidation reactions, but rather to bulk compositional variations, as explained in the previous section. 

Phase relations and metamorphic reactions pertaining to the Mn-rich assemblages are discussed in the 

next section.

6.3.3 Decarbonation Reactions

Dasgupta et al. (1990) subdivided metamorphosed Mn-rich sediments into different types, based on phase 

relations and the observed mineralogical composition. At Gamsberg, Mn-rich metasediments of the A 
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Fig. 6.12 Variations in the distribution and chemistry of garnet, ilmenite-group minerals, olivine and single-chain 
silicates with increasing vertical distance to ore in the North Body (representative analyses). The diagram is an 
idealised section, compiled mostly from variations in borehole Gam64. Where minerals have not been analysed, 
compositional data has been taken from similar assemblages in the North Body. The numbers along each line 
indicate mole fraction of Fe in the specific phase. 

and C Units most closely relate to type IIIA of Dasgupta et al. (op. cit.), namely Mn-silicate-carbonate 

rocks with/without minor oxides. It is believed that these rocks resulted from prograde decarbonation of 

a Mn-rich carbonate precursor (Dasgupta et al., 1990, 1993; Jiménez-Millán and Velilla, 1994; Dasgupta, 

1997; Mücke et al., 1999). A special characteristic of type IIIA rocks is their generally Fe-rich nature. 

Partitioning between elements has normally been such that Mn is preferentially incorporated into silicates 

and carbonates, whereas Fe preferentially occurs as oxides (e.g. Dasgupta et al., 1993). 

Orthopyroxene-bearing assemblages are characterised by the paragenesis Mn ferrosilite-

magnetite±quartz±Mn fayalite±manganogrunerite±Mn calcite. Two possible orthopyroxene-forming 

reactions are:

(Fe,Mn)7Si8O22(OH)2 = 7(Fe,Mn)SiO3 + H2O + SiO2      (14)

Mn grunerite   Mn ferrosilite

and

8(Fe,Mn)CO3 + 9SiO2 + H2O = (Fe,Mn)SiO3 + (Fe,Mn)7Si8O22(OH)2 + 8CO2   (15)

Mn siderite         Mn ferrosilite     Mn grunerite
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Reaction 15 illustrates the common association of orthopyroxene with amphibole in the orthopyroxene-

bearing assemblages. However, ferrosilite is unstable below temperatures of 750°C and pressures of 11 

kbar (Bohlen et al., 1980; Brown et al., 1980) and breaks down to fayalite and quartz according to:

Fe2SiO4 + SiO2 = 2FeSiO3           (16)

fayalite       ferrosilite

As demonstrated by Bohlen et al. (op. cit), the incorporation of Mn and Mg into the ferrosilite structure 

may stabilise orthopyroxene at considerably lower P-T conditions, which may account for the appearance 

of this mineral in the amphibolite facies. The intimate association of manganoan ferrosilite with 

manganoan fayalite at Gamsberg attests to the importance of the above reaction. Between orthopyroxene 

and coexisting olivine, KD
Mn-Fe (= (Mn/Fe)opx/(Mn/Fe)ol), ranges between 0.5-1.1, indicating that olivine 

incorporates relatively more Mn than orthopyroxene. This is most probably due to the miscibility gap 

between FeSiO3-MnSiO3, compared to complete solid solution between the Fe and Mn end-members of 

olivine (Bohlen et al., 1980).

In clinopyroxene-bearing assemblages, the appearance of manganoan hedenbergite (or by analogy 

manganoan diopside) may be ascribed to the following reaction (after Klein, 1973):

Ca(Fe,Mn,Mg)(CO3)2 + 2SiO2 = Ca(Fe,Mn,Mg)Si2O6 + 2CO2     (17)

ankerite       manganoan hedenbergite

The development of associated pyroxenoid is normally ascribed to the decarbonation of a Mn-rich 

carbonate according to (from Dasgupta, 1997):

(Mn,Fe)CO3 + SiO2 = (Mn,Fe)SiO3 + CO2        (18)

Fe rhodochrosite pyroxenoid

As shown in section 6.3.1, the appearance of pyroxenoid instead of tephroite is controlled by the silica 

activity. The equilibrium between tephroite and pyroxenoid can be expressed as:

(Mn,Fe)2SiO4 + SiO2 = 2(Mn,Fe)SiO3        (19)

tephroite  pyroxenoid

Thus, in Si-poor bulk compositions, olivine forms preferentially over pyroxenoid through prograde 

decarbonation reactions. The Fe-rich nature of the Gamsberg olivine suggests that the mineral has been 
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derived from a Fe carbonate precursor, according to:

2(Fe,Mn)CO3 + SiO2 = (Fe,Mn)2SiO4 + 2CO2       (20)

Mn siderite  manganoan fayalite

The appearance of titanite within clinopyroxene-bearing assemblages may be explained by the following 

reaction (Spry, 2000): 

FeTiO3 + CaCO3 + SiO2 + 1/2S2 = CaTiSiO5 + FeS + CO2 + 1/2O2     (21)

ilmenite     calcite           titanite

Within the upper C2 Unit, the appearance of andradite-calderite garnet and jacobsite-rich spinel must 

be considered. Figure 6.13a shows some relevant minerals of the C2 Unit in terms of Si-Fe-Mn. The 

development of rhodonite from rhodochrosite and quartz has been explained by reaction 18. From Figure 

6.13a it is evident that pure calderite can be derived from hematite, quartz and rhodochrosite according 

to:

3MnCO3 + Fe2O3 + 3SiO2 = Mn3Fe2Si3O12 + 3CO2       (22)

rhodochrosite      calderite 

By analogy, involvement of manganoan calcite would result in the formation of andradite-calderite 

garnet. Poikiloblastic inclusions of hematite within andradite-calderite support the above reaction. 

The triangle quartz-hematite-rhodochrosite is divided by the tie line rhodonite-hematite, which passes 

through the calderite composition. The equilibrium between calderite and rhodonite+hematite can be 

expressed by the reaction:

3MnSiO3 + Fe2O3 = Mn3Fe2Si3O12         (23)

rhodonite     hematite calderite

which is one of the calderite breakdown reactions of Lattard and Schreyer (1983).

Phase relations within the C2 Unit are shown in Figure 6.13b. Relevant parageneses that occur within the 

C2 Unit are:

• manganoan calcite+andradite-calderite+jacobsite (G38-1080)
• rhodonite+andradite-calderite+hematite (G64-740)
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Fig. 6.13 Phase relations of the main minerals in the C2 Unit a. End-member compositions of the phases in the 
ternary Fe-Mn-Si diagram. b. Composition of the minerals of the C2 Unit in terms of Fe-(Mn+Ca)-Si. Tie lines 
join coexisting phases. 

• andradite-calderite+quartz+hematite (GR-65)

From Figure 6.13b it is evident that under low Si conditions, manganoan calcite+andradite-

calderite+jacobsite is the stable paragenesis, whereas under Si-rich conditions andradite-

calderite+quartz+hematite is stable. The paragenesis garnet-rhodonite-hematite has been observed for 

example in sample G64-740 and corresponds to intermediate Si activities. In assemblage G38-1080, 

garnet is associated with Zn-rich jacobsite instead of hematite. The stabilisation of jacobsite can be 

explained by the decarbonation reaction:

MnCO3 + Fe2O3 = MnFe2O4 + CO2          (24)

rhodochrosite       jacobsite

as evident from Figure 6.13a. Alternatively, Dasgupta (1997) and Mücke et al. (1999) proposed the 

development of jacobsite through deoxidation reactions such as:

Mn6SiO12 + 6Fe2O3 = 6MnFe2O4 + SiO2 + 2O2       (25)

braunite  jacobsite
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or 

Mn2O3 + 2Fe2O3 = 2MnFe2O4 + 1⁄2O2         (26)

bixbyite         jacobsite

A progressive shift towards more reduced Mn phases with increasing metamorphic grade has been well 

documented (e.g. Dasgupta, 1997; Abs-Wurmbach and Peters, 1999). However, the absence of quartz 

in jacobsite-franklinite-bearing assemblages, as well as derivation of associated andradite-calderite 

from a carbonate precursor, would favour derivation of jacobsite-franklinite-rich spinel by prograde 

decarbonation. This is in agreement with evidence from Franklin and Sterling Hill, where Mn-Zn-

rich carbonate is the preferred precursor for franklinite (Johnson et al., 1990). Thus in summary, phase 

relations and compositional data of metalliferous host rocks from Gamsberg favour a mixed Ca-Mn 

carbonate/Fe oxide sediment as preferred precursor for Fe-Mn silicates and impure marbles. Dilution 

of these authigenic sediments by varying concentrations of Si- and Al-rich detritus resulted in a shift 

towards more “coticule-like“ assemblages. 

6.3.4 Retrograde Alteration

Peak metamorphic assemblages of the Gams Formation were overprinted by both hydrous and anhydrous 

alteration. On a deposit scale, the extent and geometry of alteration has been difficult to assess from 

selected borehole core samples. The absence of major discordant alteration assemblages indicates that 

alteration has been limited, possible to small-scale cracks and fractures that provided pathways for fluid 

migration. At the BHT Cannington deposit, in contrast, there is abundant textural and mineralogical 

evidence for metasomatic alteration (e.g. Williams et al., 1996; Chapman and Williams, 1998). The latter 

includes both anhydrous (pyroxene-pyroxenoid-garnet) alteration assemblages that envelop the ore-

bearing lodes, as well as hydrous (hornblende-biotite-pyrosmalite) assemblages, which occur as cross-

cutting veins and replacements. 

Hydrous alteration: Textural evidence such as the development of amphibole lamellae within pyroxene 

and pyroxenoid (Fig. 4.8e) indicate that amphibole in Mn-rich metasediments has been derived from 

the decomposition of these minerals. Possible reactions to account for the appearance of amphibole are 

(Mancini et al., 2000):

8(Fe,Mn,Mg)SiO3 + H2O + 1/6O2 = (Fe,Mn,Mg)7Si8O22(OH)2 + 1/3Fe3O4    (27)

Mn ferrosilite    manganogrunerite
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and

7(Mn,Fe,Mg)SiO3 + SiO2 + H2O = (Fe,Mn,Mg)7Si8O22(OH)2     (28)

pyroxmangite    manganogrunerite

At Gamsberg, Mn/(Mn+Fe+Mg) values of pyroxmangite and its replacement product amphibole are 0.56 

and 0.26, respectively, indicating that reaction 28 proceeded by the preferential incorporation of Fe and 

Mg into amphibole. Very similar values of coexisting pyroxenoid-amphibole pairs have been presented 

by Mancini et al. (op. cit.). Based on the stability curve for manganocummingtonite, the authors estimated 

temperatures between 550-600°C and P < 5 kbar for this reaction. 

In assemblage GR-65, garnet is intimately intergrown with Sr-rich epidote (Fig. 4.22f). Strontium has 

most probably been derived either from plagioclase or carbonate, considering the common enrichment of 

these minerals in Sr. Nagasaki and Enami (1998) proposed the following plagioclase consuming reaction 

to account for the development of Sr-rich epidote:

4CaAl2Si2O8 + H2O = 2Ca2Al3Si3O12(OH) + Al2SiO5 + SiO2      (29)

plagioclase  epidote   

The reaction results in the formation of an aluminosilicate, which may be represented by associated 

pyrophyllite. However, textural evidence indicates that epidote represents a breakdown product of 

andradite-rich garnet, which is supported by the anomalous Sr content of the garnet (Table 5.8). 

Considering the derivation of andradite-calderite from a carbonate precursor, the Sr would thus 

originally have beeen hosted by carbonate. The following ionic reaction can be written to account for the 

development of epidote from the grandite component of garnet:

Ca2FeAl2Si3O12(OH) + Ca2+ = Ca3(Fe,Al)2Si3O12 + OH- + Al3+     (30)

epidote    grandite 

As evident from reaction 30, the development of epidote results in enrichment of garnet in the andradite 

molecule. Since Mn does not participate in the reaction, it should also result in enrichment of the calderite 

component.  

Other retrograde hydration reactions include the breakdown of pyroxenoid to secondary hydrated Mn 

silicates, the breakdown of olivine to serpentine, and the development of chlorite from amphibole and 

biotite. 
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Anhydrous alteration: A variety of anhydrous phase change reactions have been observed during 

this study. These reactions can be ascribed to variations in the physico-chemical conditions of 

metamorphism, such as P, T and ƒ(O2), which affected the stability of prograde mineral phases. The most 

important reactions involve the andradite-hedenbergite equilibrium and the alteration of clinopyroxene 

to rhodonite.

Textural evidence indicates that andradite-calderite garnet at Gamsberg was altered to clinopyroxene 

during retrograde metamorphism. Evidence for this relationships is found in the preservation of garnet 

grains within clinopyroxene (Fig. 4.25e) and clinopyroxene pseudomorphs after garnet (Fig. 4.25f). 

Burton et al. (1982) proposed the following terminal oxidation reaction for hedenbergite:

9CaFeSi2O6 + 2O2 = 3Ca3Fe2Si3O12 + Fe3O4 + 9SiO2      (31)

hedenbergite  andradite magnetite

At conditions of 700°C and P = 2 kbar, the hedenbergite-andradite equilibrium was found to be at ƒ(O2) 

of 10-15, thus at conditions between the HM and Ni-NiO buffers. Dilution of hedenbergite by 15 mole% 

johannsenite raised the stability field of hedenbergite by 1.0 log ƒ(O2) (Fig. 6.14). At Gamsberg, the 

breakdown of andradite-calderite was thus most probably initiated due to a decrease in ƒ(O2), as oxygen 

was consumed during metamorphism. The coexistence of andradite-calderite garnet and manganoan 

hedenbergite in many samples indicates that this reaction has not reached completion, and that ƒ(O2) 

conditions thus must have been very close to the equilibrium of these minerals.

Fig. 6.14 Logƒ(O2)-T diagram showing the stability 
of hedenbergite and hedenbergite-johannsenite solid 
solution relative to andradite+magnetite+quartz (from 
Burton et al., 1982).
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Textural evidence for the alteration of clinopyroxene to pyroxenoid is found in the preservation of 

clinopyroxene lamellae within rhodonite or pyroxmangite (Fig. 4.24d). The alteration is ascribed to 

replacement of Mn-rich clinopyroxene by pyroxenoid during metamorphism, according to the general 

relationship clinopyroxene à pyroxmangite à rhodonite (Veblen, 1985; Livi and Veblen, 1992). 

The composition of some pyroxenoids within the expected rhodonite-pyroxmangite miscibility gap at 

amphibolite facies conditions (Brown et al., 1980; see Fig. 5.10) suggest the presence of submicroscopic 

intergrowths between rhodonite and pyroxmangite or rhodonite and clinopyroxene. The alteration of 

clinopyroxene to pyroxenoid can be described by the ionic reaction:

CaMnSi2O6 + Mn2+ = (Mn,Ca)SiO3 + Ca2+        (32),

johannsenite  rhodonite

(Abrecht, 1985) and was probably initiated due to the instability of Mn-rich clinopyroxene with 

decreasing temperature. For johannsenite-hedenbergite solid solution, the process might have resulted in 

a breakdown reaction such as:

(Fe,Mg)-poor jh + CO2 = (Fe,Mg)-rich jh + rdn + cal + qtz      (33)

Reaction 33 has been described for many Zn-Pb-Cu skarns (Abrecht, op. cit.) and can adequately describe 

the parageneses of clinopyroxene-bearing assemblages at Gamsberg. 

6.4 Identification of the Precursor Sediments

Two sources of elements have to be considered, when interpreting the protoliths of metamorphosed 

sediment-hosted base metal deposits,: (1) elements that were supplied by normal authigenic (carbonates) 

or siliciclastic (quartz, clay minerals) sedimentation, and (2) elements that were supplied from 

hydrothermal sources. Bulk compositional data, phase relations and metamorphic reactions discussed in 

the previous sections have shown that the Gams Formation consists mostly of authigenic/hydrothermal 

metasediments that received variable concentrations of siliciclastic material. The following discussion 

is subdivided into two parts, considering firstly metasediments that received a relatively high amount 

of siliciclastic material, and secondly metasediments that are mostly authigenic and/or hydrothermal 

in nature. The first group includes metapelite-hosted ore and spessartine-almandine-bearing coticules, 

whereas the second group includes garnet-apatite ore, iron formations, Fe-Mn silicates, impure marbles 

and andradite-calderite-bearing coticules.
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6.4.1 Siliciclastic Metasediments

Mineralogical and compositional evidence indicates that the central part of the Gams Formation (A4 

and B1 Units) is composed of unmineralised and mineralised metasediments that have received a 

comparably high input of siliciclastic material. The ore-forming constituents of metapelite-hosted ore 

consist essentially of pyrite and sphalerite, which have been added to fine-grained, organic-rich shales 

(Rozendaal, 1982). Carbonates, Fe oxides and barite, which form important components of the A2, A3, 

C1 and C2 Units, are absent in the B1 Unit. As such, metapelite-hosted mineralisation is comparable 

to unmetamorphosed Type 1 deposits of Sangster and Hillary (1998), which are best represented by 

the giant SEDEX deposits of Australia (e.g. HYC, Hilton, Century) and Canada (e.g. Howards Pass). 

Mineralisation within the latter typically consists of barren host rock layers composed of dolomitic 

siltstones and organic-rich black shales that alternate with thin sulphide laminae (Goodfellow, 1999; 

Large et al., 2002). The metamorphic host rock assemblage of metapelite-hosted ore (quartz, sillimanite, 

muscovite, K-feldspar, chlorite, graphite) is compatible with derivation from a quartz-illite-K-feldspar-

chlorite precursor, which forms the immediate host rock of unmetamorphosed siliciclastic-hosted SEDEX 

deposits. High concentrations of graphite point to the premetamorphic occurrence of organic matter. 

Collectively, these features indicate that the B1 Unit represents a “SEDEX-style“ of mineralisation.

Metapelite-hosted ore is gradationally underlain by quartz-garnet rocks of the A4 Unit. These rocks are 

characterised by relatively low contributions of hydrothermal material, manifested by relatively low 

Zn, Fe and Mn contents. The most likely precursor of coticules is a mixture of quartz, detrital clay and 

hydrothermal Fe and Mn (Spry et al., 2000). In places, the occurrence of a high grossular component 

in garnet of the A4 Unit indicates the involvement of Ca-Mn carbonate. Spry et al. (op. cit.) proposed 

that a carpholite group mineral – (Fe2+,Mn2+,Mg)(Al,Fe3+)2[Si2O6](OH,F)4 – might represent a possible 

precursor mineral to Fe-Mn-rich garnet in metamorphosed hydrothermal sediments. The detrital fraction 

of the A4 Unit was most probably very similar to that of the B1 Unit, since a gradational increase in 

pyrite and graphite illustrates the transition from coticules to overlying metapelite-hosted ore. The most 

prominent difference lies in the low Fe and Zn content of coticules, as well as the predominance of garnet 

over sillimanite. As shown in section 6.3.2, the development of garnet instead of sillimanite within the A4 

Unit was initiated due to an increase in ƒ(O2)/ƒ(S2), which also resulted in increased precipitation of Mn. 

Incorporation of the latter into garnet would have further increased the stability field of garnet relative to 

sillimanite (Nesbitt, 1986). The contrasting metamorphic assemblages of the A4 and B1 Units thus rather 

reflect the variable behaviour of S-rich and S-poor sediments during diagenesis and metamorphism than 

significant differences in the siliciclastic fraction.
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6.4.2 Authigenic/Hydrothermal Metasediments

Compared to metapelite-hosted ore and spessartine-almandine-bearing coticules, garnet-apatite ore, 

iron formations, Fe-Mn silicate/impure marbles and andradite-calderite-bearing coticules are dominated 

by authigenic and/or hydrothermal phases. Collectively, these ores and metasediments are regarded as 

the “Broken Hill-style” of mineralisation. The distribution of metalliferous host rocks indicates that 

lithologies of the North Body consist mostly of silicate- and silicate-carbonate facies metasediments, 

whereas rocks of the Overturned Limb are predominantly composed of Fe oxides and quartzite. The 

most probable precursor minerals of the latter are originally precipitated Fe oxyhydroxides, such as 

Fe(OH)2 and Fe(OH)3, and siliceous gels (Spry et al., 2000). Alternatively, Stanton (1976c) proposed that 

chamosite might represent a precursor mineral of iron formations at Broken Hill (Australia). Massive 

barite that is associated with iron formations and quartzite has most probably precipitated directly as Ba 

sulphate. Apart from recrystallisation, barite undergoes remarkably little change during metamorphism 

and survives amphibolite-facies conditions as a result of its high thermal stability (Hanor, 2000). The 

formation of Ba-rich muscovite within associated quartzite may be attributed to adsorption of Ba onto 

intermixed clay minerals.  

The occurrence of pyroxene, pyroxenoid, amphibole and olivine within garnet-apatite ore and 

metalliferous rocks of the North Body points to the premetamorphic presence of carbonate, whereas 

Al-garnet demonstrates dilution of these authigenic sediments by detrital clay. Evidence from modern 

metalliferous sediments has shown that the hydrothermal fraction of these sediments consists mostly 

of Fe and Mn oxides/oxyhydroxides, Fe-Mn-Ca carbonates, and Fe and base metal sulphides. The non-

metalliferous fraction consists predominantly of quartz and clay minerals, such as smectite, illite and 

kaolinite (e.g. Anschutz and Blanc, 1995; Herzig and Hannington, 1995; Goulding et al., 1998). These 

metalliferous sediments are commonly distinctly laminated, due to variation in the concentrations of 

oxides, carbonates, sulphides and non-metalliferous particles.

The alternating amphibole-, quartz-, garnet- and sulphide-rich layers of banded garnet-apatite 

mineralisation are interpreted to similarly reflect varying concentrations of hydrothermal and non-

hydrothermal constituents. Evidence from distinctly banded garnet-amphibole-apatite ore indicates that 

garnet-rich mesobands are enriched in sphalerite, suggesting a mixed sulphide-clay precursor (sulphide 

mud). In contrast, amphibole-rich mesobands consist mostly of coarse-grained manganoan grunerite, 

with subordinate quartz, garnet, sphalerite and pyrrhotite, and can thus be regarded as metamorphosed 

silicate-facies iron formations. In the latter, the appearance of Mn-rich amphibole is attributed to a 

reaction such as (Klein, 1973):
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(Fe,Mn,Mg)3Si4O10(OH)2 = (Fe,Mn,Mg)7Si8O22(OH)2 + 4SiO2 + 4H2O    (34)

Mn-rich minnesotaite  manganoan grunerite

Minnesotaite is generally believed to be a diagenetic or early metamorphic product of chamositic Fe 

minerals or Fe-Mn-rich carbonates, which in turn have most probably been derived from originally 

precipitated Fe-Mn oxides and oxyhydroxides (Klein, 1973; Spry et al., 2000). In comparison to 

amphibole-rich mesobands, garnet-rich mesobands are therefore characterised by a more pronounced 

detrital input in the form of aluminous clay. Amphibole-rich mesobands, in contrast, are mostly chemical 

precipitates. If constant sedimentation rates are assumed over the sedimentary interval, amphibole-rich 

layers thus most probably reflect periods of rapid chemical precipitation of Fe and Mn. 

Fe- and Mn-rich silicates and impure marbles of the A and C Units have received a low contribution of 

Zn and Fe sulphides. They are thus comparable to umbers (Fe- and Mn-rich sediment), which envelop 

modern black smokers and ophiolites. The latter consist mostly of Fe-Mn oxyhydroxides and carbonates 

and are interpreted as distal plume fall-out (e.g. Goulding et al., 1998; Robertson and Degnan, 1998). 

The Fe-Mn-poor calcareous marble of the Gamsberg footwall (sample G28-1436) is interpreted to most 

closely reflect unaltered precursor sediments of Fe-Mn silicates and impure marbles. The rock consists 

predominantly of coarsely recrystallised calcite and intermixed fine-grained quartz, muscovite and 

feldspar, and has thus most probably been derived from an original marl. As discussed in the previous 

section, the addition of hydrothermally-derived Fe and Mn to this sediment can adequately explain the 

observed metamorphic assemblages of Fe-Mn silicates and impure marbles. It is proposed that these 

two end-members have formed from a similar precursor, with the variation being ascribed to differences 

in the activities of silica and CO2 during metamorphism. Metalliferous host rocks that have escaped 

metamorphic decarbonation are exemplified by assemblages Gu200-23.0 (rhodochrosite zone) and G38-

1080 (manganoan calcite zone).

The occurrence of alternating layers that consist predominantly of andradite-calderite garnet and 

rhodonite in the C2 Unit allows calculation of the possible mineralogical composition of the protolith. 

For simplicity, the garnet layer is assumed as 100% garnet with the following typical composition: 35 

wt.% SiO2, 25 wt.% MnO, 22 wt.% Fe2O3, 12 wt.% CaO, and 6 wt.% Al2O3. As shown in section 6.3.3, 

pure andradite-calderite might be derived from a mixture of quartz, hematite and Mn-Ca carbonate. The 

presence of Al requires an additional clay component. Thus if all Fe is assigned to hydroxide, all Mn and 

Ca to carbonate, and the remaining Si and Al to quartz and clay minerals, the hypothetical protolith would 

be composed of about 50% carbonate, 15% Fe oxide, and 35% non-metalliferous fraction, correcting for 

metamorphic devolatilisation. Considering the MnO and CaO contents of the bulk, the model carbonate 

would have to consist of 62 mole% MnCO3 and 38 mole% CaCO3. However, this composition falls 
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within the miscibility gap along the MnCO3-CaCO3 binary. Compositional evidence from Gamsberg 

indicates that rhodochrosite does not contain in excess of 3 wt.% CaO, corresponding to 6 mole% 

CaCO3 in solid solution. Since no other Ca-bearing minerals are present in the rhodochrosite-rich rocks, 

this is regarded as a good approximation of the upper limit of calcite solubility within rhodochrosite at 

Gamsberg. The value compares well with data from unmetamorphosed Mn carbonate deposits, where 

carbonate minerals in the ore zone rarely contain above 10 mole% CaCO3 in solid solution (Okita, 1992). 

At Gamsberg, the maximum Mn content of calcite is in the order of 12 wt.% MnO, corresponding to 15 

mole% rhodochrosite in calcite. Collectively, these relationships demonstrate that the bulk composition 

of massive andradite-calderite layers could not have been derived from a uniform Mn-Ca carbonate, 

since Ca contents are too high to be hosted by rhodochrosite, and Mn contents are too high to be hosted 

by calcite containing 15 mole% rhodochrosite. Three possible alternatives are:

(1) The original calcite was richer in Mn, and Mn has been preferentially incorporated into silicates  
 during metamorphism,

(2) The protolith was characterised by intermixed rhodochrosite and calcite, and

(3) Mn has mostly been precipitated as hydroxides. 

The first possibility is rejected, since data from sedimentary examples indicates that carbonate in Mn-

poor calcite zones rarely contains above 25 mole% MnCO3, with a distinct gap in the 10-50 mole% 

MnCO3 range (Okita, op. cit.). These values would be too low to account for the high Mn content of the 

bulk. Point (2) represents a valuable alternative. Okita (op. cit.) demonstrated that a mixed assemblage 

consisting of rhodochrosite, kutnohorite (Ca,Mn(CO3)2) and manganoan calcite overlies high grade 

rhodochrosite ore in the Molango District of Mexico. These sedimentary rocks also contain intermixed 

quartz, clays and Fe oxides (magnetite, maghemite) and are therefore very similar to the proposed 

protolith of the garnet layers. Precipitation of Mn as oxides may also represent a plausible alternative 

(point (3) above), as is evident from modern umbers, where most Mn occurs as tri- and tetravalent 

oxides and oxyhydroxides (e.g. Robertson and Degnan, 1998). However, this would require reduction 

of Mn during metamorphism. Taking into account the available evidence from bulk composition, phase 

relations and comparison with unmetamorphosed analogues, a mixed rhodochrosite-Mn calcite-Fe oxide 

sediment is the preferred precursor for the C2 Unit. It is proposed that alternating layers of garnet and 

rhodonite reflect compositional layering of the original sediments, as depicted in Figure 6.15. According 

to this model, relatively rhodochrosite-rich layers resulted in the formation of rhodonite, whereas mixed 

rhodochrosite-Mn calcite sediments resulted in the stabilisation of andradite-calderite garnet. The original 

lamination of the sediment might have originated from slight variation in the concentrations of dissolved 

Mn, pushing the carbonate composition either into the calcite or rhodochrosite stability field.
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Fig. 6.15 Development of the laminated C2 Unit from a hypothetical mixed rhodochrosite-Mn 
calcite precursor.
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CHAPTER 7

PRIMARY FEATURES AND PALAEO-ENVIRONMENTAL CONSTRAINTS

In the previous chapter, the observed metamorphic features and ambient conditions of metamorphism 

have been described. This chapter focuses on preserved pre-metamorphic features of the Gams 

Formation, which are still evident despite the amphibolite-facies overprint. Characteristics and signatures 

that are interpreted as providing evidence of primary relationships include REE (section 7.1), apatite 

nodules dispersed throughout the AMU (section 7.2), the distinct micro- to mesobanding of chemogenic 

mineralisation (section 7.3) and the distribution of redox sensitive elements such as Ba and Mn (section 

7.4). Another postulated primary feature is the boundary separating pyrite-bearing ores from those 

that contain pyrrhotite. To adhere to the coherence of the text, this topic has been included in section 

6.1. Primary signatures in the wall rocks have been identified by Rozendaal (1975, 1982) and include 

conglomerate, cross-bedding and graded bedding, amygdales, pillows and flow breccias. 

7.1 Rare Earth Element Patterns

It is generally accepted that primary REE patterns remain unchanged during metamorphism, unless 

fluid/rock ratios are extremely high (Lottermoser, 1989; Bau, 1991; Parr, 1992; Bierlein, 1995; Bodon, 

1996). As shown in the previous chapter, convincing evidence for metasomatic fluid infiltration has not 

been observed in the ore-bearing assemblages and metalliferous host rocks. In addition, the preservation 

of both positive and negative Eu anomalies, nil to negative Ce anomalies, as well as variations in the 

fractionation of LREE over HREE, indicate that metamorphic homogenisation of REE has not occurred. 

It is thus proposed that the Gamsberg REE abundances can be regarded as representing primary protolith 

concentrations.

The following section first presents the necessary geochemical background regarding the behaviour of 

REE in hydrothermal systems (section 7.1.1). Subsequently, the observed REE patterns are compared 

with patterns of a range of relevant rock types and possible REE sources, such as hydrothermal 

metasediments and BHT mineralisation elsewhere, average shale/continental crust, metalliferous material 
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in proximity to hydrothermal vents, hydrothermal fluids and seawater (section 7.1.2). Special emphasis is 

placed on the observed Eu and Ce anomalies, as well as the degree of fractionation between LREE and 

HREE. The last section (section 7.1.3), focuses on REE patterns of individual minerals, with the aim of 

distinguishing between primary signatures and crystal chemical constraints, which may fractionate REE 

during metamorphic crystallisation of the minerals. 

7.1.1 Geochemical Background

The REE comprise the lanthanide elements La-Lu, as well as Y and Sc. In the present study, only 

the lanthanides are considered and no special emphasis has been placed on Y and Sc concentrations. 

The REE possess a number of physical and chemical properties that make them especially useful for 

geochemical studies (Taylor and McLennan, 1985; McLennan, 1989). Their refractory nature and 

coherent geochemical behaviour prevented significant fractionation of REE during the earth’s history. 

Thus under normal P-T conditions experienced within the crust, REE exist mostly in a trivalent state, 

showing a regular decrease in ionic radius from La3+ to Lu3+. In most rock-forming minerals, REE 

fill lattice sites in eight-fold coordination. However, no common trivalent element exists with similar 

geochemical properties as the REE. Ca2+  is geochemically the most similar common element (IR = 1.12 

Å for eight-fold coordination) and despite the charge imbalance, REE primarily substitute for Ca in rock-

forming minerals (McLennan, 1989). 

Under specific redox conditions, however, two important exceptions exist to the above considerations: 

(1) Eu3+ may be reduced to Eu2+, and (2) Ce3+ may be oxidised to Ce4+. These chemical changes result 

in decoupling of Eu and Ce from the other trivalent REE, manifested by the development of positive or 

negative Eu and Ce anomalies. A third deviation from the uniform behaviour of the REE is related to the 

increased incompatibility of elements with increasing ionic size, resulting in fractionation of LREE from 

HREE. These three points are discussed below:

(1) The reduction of Eu3+ to Eu2+ results in an increase of the ionic radius of about 17%, making it 
essentially identical to Sr2+ (IR = 1.26 Å for eight-fold coordination). As a result, Eu2+ is commonly 
partitioned into Sr-bearing minerals, such as calcic plagioclase. In addition, the strength of sorption 
and stability of hydroxide complexation of Eu2+ is greater than that of Eu3+, which influences the way 
Eu is transported in solution (Bau, 1991). As demonstrated by Sverjensky (1984) and Bau (1991), 
the Eu3+/Eu2+ redox equilibrium is strongly dependent on temperature, with temperatures greater 
than 200°C normally being required for Eu2+ to be stable. Under near surface conditions, reduction 
of Eu takes place only under extremely reducing and alkaline conditions, which are generally not 
attained in normal geological environments. Therefore, Eu is found enriched in hot and reduced 
hydrothermal fluids (Michard and Albarède, 1986; Klinkhammer et al., 1994; Mitra et al., 1994; 
Mills and Elderfield, 1995), as well as in early magmatic plagioclase, where Eu2+ may substitute for 
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Sr2+. In contrast, virtually all post-Archean sedimentary rocks are characterised by a negative Eu 
anomaly of approximately comparable magnitude (Taylor and McLennan, 1985; McLennan, 1989). 
According to these authors, the negative Eu anomaly of sedimentary rocks reflects the depletion of 
the upper continental crust in Eu. The latter is due to chemical fractionation within the continental 
crust, related to the production of K-rich granitic rocks that typically exhibit a negative Eu anomaly. 
The process is accompanied by plagioclase fractionation, either through partial melting or fractional 
crystallisation, which removes plagioclase from the granitic melts. Residual material in the lower 
continental crust should thus contain the complementary enrichment in Eu.

(2) The oxidation of Ce3+ results in a decrease of the ionic radius of about 15%, accompanied by a 
decrease in solubility. The only place where the oxidation of Ce, and thus fractionation of Ce from 
other REE, is of geological significance is in the marine environment, where the less soluble Ce4+ 
is removed from seawater and incorporated into authigenic manganese nodules and other ocean 
particles. Consequently, seawater generally displays a negative Ce anomaly, whereas oceanic 
particle coatings and Mn oxyhydroxides are strongly enriched in Ce (Sholkovitz et al., 1994; Shields 
and Stille, 2001).

(3) The fractionation of LREE from HREE is related to an increase in incompatibility of the REE 
from La to Lu. Thus partial melting of mantle or crustal rocks tends to cause enrichment of LREE 
relative to HREE, and upper crustal rocks thus typically show LREE-enriched/HREE-depleted 
chondrite-normalised REE patterns (McLennan, 1989). Similarly, the greater stability of aqueous 
HREE complexes and the tendency of LREE to be preferentially adsorbed onto suspended particles, 
results in HREE-enrichment of seawater and corresponding LREE-enrichment of solid particles 
that remove REE from seawater (Byrne and Kim, 1990; Sholkovitz et al., 1994). Metalliferous 
hydrothermal solutions from oceanic spreading centres are also typically characterised by LREE-
enrichment relative to the HREE (e.g. Michard and Albarède, 1986; Bau, 1991; Mills and Elderfield, 
1995).

7.1.2 Interpretation of the REE Patterns

The whole rock REE patterns of the Gamsberg sulphide ores and related metasediments have been 

presented in section 5.3.1. Garnet-apatite ore and proximal iron formations are characterised by moderate 

enrichment of LREE over HREE and the presence of a positive Eu anomaly (Eu/Eu* between 1.27 

and 3.67). These patterns are similar to other BHT sulphide ores and metahydrothermal rocks proximal 

to BHT mineralisation (Lottermoser, 1989, 1992; Parr, 1992; Bodon, 1996). In comparison to garnet-

apatite ore, the Gamsberg metalliferous host rocks exhibit a similar degree of fractionation of LREE 

over HREE, but are – with the exception of proximal iron formations – generally characterised by the 

presence of a negative Eu anomaly. These patterns are comparable to metahydrothermal rocks distal to 

BHT mineralisation elsewhere (Lottermoser, 1989; Spry et al., 2000). 



CHAPTER 7 - PRIMARY FEATURES

178

As mentioned in the previous section, REE signatures of post-Archean average shales (PAAS; 

McLennan, 1989) are representative of upper continental crust abundances and exhibit LREE-enriched/

HREE-depleted chondrite-normalised REE patterns with a negative Eu anomaly. Aluminous schists of 

the Bushmanland Group are comparable to PAAS in terms of (La/Yb)CN and Eu/Eu*, although total 

REE contents may vary (Fig. 7.1). As pointed out by Taylor and McLennan (1985), variation in the total 

REE content of different sedimentary rocks is quite common and probably related to the mineralogical 

composition (e.g. quartz content) and grain size of the various sediment fractions. Thus, for all practical 

purposes, the REE content of regionally developed metasediments of the Bushmanland Group can be 

regarded as being representative of PAAS and therefore upper continental crust abundances. 

Fig. 7.1 Comparison of the REE patterns 
of three aluminous schist samples of the 
Bushmanland Group (BG) with post-Archean 
average shale (PAAS) of McLennan (1989).

Normalisation of coticules, Fe-Mn silicates and impure marbles against PAAS produces relatively 

straight patterns, characterised by slight depletion of LREE relative to HREE and nil to slightly negative 

Eu anomalies (Fig. 7.2a). The similarity of these patterns to PAAS suggests that they have either 

derived their REE from the detrital fraction, or alternatively from hydrothermal fluids that equilibrated 

with the upper continental crust. In the case of coticules that have received a more pronounced detrital 

contribution, clastic contributions to the total REE content might represent a possibility, as has been 

proposed for coticules associated with bedded sulphide mineralisation elsewhere (Spry et al., 2000). 

However, in the case of Fe-Mn silicates and impure marbles, the second alternative is preferred, since 

these metasediments represent mostly chemical precipitates (section 5.1). The slight depletion of coticules, 

Fe-Mn silicates and impure marbles in LREE and Eu relative to PAAS might reflect REE complexation 

under near neutral to slightly basic conditions, which should theoretically result in (La/Lu)CN < 1 and a 

negative Eu anomaly of the hydrothermal fluid (Bau, 1991). In addition, PAAS-normalised REE patterns 

of some metalliferous host rocks are characterised by a small negative Ce anomaly. PAAS-normalised 
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REE abundances of metapelite-hosted ore display very similar patterns to coticules, Fe-Mn silicates and 

impure marbles, characterised by straight to slightly LREE depleted patterns and no Eu anomaly (Fig. 

7.2b). The relatively low total REE content of metapelite-hosted ore compared to PAAS reflects high 

concentrations of pyrite and base metal sulphides, which generally contain very low concentrations of 

REE (McLennan, 1989). It is therefore proposed that the REE pattern of metapelite-hosted ore reflects 

a clastic signature inherited from the parent organic-rich shale, which overprinted the hydrothermal 

signature. 

Fig. 7.2 Normalisation of the Gamsberg REE abundances against PAAS (McLennan, 1989). a. Coticules, Fe-Mn 
silicates and impure marbles. b. Metapelite-hosted ore. c. Garnet-apatite ore. d. Proximal iron formations. 

The chondrite-normalised positive Eu anomaly, however, is still clearly evident in chemogenic garnet-

apatite ore and proximal iron formations, if abundances are normalised against PAAS (Fig. 7.2c-d). These 

features indicate that enrichment of these rocks in Eu is related to other processes than simple derivation 

of the REE from an upper crustal reservoir. As evident from Figure 7.3, the patterns are comparable to 

those of metal-bearing hydrothermal fluids sampled from mid-ocean ridges, as well as to metalliferous 

material in proximity to hydrothermal vents. They differ, however, from the HREE-enriched, Ce-

depleted seawater pattern. The similarity strongly suggests that garnet-apatite ore and proximal iron 

formations have derived their REE from such Eu and LREE enriched hydrothermal fluids. The fact that 
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Fig. 7.3 Comparison of the REE patterns of Gamsberg garnet-apatite ore to those of TAG mound oxide 
and black smoker chimney (Mills and Elderfield, 1995), black smoker fluid, white smoker fluid and 
seawater (Mitra et al., 1994).

the size of the Eu anomaly is less pronounced in the Gamsberg ore compared to hydrothermal fluid and 

proximal metalliferous sediments might indicate that considerable mixing of the fluids with seawater has 

occurred. Two schools of thought exist to explain the presence of positive Eu anomalies in metalliferous 

hydrothermal fluids:

(1) Enrichment of the fluids in Eu is governed by the temperature-dependant redox equilibrium of 
Eu, which controls the sorption and complexation behaviour of Eu (Sverjensky, 1984; Bau, 1991). 
According to this view, Eu should be in its divalent state in high-temperature (> 200°C), reduced and 
acidic fluids. Under these conditions, the REE pattern of a fluid is governed by sorption processes, 
which should theoretically result in LREE-enrichment relative to HREE and positive Eu anomalies. 
Due to the similarity in ionic radius, Eu2+ can readily be accommodated in Ca-bearing minerals, 
therefore producing positive Eu anomalies in mineral phases that precipitate from such fluids. In 
contrast, under near-neutral to mildly alkaline conditions and lower temperatures, the REE pattern 
of the fluid is governed by complexation mechanisms and Eu is present in its trivalent state. Thus 
fractionation of Eu does not take place and the Eu anomaly of the hydrothermal fluid, as well as that 
of hydrothermal precipitates, should be similar to the crustal reservoir with which the fluid was in 
contact. 

(2) Other workers have proposed that the positive Eu anomalies of hydrothermal fluids are 
due to leaching of plagioclase in the subsurface (e.g. Klinkhammer et al., 1994; Douville et al., 
1999). Evidence in support of this view is found in the strong similarity of the REE patterns of 
hydrothermal fluid with those of plagioclase sampled from mid-ocean ridge basalts. According 
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to theoretical predictions, Eu should be in the divalent state in both the plagioclase and high-
temperature hydrothermal fluid.

In the case of Gamsberg, the first hypothesis is preferred for two main reasons: (1) If leaching of 

plagioclase would be responsible for positive Eu anomalies in the ore-bearing assemblages, unmineralised 

metalliferous rocks should similarly exhibit a positive Eu anomaly, since their origin is presumably 

related to the same hydrothermal fluid responsible for base metal precipitation; (2) Plagioclase is an 

important constituent of mid-ocean ridge basalts. In the preferred intracratonic setting, however, the 

continental crust is characterised by a more felsic, granitic, composition, with only little plagioclase 

present. Unaltered metasediments of the stratigraphy thus typically exhibit a negative Eu anomaly. 

In addition to the positive Eu anomaly, several ore-bearing and host rock assemblages exhibit a small 

negative Ce anomaly if normalised against chondrite or PAAS. The negative Ce anomaly in metalliferous 

precipitates is normally regarded as reflecting a seawater signature (e.g. Spry et al., 2000). Since seawater 

contains very low contents of REE, imposition of the seawater pattern on hydrothermal sediments may 

only be expected if considerable mixing and/or prolonged exposure of the precipitates with seawater 

has occurred (Mills and Elderfield, 1995). As pointed out by Shields and Stille (2001), however, Ce 

anomalies have to be interpreted with care, since post-depositional processes may significantly alter the 

primary Ce abundances. In the present study, therefore, no distinct palaeo-environmental interpretations 

are drawn from the negative Ce anomaly. 

7.1.3 Crystal Chemical Fractionation of REE

As shown in section 5.3.2, individual minerals of the Gams Formation display a wide variety of REE 

patterns, including positive and negative Eu anomalies and variations in the fractionation of LREE over 

HREE. According to Grauch (1989), the observed REE pattern of a hydrothermal/metamorphic mineral 

represents a combination of the crystal chemical constraints of a given mineral and the REE pattern of the 

fluid from which it precipitated. As a result, special care has to be taken to distinguish features related to 

the crystal chemical fractionation of REE from those indicative of primary signatures. 

Apatite patterns: Several studies have shown that apatite readily incorporates REE due to substitution of 

the REE3+ for Ca2+ in one or both of the 7- and 9-fold co-ordination sites (e.g. McArthur and Walsh, 1984; 

Grauch, 1989; Pan and Fleet, 2003). Since the ionic radii of the LREE are closer to Ca than those of the 

HREE, apatite should theoretically display enrichment of LREE over HREE. Such patterns are typically 

exhibited by apatite in garnet-apatite ore and iron formations of the Gamsberg deposit (section 5.3.2), 

indicating that incorporation of REE has occurred according to crystal chemical constraints in these 
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rocks. However, the wide variety of apatite patterns, as well as differences in the REE pattern of apatite 

and its respective host rock, suggests that REE fractionation during apatite precipitation has also played 

an important role. As evident from Figure 7.4, apatite may be enriched or depleted in LREE relative 

to its host rock, and may or may not inherit the positive Eu anomaly of the bulk. Collectively, these 

relationships indicate that partitioning of REE between the bulk composition and apatite is governed by 

a complex interplay between the mineralogical composition/provenance of the bulk and the process of 

apatite precipitation.

Fig. 7.4 REE patterns of different apatite varieties compared to patterns of their respective host rocks. a. Dispersed 
apatite grains in assemblage G45-1195 compared to patterns of garnet-apatite ore. b. Apatite nodules and AMU 
host rock. c. Apatite in monomineralic seams of assemblage G-MB. d. Apatite in the iron formation assemblage 
G38-1050.

The evidence from Gamsberg indicates that apatite in chemical precipitates, such as garnet-apatite ore and 

iron formations (Figs. 7.4a and 7.4d, respectively), is strongly enriched in total REE relative to its host 

rock. In terms of fractionation of LREE over HREE and total REE contents, these patterns are comparable 

to apatite patterns of Kiruna-type iron ore deposits (Frietsch and Perdahl, 1995) and magmatic rocks (Pan 

and Fleet, 2003), suggesting that incorporation of REE into the apatite structure is controlled by similar 
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processes in these rocks. In sedimentary apatite, incorporation of REE might be governed by additional 

processes, such as diagenetic enrichment and/or dispersion of REE (discussed in section 7.2.2). 

The positive Eu anomaly exhibited by apatite nodules of the AMU, as well as by apatite of garnet-apatite 

mineralisation and proximal iron formations, indicates that apatite from Gamsberg has also preserved 

a hydrothermal signature. Positive Eu anomalies are untypical for apatite that normally shows nil or 

negative Eu anomalies (Pan and Fleet, 2003). However, apatite should readily accommodate Eu2+ due 

to crystal chemical constraints. The development of a positive Eu anomaly can therefore be expected if 

the apatite precipitated and derived its REE from Eu-enriched hydrothermal fluids. Consequently, the 

observed apatite REE patterns are indicative of a close genetic relationship between P and base metals, 

both in the ore horizon and associated iron formations (Stalder and Rozendaal, 2002, 2004a). The 

negative Eu anomaly exhibited by apatite of the ore-bearing assemblage G-MB is a notable exception 

and is discussed in section 7.3. 

Fig. 7.5 REE patterns of garnet compared to patterns of the respective host rocks. a. Garnet in garnet-apatite 
mineralisation. b. Spessartine-almandine garnet in metalliferous host rocks. c. Andradite-calderite garnet in 
metalliferous host rocks. 
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Garnet patterns: The REE patterns of garnet from the Gams Formation have been presented in section 

5.3.2. Experimental studies have shown that the size of the dodecahedrally coordinated cation site in 

garnet favours incorporation of HREE, leading to markedly HREE-enriched patterns (Grauch 1989). A 

comparison of the REE patterns of the Gamsberg garnets with those of their respective host rocks (Fig. 

7.5) indicates that fractionation of REE has occurred during metamorphic crystallisation, resulting in 

HREE-enrichment and LREE-depletion of garnet relative to the bulk composition. The relationships 

indicate that the observed patterns have predominantly been governed by crystal chemical constraints. 

Similar to apatite, however, garnet in garnet-apatite mineralisation has inherited the positive Eu anomaly 

from its host rock, thus showing an unusual, hydrothermal signature (Fig. 7.5a). The size of the positive 

Eu anomaly is normally enhanced in garnet relative to the host rock, indicating that Eu2+ has preferentially 

been incorporated into garnet, possibly due to a lack of other appropriate Ca-bearing host minerals. 

A feature that merits special attention is the presence of relatively flat, LREE-enriched patterns of 

andradite-calderite garnet of the C2 Unit (Fig. 7.5c). It must be noted, however, that most analyses 

of HREE-enriched garnet in the literature have dealt only with members of the pyrope-almandine-

spessartine series (e.g. Grauch, 1989; Schwandt et al., 1993). In contrast, Nicolescu et al. (1998) have 

demonstrated that grossular-andradite garnet may be significantly enriched in LREE. The authors 

attributed the LREE-enriched pattern to the presence of Ca in the dodecahedral site, since the ionic 

radius of eight-fold coordinated Ca is closer to that of the LREE. At Gamsberg, however, garnet with 

the highest grossular component (assemblage G63-1145) exhibits LREE-depletion/HREE-enrichment 

consistent with theoretical predictions (Fig. 5.25h). The relationship suggests that the andradite molecule 

is responsible for LREE-enrichment. Novak and Gibbs (1971) reported a progressive increase in the size 

of the dodecahedrally coordinated site from pyrope over almandine, spessartine, calderite and grossular 

to andradite (Fig. 7.6), suggesting that the andradite molecule should preferentially incorporate LREE. 

These theoretical considerations are consistent with the observations from Gamsberg that andradite-

calderite garnet of the C2 Unit is the most LREE-enriched.

Fig. 7.6 Progressive increase in the size of the 
dodecahedrally coordinated garnet site of pyrope, 
almandine, spessartine, calderite, grossular and 
andradite (data from Novak and Gibbs, 1971).
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7.2 Apatite Nodules and Hydrothermal Phosphogenesis

One of the most characteristic features of the Gams Formation is the presence of nodular apatite concretions 

on the contact of metapelite-hosted ore of the B1 Unit to chemogenic mineralisation of the B2 Unit 

(Stalder and Rozendaal, 2004a). Textural features of the apatite nodules have been described in section 

4.2.1, whereas geochemical characteristics of the host rock (AMU) and individual nodules have been 

presented in chapter 5. The following section first discusses the REE patterns of the apatite nodules and 

compares the signatures to those of other sedimentary apatite occurrences (section 7.2.1). Subsequently, 

the origin of the apatite nodules is discussed in view of a proposed hydrothermal phosphogenesis model, 

which incorporates the morphology, lithostratigraphic control and distinct geochemical signatures of the 

nodules (section 7.2.2).

7.2.1 Abundances and Distribution of REE

The distribution of REE in sedimentary apatite has been used to constrain palaeo-environmental 

conditions in a variety of settings (e.g. McArthur and Walsh, 1984; Jarvis et al., 1994; Ilyin, 1998; 

Trappe, 1998; Mazumdar et al., 1999; Shields and Stille, 2001). Table 7.1 provides a summary of the REE 

characteristics of the Gamsberg nodules, as obtained from LA-ICP-MS,  in comparison with chemogenic 

metasediments from Gamsberg and related rock types elsewhere. Owing to the large diameter of the laser 

(100 microns), specks of sulphides have also been included in the analyses. However, sulphides contain 

very low concentrations of REE compared to apatite, and their contribution to the total REE content can 

be ignored. No REE-rich inclusions (monazite, xenotime) have been observed by SEM imagery. 

 

In sedimentary phosphorites, REE abundances of apatite vary widely between different deposits and 

even within individual deposits (McArthur and Walsh 1984; Jarvis et al. 1994; Ilyin 1998; Mazumdar et 

al. 1999; Shields and Stille 2001). It is generally believed that sedimentary apatite precipitates initially 

with very low REE contents, but continues to scavenge REE from various sources throughout its history. 

Pure authigenic phosphates thus typically contain total REE in the range of 10-100 ppm. In comparison, 

granular or pelletal phosphorites contain higher concentrations of total REE (typically between 100 and 

800 ppm), due to a prolonged period of diagenetic enrichment. In addition, the higher surface/mass ratio 

of the nodular varieties facilitates the uptake of REE (McArthur and Walsh, 1984; Ilyin, 1998). Although 

these granular phosphate particles are enriched in REE, sedimentary apatite only rarely contains REE 

concentrations in excess of 1000 ppm (see McArthur and Walsh, 1984). 
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Location ΣREE (ppm) Eu/Eu* Ce/Ce* Lan/Ybn

Gamberg Apatite

Apatite nodules 160 - 812 0.97 - 2.27 0.80 - 1.16 0.50 - 5.87

IF-hosted apatite (G38-1050) 3211 - 3610 1.34 - 1.39 0.74 - 0.76 6.26 - 7.98

Apatite in GAO (G45-1195) 1057 - 2301 2.26 - 2.41 0.85 - 0.89 107 - 342

Sedimentary Apatite

Phosphoria Fm1 647 0.62 0.12 16.28

Morocco1 409 0.65 0.20 5.37

Peru shelf2 202 0.69 0.25 2.97

Khubsugul basin3 575 0.70 0.59 12.55

Karatau basin3 185 0.68 0.32 15.69

Lower Tal Fm4 267 0.66 0.47 6.50

Kiruna-type Apatite

Kiruna5 2290 0.33 1.15 2.59

Henry5 4018 0.34 1.20 6.75

Seawater6 1.22*10-5 0.63 0.10 2.55

Average shale (PAAS)7 185 0.65 1.02 9.15

References: 1 = McArthur and Walsh (1984); 2 = Piper et al. (1988); 3 = Ilyin (1998); 4 = Mazumdar et al. 
(1999); 5 = Frietsch and Perdahl (1995); 6 = Mitra et al. (1994); 7 = McLennan (1989)

The REE in sedimentary apatite may be derived either from detrital or authigenic sources, the latter 

including material supplied by biogenic, seawater or porewater sources (McArthur and Walsh, 1984; 

Piper et al., 1988). Regardless of the source, however, incorporation of REE occurs together with other 

constituents during early diagenetic precipitation of apatite in the porewaters of the host sediment (Froelich 

et al., 1988). Since diagenesis of the phosphates takes place only centimetres below the sediment-seawater 

interface, the porewater REE concentration normally closely reflects that of the overlying seawater. As a 

result, most phosphorites display characteristic seawater patterns with a pronounced negative Ce anomaly 

and HREE enrichment, regardless of the morphology of the apatite (e.g. structureless, pellets or nodules) 

and total REE contents (Piper et al., 1988; Ilyin, 1998; Mazumdar et al., 1999; Piper, 2001). Nonetheless, 

many phosphorites show REE patterns that differ from seawater patterns, including HREE depletion, 

positive and negative Eu anomalies and positive Ce anomalies. These patterns are generally believed to 

represent porewater or mixed patterns and indicate that fractionation processes have been active during 

phosphate precipitation (McArthur and Walsh, 1984; Jarvis et al., 1994; Trappe, 1998). 

Table 7.1 Comparison of the REE characteristics of the Gamsberg apatite with those of 
sedimentary apatite and apatite in Kiruna-type iron ore deposits
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The positive Eu anomaly of the Gamsberg apatite nodules is unlike that of seawater and most shelf 

phosphorites that have Eu/Eu* values very similar to average shale and prominent negative Ce anomalies 

(Fig. 7.7; Table 7.1). Positive Eu anomalies have been described for some phosphorite occurrences, 

where they are normally interpreted to reflect precipitation of the phosphates under extremely reducing 

diagenetic conditions or, alternatively, are inherited from Eu-rich detrital feldspar (Mazumdar et al., 

1999; Nagender Nath et al., 2000). As discussed in section 7.1.2, the most likely scenario for a positive 

Eu anomaly in the Gamsberg nodules is derivation of the REE from high-temperature, reduced, 

hydrothermal fluids. The occurrence of the nodules within high-grade sulphide mineralisation, as well 

as the incorporation of solid inclusions of sphalerite into the nodules, provides additional support for 

this interpretation. It is thus proposed that the REE pattern of the nodules reflects flooding of the fine-

grained organic-rich host rock by hydrothermal solutions, resulting in the imposition of a hydrothermal 

REE signature. The enrichment of the AMU host rock in LREE relative to the apatite nodules (Fig. 7.4) 

indicates that the siliciclastic fraction (now muscovite, sillimanite) acted as host of the LREE, since other 

LREE carriers (e.g. authigenic monazite) have not been observed. 

The most important difference between the apatite nodules and apatite in chemogenic metasediments 

(iron formations, garnet-apatite ore) is found in the total REE abundances. The relatively low total REE 

content of the apatite nodules is in agreement with data from granular sedimentary apatite elsewhere 

and suggests that dilution and dispersion of REE within the siliciclastic depositional environment has 

occurred. The considerably higher REE concentrations of apatite in chemical metasediments compares 

Fig. 7.7 Comparison of the REE patterns of two selected apatite grains from the AMU (apatite nodule) 
and iron formations of the C1 Unit (G38-1050) with those of granular apatite in marine sedimentary 
phosphorites and apatite in Kiruna-type iron ore deposits (Henry, Kiruna); for references see Table 7.1.
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well with abundances reported from Kiruna-type iron ore deposits (Frietsch and Perdahl 1995) and is 

attributed to primary constraints. Since garnet-apatite ore and especially iron formations represents almost 

pure chemical precipitates, REE contributions from detrital sources can be ignored. Hydrothermally 

derived REE were thus preferentially incorporated into the phosphate fraction due to the absence of other 

appropriate host minerals. The differences in the concentration of REE thus provide further evidence 

of a sedimentary/diagenetic origin of the apatite nodules and demonstrate the different behaviour of 

siliciclastic versus chemical sediments during the incorporation of REE into apatite. 

7.2.2 Genesis of the Apatite Nodules

The concentration of the Gamsberg apatite nodules within the critical stratigraphic interval of the AMU 

suggests that similar phosphogenic processes have been active as in Phanerozoic phosphorite depositional 

systems. Such Phanerozoic phosphorite deposits are mostly composed of francolite (carbonate-

fluorapatite) and normally occur on continental margins or epicontinental platforms, where upwelling of 

nutrient-enriched seawater resulted in a high bioproductivity that provided the P necessary for francolite 

formation. General consensus is that the latter precipitates during diagenesis in the porewaters of 

organic-rich sediments, close to the sediment-seawater interface (Kolodny, 1983; Froelich et al., 1988; 

Trappe, 1998). Since the environmental prerequisites for the formation of Phanerozoic phosphorites are 

relatively well constrained, comparison with these more recent and unmetamorphosed analogues may 

provide valuable information regarding the environmental conditions of the Gamsberg sub-basin during 

ore-forming times. 

As shown by Trappe (1998), Phanerozoic phosphorites develop in a variety of depositional settings, 

both in siliciclastic and carbonaceous environments. Regardless of the environmental setting, however, 

the first prerequisite for the formation of nodular sedimentary/diagenetic apatite is the presence of high 

concentrations of dissolved phosphate at the sediment-seawater interface. Since P in Phanerozoic systems 

is predominantly derived from organic matter, the development of these phosphorites is closely linked 

to areas of high bioproductivity, such as coastal upwelling zones (Kolodny 1983; Froelich et al. 1988; 

Piper 2001). A second important factor is the presence of a suitable environment for the precipitation and 

preservation of concretionary phosphate (Kolodny 1983; Burnett et al. 1983; Froelich et al. 1988; Trappe 

1998). These authors have shown that nodular francolite develops preferentially in the porewaters of 

organic-rich sediments with very high porosity and very low dry bulk density. A mechanism like Fe redox 

cycling (Froelich et al. 1988) may act as a powerful one-way pump that extracts P from the overlying 

seawater, transports it across the sediment-seawater interface and releases it in the porewaters on Fe 

reduction (Fig. 7.8). The process prevents P from escaping back to the seawater and thus uncouples it 

from constant recycling into organic matter. Once supersaturation is achieved in the porewaters through a 

constant P supply, precipitation of solid phase francolite may be initiated in a simple two-way process: (1) 
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by rapid precipitation of a disseminated metastable Ca-phosphate precursor phase, which (2) stabilizes 

as francolite by the uptake of porewater fluoride and carbonate. This process of sedimentary/diagenetic 

apatite formation is referred to as phosphogenesis (Burnett et al., 1983; Froelich et al. 1988; Jarvis et al., 

1994; Trappe, 1998).

Fig. 7.8 Iron redox cycle illustrating the development of francolite nodules in a suboxic 
diagenetic environment. Iron oxyhydroxides sorb phosphate from bottom water and upward-
diffusing pore water. During burial below the oxic sediment surface, Fe in the oxyhydroxides 
is reduced to Fe2+, thereby releasing the sorbed phosphate, which precipitates as francolite. 
Iron diffuses down to be precipitated as Fe sulphide. Remaining P and Fe diffuse upward to 
be incorporated into the cycle again (after Froelich et al., 1988 and Jarvis et al., 1994).

At Gamsberg, the REE systematics discussed in the previous section and the close spatial relationship 

of P with Zn and Pb, both in the ore body and overlying iron formations, indicate that the apatite 

has a dominant hydrothermal signature. This is in agreement with evidence from other apatite-rich 

hydrothermal base metal deposits, such as Broken Hill (Australia) and Howards Pass (Canada), 

where P is generally considered to be derived from inorganic, hydrothermal sources (Stanton 1976a; 

Goodfellow 1984, 1999). The proposed hydrothermal origin of P allows the consideration of a modified 

hydrothermal phosphogenesis model, which may be relevant to sediment-hosted base metal deposits. 

Since the hydrothermal phosphogenesis model does not rely on high bioproductivity to account for the P, 

environmental processes such as coastal upwelling are not a necessity. In addition, phosphogenesis may 

occur independently from organic matter deposition and result in the association of apatite with a range 
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of chemical sediments, such as iron formations, chemogenic ore or phosphatic chert. 

The composition of the apatite nodules is close to stoichiometric fluorapatite. This seems incompatible 

at first with a sedimentary/diagenetic origin, since francolite forms the phosphate phase in almost 

all unweathered and unmetamorphosed phosphorites. However, several studies have demonstrated 

that francolite is metastable with respect to fluorapatite and rapidly alters towards the fluorapatite 

composition as a result of geological processes such as metamorphism, advanced diagenesis or 

weathering (McClellan and Saavedra 1986; Jarvis et al. 1994; Trappe 1998). As shown by Da Rocha 

Araujo et al. (1992), F is similarly lost in francolite with the onset of greenschist facies metamorphism, 

resulting in the preservation of weakly carbonated hydroxyl-fluorapatite in low-grade metamorphosed 

mid-Proterozoic phosphorites at Minas Gerais, Brazil. It thus seems a plausible assumption that original 

diagenetic francolite concretions were recrystallised and altered to the present fluorapatite nodules during 

prograde metamorphism. 

The evidence from sedimentary phosphorites indicates that phosphogenesis is distinctly interface-

linked, with apatite precipitation occurring very close to the sediment-seawater interface. In the deeper 

sedimentary compartments, porewater alkalinity and carbonate ion concentrations are too high and 

will promote dissolution rather than precipitation of phosphate (Froelich et al. 1988). As shown by 

these authors, phosphogenic regimes commonly occur in zones of mixed suboxic to anoxic diagenesis 

and sedimentary apatite thus consequently shows characteristics indicative of both oxic (e.g. seawater 

signatures) and anoxic environments (U-enrichment, association with sulphides). At Gamsberg, the 

nodules occur at the transition of the pyrite- and graphite-rich B1 Unit to the pyrrhotite-bearing/graphite-

free B2 Unit. These mineralogical changes are mimicked by a strong increase in Mn concentrations from 

the B1 to B2 Unit. This distinct lithostratigraphic and lithogeochemical control favours redox-controlled 

precipitation of the nodules in a zone corresponding to the transition from an anoxic to suboxic depo-

setting. The redox boundary between the B1 and B2 Units also represents a boundary that separates 

clastic metapelitic schist (B1 Unit) from mostly chemogenic metasediments (B2 Unit). According to 

Froelich et al. (1988), bedded phosphorites tend to occur in areas with slow sediment accumulation rates. 

In rapidly accumulating sediments, the authigenic phosphate phase is diluted by detrital components 

and/or buried, which would promote dissolution of the newly formed apatite. However, underlying fine-

grained siliciclastic sediments are important for the formation of nodular apatite, since concretionary 

phosphate growth is initiated within the pore-spaces of these sediments.

In summary, the morphology, occurrence and concentration of apatite nodules within the AMU provide 

the following constraints on the palaeo-environmental setting (Fig. 7.9):
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(1) The depositional environment during ore-forming times was characterised by high 
concentrations of dissolved phosphate at the sediment-seawater interface. The P has most probably 
been derived from the same hydrothermal fluids that supplied base metals to the system.

(2) The critical interval of the AMU was characterised by a mixed anoxic to suboxic depo-setting.

(3) The AMU represents the transition from fine-grained, organic-rich, clastic sediments to mostly 
chemogenic sediments. 

(4) Incorporation of sulphides as solid inclusions into the nodules, as well as their hydrothermal 
REE signature, indicates that there was a cogenetic hydrothermal component involved during 
phosphogenesis. These relationships demonstrate that basinal conditions have been conducive to 
the precipitation of both nodular apatite and hydrothermal base metal sulphides.

Fig. 7.9 Schematic model illustrating the development of a phosphogenic regime within the Gamsberg basin 
during deposition of the phosphorite-hosted ore.

7.3 Banded Garnet-Apatite Mineralisation

This section focuses on the banded nature of chemogenic garnet-apatite ore. Banding is particularly well 

preserved in high-grade garnet-amphibole-apatite mineralisation (assemblage G-MB) and is interpreted 

to reflect compositional layering of original metalliferous sediments (Stalder and Rozendaal, 2003). The 
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first part of this section summarises textural, mineralogical and chemical characteristics of the individual 

mesobands (section 7.3.1). Subsequently, a chemical model is presented to explain the origin of the 

banding by incorporating evidence of ore-forming processes in modern equivalents (section 7.3.2).

7.3.1 Textural, Mineralogical and Chemical Characteristics

Textural relationships of banded garnet-amphibole-apatite mineralisation have been presented in section 

4.2.1. Bulk chemical characteristics of garnet- and amphibole-rich mesobands have been described in 

section 5.1, whereas the composition of individual minerals and REE abundances have been presented 

in sections 5.2 and 5.3, respectively. The cyclic nature of assemblage G-MB is schematically illustrated 

in Figure 7.10. In summary, garnet-rich mesobands are enriched in Zn, S and Al, relative to the Si-Fe-

Mn dominant amphibole-rich mesobands, and are composed of almandine-spessartine poikiloblasts, 

set in a matrix of massive recrystallised sphalerite and fine-grained granoblastic quartz. As shown in 

section 6.4.2, the most probable precursor of these layers would have been a sulphide mud, composed of 

intermixed Zn sulphides and fine-grained clay minerals. In contrast, amphibole-rich mesobands consist 

of massive layers of manganoan grunerite and interstitial quartz, hosting small disseminated garnet 

grains and patches of recrystallised sphalerite and pyrrhotite. These layers are interpreted to represent 

metamorphosed silicate-facies iron formations, derived from the chemical precipitation of Fe and Mn 

oxides and/or carbonates. Thin (< 3 mm) monomineralic apatite seams occur at the contact of garnet- and 

amphibole-rich mesobands. 

The REE patterns of individual garnet- and amphibole-rich mesobands, as well as those of selected garnet 

and apatite grains, are shown in Figure 7.11. No distinct difference is evident between REE patterns of 

garnet- and amphibole-rich mesobands, except the fact that garnet-rich mesobands are slightly enriched 

in Eu (Eu/Eu* from 3.20-3.67) compared to amphibole-rich mesobands (Eu/Eu* between 2.95 and 2.96). 

The positive Eu anomaly of both layers indicates that they have derived their REE from the same Eu-

enriched hydrothermal fluid, with the variation in Eu/Eu* possibly being related to the Zn content of the 

individual layers. The partitioning of REE between the bulk and individual minerals indicates that apatite 

has preferred LREE, whereas garnet is distinctly HREE-enriched. These features are in agreement with 

crystal chemical considerations explained in section 7.1.3. However, the most striking feature is the 

negative Eu anomaly exhibited by apatite of the monomineralic apatite layers. Apart from the negative 

Eu anomaly and total REE concentrations, the slope of the apatite pattern is comparable with that of the 

individual mesobands. The REE pattern of the apatite contrasts distinctly with the general observation 

that ore-bearing assemblages and Ca-rich minerals within these assemblages exhibit a positive Eu 

anomaly. Taking into account the positive Eu anomaly of the garnet- and amphibole-rich mesobands, as 

well as that of garnet in garnet-rich mesobands, a shift from a positive to negative Eu anomaly is thus 
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Fig. 7.10 Schematic illustration of the mineralogical and chemical composition of the banded garnet-amphibole-
apatite mineralisation (assemblage G-MB). 

observed on a centimetre scale. As shown in section 7.1.3, the negative Eu anomaly of the apatite is not 

related to crystal chemical constraints, since apatite readily accommodates Eu2+ and exhibits a positive 

Eu anomaly in other ore-bearing assemblages. It is thus suggested that the negative Eu anomaly is related 

to the ore-forming process, as explained in the next section.

7.3.2 Origin of the Compositional Banding

Banding is a common feature of syngenetic base metal sulphide deposits. SEDEX deposits, for example, 

are typically banded, manifested by thin sulphide layers that alternate with barren dolomitic host rock 

layers. This texture has been interpreted to reflect periodic pulses of dense brines sinking into fine-grained 

marine sediments (Large et al., 1998; Sangster, 2002). The banding at Gamsberg, however, differs from 

typical SEDEX banding in that Fe oxides or their metamorphic equivalents form an integral part of the 

ores. Modern metalliferous sediments, such as found in the Red Sea (e.g. Atlantis II Deep) or on the Mid-
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Atlantic Ridge (e.g. TAG hydrothermal mound), are also delicately laminated, manifested by alternating 

layers of sulphides, silicates, oxides and carbonates (Anschutz and Blanc, 1995; Herzig and Hannington, 

1995; Goulding et al., 1998). The banding exhibited by these modern equivalents is considered to better 

reflect the micro- to mesoscale banding of chemogenic ore at Gamsberg.

Evidence from the Atlantis II Deep has indicated that a 10-30 m thick layer of fine-grained, laminated 

metalliferous sediment is overlain by a stratified brine. At present, sulphides are precipitating in a 

reducing lower brine, Fe oxides in an upper oxidised brine, Mn oxides in an overlying transition zone, 

and authigenic silicates at the sediment-brine interface (Anschutz and Blanc, 1995). As shown by 

these authors, the composition of the metalliferous sediment depends on a variety of factors, including 

temperature and composition of the inflowing brine, the volume of the brine pool and the temperature and 

stability of the overlying brine layers. Figure 7.12 show a chemical model explaining the precipitation of 

Fe and Mn from the stratified brine.

The process illustrated in Figure 7.12 results in chemical fractionation of the ore-forming elements and 

the delicate banding of the metalliferous sediment. According to the model, reduced Fe and Mn in solution 

are transported by convection to the upper oxidised layer, where they mix with oxic seawater and rapidly 

precipitate as Fe and Mn oxyhydroxides. As similar mechanism might have been responsible for the 

formation of amphibole-rich mesobands at Gamsberg, assuming that original Fe and Mn oxyhydroxides 

Fig. 7.11 REE patterns of individual garnet- and amphibole-rich mesobands, and 
selected garnet and apatite grains of banded garnet-amphibole-apatite mineralisation 
(assemblage G-MB).
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were diagenetically converted to phyllosilicates (e.g. minnesotaite). Such Fe oxide-rich layers (ochre) 

are commonly present within or peripheral to active hydrothermal systems and may be diluted with 

Fe-silicate material (smectite) (e.g. Goulding et al., 1998). It is important to note that Mn is commonly 

decoupled from Fe and normally precipitates at some distance from active high-temperature venting, thus 

forming Mn-dominated dispersion haloes around the deposits (e.g. Anschutz and Blanc, 1995; Robertson 

and Degnan, 1998). As demonstrated by Goulding et al. (1998), however, Mn-rich zones also occur 

within the active TAG mound, as a result of mixing of diffusing fluids with oxidising seawater. The Mn 

enrichment demonstrates extreme heterogeneity in reaction pathways and steep redox gradients within a 

single active deposit.

The evidence from Gamsberg indicates that rain of sulphides from the postulated lower reducing brine 

has occurred over a prolonged period of time, allowing mixing of the metalliferous precipitates with 

fine-grained aluminous detritus and formation of a sulphide mud. In addition to processes within the 

brine pool, cyclic variation in the temperature of the inflowing brine might also be responsible for the 

development of Zn-poor Fe-Mn silicate, carbonate and oxide layers, and Zn-rich sulphide layers at 

Atlantis II Deep (Anschutz and Blanc, 1995). Therefore, both differential plume fall-out and variations 

in the temperature of the inflowing brine might have worked together to form the banded mineralisation 

at Gamsberg.

Fig. 7.12. Chemical model illustrating the precipitation of ore-forming 
constituent from a stratified brine (modified from Danielsson et al., 1980). 
Precipitation of ZnS from the lower reducing brine is taken from the 
description of Anschutz and Blanc (1995); Apatite has been added to account 
for the apatite laminae. 
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The presence of individual apatite seams in assemblage G-MB suggests rapid precipitation of P. Since 

P is highly insoluble in the presence of Fe or Pb in neutral solutions (Ayers and Watson, 1991), mixing 

of acidic brines with seawater might have rapidly resulted in saturation of the brines with respect to 

P, and precipitation of phosphate as apatite or an apatite precursor. The negative Eu anomaly of the 

apatite, however, remains poorly understood. Texturally, the most obvious difference between apatite 

in assemblage G-MB and apatite analysed in other ore-bearing assemblages, is its occurrence as 

monomineralic layers in the former. The layers are very similar to apatite laminae within phosphatic chert 

associated with the Howards Pass deposit (Goodfellow, 1984), suggesting a similar mode of formation. 

These relationships suggest that development of the negative Eu anomaly is linked to the formation of 

such individual apatite layers. As shown by Shields and Stille (2001), diagenetic alteration may result in 

Eu depletion in sedimentary apatite under extremely reducing conditions. However, the apatite nodules 

of the AMU, which are clearly of a diagenetic origin, do not show Eu depletion, nor does apatite from 

other lithologies of the Gams Formation. If diagenetic/metamorphic alteration or mobility of REE is 

excluded, the logic consequence is that the apatite has crystallised from a fluid exhibiting a negative Eu 

anomaly. It is thus proposed that Eu remained in solution due to the rapid precipitation of phosphate, and 

was subsequently enriched in the brine. As explained in section 7.2.1, the nature of the chemical sediment 

precluded concretionary growth of phosphate and therefore diagenetic REE enrichment. Consequently, 

the apatite in assemblage G-MB shows atypically low total REE abundances, in addition to the negative 

Eu anomaly.

7.4 Distribution of Barium and Manganese

The presence of the redox-sensitive elements Ba and Mn within syngenetic sulphide deposits may act as 

palaeo-redox indicators and help to constrain interpretations of the depositional environment and basin 

architecture (Force and Cannon, 1988; Roy, 1992; Large et al., 1996; Hanor, 2000). At Gamsberg, Ba is 

distinctly concentrated in the form of a considerable barite deposit toward the eastern part of the Gams 

Formation. The morphology and architecture of the barite deposit has been described in section 4.3.4 and 

geochemical trends within the deposit and surrounding host rocks have been presented in section 5.1.3. 

Similar to Ba, Mn also shows distinct chemical trends, evident by a general increase in the concentration 

of Mn away from the ore horizon. 

In the first two subchapters of the present section (7.4.1 and 7.4.2), comparison in made with other barite-

bearing SEDEX and Mn-rich base metal deposits, respectively. Subsequently, the nature and distribution 
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of Ba and Mn within the Gams Formation are used to constrain genetic and palaeo-environmental 

interpretations (section 7.4.3).

7.4.1 Comparison with Barite-Bearing SEDEX Deposits

Bedded barite forms an integral component of many exhalative base metal sulphide deposits, both of 

volcanic and sedimentary affinity. The mineral is normally concentrated in the more distal hydrothermal 

facies, outside the limits of ore-grade sulphide mineralisation, and has consequently been recognised as 

pathfinder to these deposits (Lydon, 1995; Maynard et al., 1995). Barite is especially common in SEDEX 

deposits of Palaeozoic and younger age. As evident from the compilations of Goodfellow (1999), Hanor 

(2000) and Large et al. (2002), most of the important Palaeozoic SEDEX deposits of North America (e.g. 

Red Dog, Tom, Jason, deposits in the Anvil District), the Meggen and Rammelsberg deposits in Germany, 

as well as most of the Irish-type deposits (e.g. Tynagh, Silvermines) are associated with bedded barite. 

One of the most notable exceptions is the giant Howards Pass deposit in the Selwyn Basin of Canada, 

which does not contain barite. 

The presence of barite in synsedimentary base metal deposits is attributed to the mixing of Ba-bearing 

hydrothermal fluids with shallow, oxygenated seawater that supplied the sulphate necessary for barite 

precipitation (Lydon, et al., 1985; Maynard and Okita, 1991; Hanor, 2000; Seal et al., 2000). These 

environmental prerequisites, however, contrast with the anoxic basinal conditions required for base metal 

sulphide deposition. As a result, most authors have envisaged a depositional environment for barite-bearing 

SEDEX deposits, which was characterised by the juxtaposition of palaeo-geographic highs and lows. The 

development of these horst and graben structures were probably related to synsedimentary growth fault 

activity (Goodfellow and Jonasson, 1984; Lydon et al., 1985; Maynard and Okita, 1991). Additional 

evidence in support of such a depositional setting is found in rapid thickness and facies changes in most 

barite-bearing SEDEX deposits, as well as the presence of interbedded breccia, conglomerate or turbidite 

horizons. According to this model, laminated sulphides and turbidites have been deposited in the deeper 

euxinic basins, whereas shallow-water carbonates and barite developed in the shelf environments. The 

absence of barite at the Howards Pass deposit most probably resulted from the venting of ore-forming 

fluids into a deeper, sulphate-free water column (Lydon et al., 1985).

A special feature of many Palaeozoic basins, especially the Selwyn Basin, is the close spatial association 

of barite-bearing Zn-Pb deposits with metal-free, barite-only deposits (Lydon et al., 1985; Maynard and 

Okita, 1991; Maynard et al., 1995; Hanor, 2000). Maynard and Okita (1991) attributed the presence 

or absence of base metals in these deposits to differences in the tectonic setting. They proposed that 

sulphide-bearing barite deposits formed in cratonic rifts (“cratonic rift type“), therefore showing a 

continental geochemical signature. In contrast, barite-only deposits tend to occur on or adjacent to 
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continental margins (“continental margin type“), and thus have geochemical signatures that indicate 

influence of oceanic crust. Lydon et al. (1985) suggested that the development of Zn-Pb-Ba versus 

barite-only deposits is controlled by variations in the temperature of the ore-forming brines. The authors 

presented evidence from the Selwyn Basin, which indicated that Zn-Pb-Ba deposits formed from deeply 

circulating, high-temperature fluids (> 200°C) released from deep-seated, rift-related, normal faults. 

Barite-only deposits, in contrast, seem to have developed from cooler fluids (100-200°C) that were 

released from shallow listric faults. Alternatively, it might be argued that bottom waters were more 

oxidising during precipitation of barite-only continental margin deposits, thereby inhibiting base metal 

sulphide deposition (Maynard and Okita, 1991; Maynard et al., 1995).

In contrast to Phanerozoic barite-bearing SEDEX deposits, barite is mostly absent in the large Palaeo- to 

Mesoproterozoic SEDEX and BHT deposits. Large et al. (2002), even went as far to state that barite is 

“totally lacking from the supergiant vent distal SEDEX and BHT deposits“. However, this conclusion 

does not take into account evidence from the Bushmanland deposits that are all associated with barite. 

Another Proterozoic SEDEX deposit that contains barite is the small Lady Loretta deposit in Australia. 

In the latter, the intimate association of the ores with carbonates, as well as features indicative of tidal 

activity, microbialites and evaporites, point to a shallow marine depositional setting, which is conducive 

to the development of bedded barite (McGoldrick et al., 1999b). Although they have not discussed 

evidence from the Bushmanland deposits, Large et al. (2002) pointed out that Red Dog is the only 

supergiant sediment-hosted Zn-Pb deposit to contain barite. The authors attributed this to the fact that 

most supergiant deposits have formed in anoxic basins, lacking significant sulphate in the water column. 

Red Dog is an exception, however, in that the localisation and deposition of base metal sulphides was 

controlled by the replacement of an earlier barite cap. The barite occurs on the transition from black shale-

carbonate facies indicative of anoxic conditions to grey and maroon shale facies indicative of more oxic 

conditions (Young, 1989; Jennings and King, 2002). The concentration of barite at that critical horizon 

indicates that the transition from reduced to oxidised basins conditions was important in promoting barite 

precipitation and thus ultimately controlling base metals sulphide deposition (Large et al., 2002).  

Another limiting factor for the occurrence of barite within base metal sulphide deposits is found in the 

fact that Ba cannot be transported in sulphate-bearing solutions. Cooke et al. (2000) suggested that the 

giant McArthur-type deposits of Australia formed from oxidised (sulphate-predominant) brines and thus 

lack the typical association with barite, which is evident from most Selwyn-type deposits. Features that 

place constraints on the ore-forming brines are discussed in more detail in section 8.2. 
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7.4.2 Comparison with Manganese-Rich Base Metal Deposits

Similarly to Ba, the presence or absence of Mn in sediment- or volcanic-hosted base metal deposits 

provides a distinct geochemical signature, which may help to distinguish different deposit types. SEDEX 

deposits are typically very poor in Mn. Studies by Large and McGoldrick (1998) and Large et al. 

(2000) on lithogeochemical signatures of host rocks surrounding the Lady Loretta and HYC deposits, 

respectively, indicated that these rocks rarely contain Mn concentrations in excess of 1-1.5 wt.% MnO. 

The Mn is hosted mostly by the carbonate phase, thus forming a weak Mn halo around the deposits. 

In contrast to relatively Mn-poor SEDEX deposits, a range of enigmatic – mostly metamorphosed – Zn-

Pb deposits are unusually rich in Mn. Apart from Gamsberg, these include the BHT deposits Broken Hill 

and Cannington (Large et al., 1996; Bodon, 1998; Chapman and Williams, 1998; Walters and Bailey, 

1998), the Franklin/Sterling Hill deposits in New Jersey (Johnson et al., 1990; Johnson and Skinner, 

2003), Långban and Långban-type deposits in the Bergslagen district of central Sweden (Allen et al., 

1996; Holtstam and Mansfeld, 2001), as well as deposits in the Bathurst area of New Brunswick (Peter 

and Goodfellow, 1996). These deposits typically reach Mn concentrations between 1-15 wt.% MnO in 

ores and host rocks. Due to the metamorphosed nature of these deposits, Mn may be hosted by a wide 

variety of minerals, including silicates (garnet, pyroxenoid, pyroxene, amphibole), oxides (braunite, 

hausmannite, jacobsite, franklinite, willemite) and carbonates (manganoan calcite, rhodochrosite). 

Similar to the Mn haloes observed in SEDEX deposits – although an order of magnitude enriched – Mn 

is commonly concentrated in metalliferous metasediments and carbonate-rich wall rocks surrounding the 

base metal ores. In the Bergslagen district of Sweden, a regional-scale transition is evident from BHT 

Zn-Pb sulphide ores (e.g. Zinkgruven) to Långban-type Fe-Mn-Ba ores, suggesting a genetic relationship 

between these deposit types (Allen et al., 1996; Holtstam and Mansfeld, 2001). 

A common feature of the Mn-rich base metal deposits is the fact that they show many features indicative 

of high ƒ(O2)/ƒ(S2) conditions. At Franklin and Sterling Hill, willemite, franklinite and zincite form 

the bulk of Zn mineralisation, all of which require high ƒ(O2) to be stable (Johnson et al., 1990). In the 

Bergslagen district, the ubiquitous association of the ore with Mn oxides or hematite similarly point to 

high oxygen fugacities (Holtstam and Mansfeld, 2001). Consequently, most authors favour a shallow-

water, continental margin setting for these deposits, where mixing of reduced metal-bearing brines with 

oxygenated seawater triggered the precipitation of Mn (Johnson et al., 1990; Allen et al., 1996; Large et 

al., 1996).

Similar to these ancient examples, modern hydrothermal vent systems, such as the TAG field, the East 

Pacific Rise or Red Sea deposits, are rich in Mn. Mixed Fe-Mn-rich sediments are normally referred to 
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as umbers, but Mn may also be strongly fractionated from Fe and deposited as Mn oxyhydroxides (e.g. 

Robertson and Degnan, 1998). Evidence from these localities indicated that Mn deposition takes place 

mainly distal to the hydrothermal vent, forming a dispersion halo around the more proximal (sulphide-

bearing) metalliferous sediments. At the proximal reducing brine environment, Mn is not precipitated 

but moves upward to form particulates at the interface of oxygenated seawater and brine (Roy, 1992; 

Goulding et al., 1998; Robertson and Degnan, 1998). These relationships have led previous authors to 

suggest that similar ore-forming processes might have been active in ancient Mn-rich deposits as in the 

modern analogues (e.g. Johnson et al., 1990; Johnson and Skinner, 2003). 

7.4.3 Genetic and Palaeo-Environmental Considerations

As shown in the previous sections, Gamsberg is a notable exception to other large Proterozoic SEDEX 

and BHT deposits in that it is characterised by the presence of both massive barite and high concentrations 

of Mn. The reason for the paucity of these components in many giant to supergiant Proterozoic sediment-

hosted Zn-Pb deposits is due to the fact that their precipitation requires venting of reduced brines into 

an oxidised water column. This scenario is not typical for most large Proterozoic deposits for two main 

reasons: (1) many Proterozoic deposits have formed by oxidised, sulphate predominant, brines (Cooke 

et al., 2000), and (2) most of these deposits developed in an environment too reduced to force barite and 

Mn precipitation (Large et al., 2002).

Figure 7.13 summarises the pre-deformational distribution of Ba and Mn within the Gams Formation. 

From Figure 7.13b it is evident, that barite is distinctly concentrated within the lateral extensions of the 

Gams Formation (Overturned Limb). In contrast, the ore horizon in the North Body (B Unit) rarely shows 

Ba values above 1000 ppm. The concentrations of Ba in the North Body increase toward the bottom 

and top of the Gams Formation, reaching a maximum of 4000 ppm in the upper C2 Unit. The lateral 

dispersion of Ba and hydrothermal SiO2 from base metal sulphide facies is consistent with evidence from 

other barite-bearing SEDEX deposits, where barite is commonly concentrated towards the peripheries 

of the deposits. Figure 7.14 shows the stability fields of barite, Fe oxides and sulphides in logƒ(O2)-pH 

space. It is evident that the stability of barite is dependent on high ƒ(O2), thus favouring redox controlled 

fractionation of barite from Fe and base metal sulphides. In more reducing environments, barite will be 

destroyed by the inorganic and biologically mediated reduction of sulphate. It must be noted, however, 

that the low solubility of barite extends its stability field into conditions were reduced sulphur is stable. 

It is thus not uncommon to find barite coexisting with pyrite or base metal sulphides (Hanor, 2000). At 

Gamsberg, low Ba concentrations within the ore horizon suggest that the basinal waters were characterised 

by the absence of available sulphate during deposition of the sulphide ores. Any Ba released by the ore-

forming brines would thus have remained in solution and be transported to the periphery of the basin, 
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Fig. 7.13 Schematic illustration of the pre-deformational distribution of Ba and Mn within the Gams 
Formation.  a. Distribution of rock types. b. Distribution of barium. c. Distribution of manganese. 
Diagrams modified from Rozendaal (1982).

where it precipitated due to mixing with oxygenated seawater. The involvement of cooler and/or more 

oxygenated fluids during precipitation of the barite is also suggested by the negative Eu anomaly of the 

barite. 
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The deposition of Mn is constrained by two main geochemical factors (Roy, 1992): (1) the Eh-pH 

conditions of the depositional environment, and (2) the high solubility of Mn. As a result, Mn remains 

soluble in anoxic marine basins waters and precipitates by mixing with oxidised, Mn-poor seawater 

above the oxic-anoxic interface. Consequently, almost all Precambrian Mn deposits originated in a 

shallow-water environment, near the basin margins. The presence of a stratified water column may 

additionally increase Mn deposition, since the element is concentrated in solution in the reducing waters 

and precipitates due to mixing with oxic seawater or changes in the environmental conditions, such as 

marine regression. These geochemical constraints commonly result in fractionation of Mn from Fe due 

to the precipitation of the latter as Fe sulphides (Frakes and Bolton, 1984; Force and Cannon, 1988; Roy, 

1992). 

Fig. 7.14 Log ƒ(O2)-pH diagram showing the 
stability fields for barite (shaded area), Fe oxides 
and sulphides, galena and sphalerite at 100°C 
and a salinity of 20 wt.% in seawater proportions 
(from Hanor, 2000). 

The distribution of Mn within the Gams Formation is shown in Figure 7.13c. It is evident that Mn 

contents increase with increasing vertical distance from the ore horizon, reaching a maximum of about 

30 wt.% MnO in unusual Mn2+-Fe3+-rich rocks of the C2 Unit. Toward the lateral extension of the Gams 

Formation, Mn concentrations are generally low, most probably due to the lack of a Mn fixing agent in Fe 

oxide-quartz iron formations, quartzite and massive barite. Manganese throughout the Gams Formation 

is in its divalent form, thus showing a relatively reduced character compared to other Mn deposits, where 

Mn is generally present as trivalent Mn oxides (e.g. Roy, 1992; Bühn et al., 1995). Phase relations and 

metamorphic reactions discussed in section 6.3.3 indicate that most Mn of the Gams Formation has been 



CHAPTER 7 - PRIMARY FEATURES

203

derived from the decarbonation of a Mn carbonate precursor (Fig. 7.15). It must be noted that the latter 

most probably does not precipitate directly, but is considered to have formed as diagenetic product of 

originally precipitated Mn oxyhydroxides (Force and Cannon, 1988; Okita, 1992; Roy, 1992; Mücke et 

al., 1999). In the central B1 and A4 Units, alabandite occurs as accessory component, either as exsolution 

product of Mn-rich sphalerite (B1 Unit) or as separate disseminated grains (A4 Unit). Alabandite has 

a limited stability field, restricted to high pH and low Eh conditions (Fig. 7.16), providing additional 

evidence of oxygen deficient conditions during deposition of metapelite-hosted ore. However, Mn 

concentrations are relatively low in these rocks, suggesting that Mn has mostly remained in solution 

during deposition of the B1 Unit, and that conditions have proven unfavourable for large-scale deposition 

of alabandite. As shown in Figure 7.16, environmental conditions would have been more acidic during 

deposition of the B1 Unit, placing the metapelite-hosted ore in a field were Mn is soluble, but Fe 

insoluble and precipitated as pyrite (point A in Fig. 7.16). In the field occupied by metapelite-hosted ore, 

S occurs in its reduced form (sulphides) and C as organic carbon (graphite), consistent with mineralogical 

evidence from the B1 Unit.

Fig. 7.15 Proposed premetamorphic distribution of Mn minerals in the Gams Formation.

The postulated rhodochrosite/Mn carbonate precursor of the metalliferous host rocks is consistent with 

slightly higher Eh and more alkaline environmental conditions (point B in Fig. 7.16). Pyrrhotite and base 

metal sulphides coexist with magnetite in some of these rocks, pointing to critical activities of oxygen 

and sulphur. Rhodochrosite may thus be precipitated in relatively reducing conditions, since its stability 

is rather dependent on pH. Models explaining the deposition of Mn carbonate in sedimentary basins (e.g. 

Force and Cannon, 1988; Okita, 1992) demonstrated that Mn carbonate tends to be deposited in a zone 

just below the oxic-anoxic interface, in slightly deeper water than Mn oxides (subsequently referred to 

as “suboxic zone“). In this environment, basinal water is saturated with respect to Mn carbonate, due to 
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Fig. 7.16 Eh-pH diagram showing stability of phases in the system Mn-C-S-O-H at 25°C and 
1 bar. Superimposed are relations in the system Fe-S-O, and the sulphide-sulphate and organic 
carbon-carbonate boundaries. The shaded area is the field of soluble Mn and insoluble FeS2. 
The black and white dots represent normal ocean water and euxinic marine waters, respectively 
(all data from Brookins, 1987). Points A and B denote preferred fields of metapelite-hosted ore 
and metalliferous host rocks, respectively. 

the dissolution of Mn oxides. The Mn carbonate facies generally show a gradational transition to reduced 

basinal facies, such as black shales (Force and Cannon, 1988). Okita (1992) suggested that the generally 

low pyrite content of Mn carbonate facies is due to the bacterially catalysed oxidation of pyrite or a 

pyrite precursor in the presence of Mn oxides. The process results in the release of Mn2+ and increased 

alkalinity, which ultimately leads to the co-precipitation of rhodochrosite and magnetite. 
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It is proposed that environmental conditions of the ore horizon and associated metasediments of the 

North Body are consistent with the reduced and zoned depositional model of Force and Cannon (1988) 

(Fig. 7.17a). Only the development of calderite-jacobsite/hematite-rich rocks of the C2 Unit might be 

related to more oxic conditions, possibly above the suboxic-oxic boundary. The presence of barite-

hematite rocks, iron formations and quartzite in the Overturned Limb also favours deposition in an oxic 

shelf environment. Figure 7.17b shows the preferred depositional environment of the Gams Formation, 

illustrating transition from anoxic and suboxic basin to basin-margin facies (North Body) to shallow-

water oxic shelf facies (Overturned Limb). The model is in agreement with relationships established from 

the occurrence of apatite nodules and strongly favours the presence of a stratified ocean during deposition 

of the Gams Formation. Ocean stratification might have been accomplished through diminished vertical 

circulation in restricted basins and oxygen consumption by degrading organic matter, as envisaged by 

Force and Cannon (op. cit.), or through the influx of reducing hydrothermal brines. 

Fig. 7.17 a. Reduced and zoned depositional model for shallow-marine manganese deposits (after 
Force and Cannon, 1988). b. Depositional model for the Gams Formation, incorporating evidence 
from apatite nodules and distribution of Mn and Ba. Note that the different facies may be separated due 
to lateral variation, i.e. the C2 Unit overlies iron formations and barite of the Overturned Limb. 
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CHAPTER 8
GENESIS OF THE GAMSBERG DEPOSIT

The aim of this chapter is to compile data presented during this study into a coherent genetic model 

for the development of the Gamsberg deposit. For comparative purposes, the first part summarises 

geological features of the three deposits in the Aggeneys area, with special focus on the Broken Hill 

deposit (section 8.1). Subsequently, results from previous isotopic studies in the area are discussed in 

section 8.2. Section 8.3 focuses on the composition and physicochemical characteristics of ore-forming 

brines, with special emphasis on geological features that may constrain the nature of the brines. The next 

section (8.4), discusses the importance of P for the genesis of base metal sulphide deposits, followed by a 

compilation of factors in support of a syngenetic metamorphosed versus syntectonic emplacement origin 

(section 8.5). The last part presents the proposed basin development and genetic model for the Gamsberg 

deposit (section 8.6). 

8.1 Comparison with Deposits in the Aggeneys Area

Three major sediment-hosted base metal deposits, referred to as Broken Hill, Swartberg and Big 

Syncline, occur approximately 20 km west of Gamsberg in the Aggeneys area. All four deposits occur 

at a comparable stratigraphic level, overlying the regionally developed thick unit of quartzite, indicating  

that base metal mineralisation in central Bushmanland reflects a special hydrothermal event in the 

development of the Bushmanland sequence. The Broken Hill deposit has been in production since 1979 

and up to the end of 2003 32.29 Mt of sulphide ore at an average grade of 0.50% Cu, 6.61% Pb, 2.82% 

Zn and 95 g/t Ag has been produced (personal communication JE Potgieter, 2004). The Broken Hill 

deposit will stop production in 2005 and at present mining activities have begun at the top of the Broken 

Hill Deeps extension. The major element of the expansion project involved the sinking and equipping 

of a new vertical shaft from surface to a depth of 1750 meters, together with associated underground 

development. It is projected that these developments will expand the life of mine at least to 2013 but the 

ore body remains open in two directions and it is anticipated that further resources will be identified. The 

geological ore reserves and metal grades of the three deposits and the Broken Hill Deeps extension are 

shown in Table 8.1. 
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Similar to Gamsberg, the deposits in the Aggeneys area show geological characteristics that correspond 

with the general BHT classification (Beeson, 1990; Parr and Plimer, 1993, Walters, 1998). The most 

important features are the generally sulphur-poor nature of the ores with high concentrations of pyrrhotite 

and magnetite, the spatial and genetic association with Fe-rich oxide- and silicate-facies iron formations, 

and high concentrations of trace elements (Ag, Bi) in the ores. In addition, the host rock association 

and occurrence in a Proterozoic mobile belt terrane agree with the typical BHT setting. However, the 

deposits in the Aggeneys area, in particular Broken Hill, show some distinct differences to the Gamsberg 

deposit, which allow to constrain the spectrum of ore and host rocks types that are associated with this 

type of mineralisation in Bushmanland. Ryan et al. (1986) pointed out the regional-scale various in 

metal ratios, manifested by a general decrease in the Cu/Zn and Pb/Zn values from west (Swartberg) to 

east (Gamsberg). These values are mimicked by a general increase in δ34S values from west to east, as 

discussed in the next section. A summary of the geological features of the Broken Hill deposit is presented 

below and will help to highlight other important differences with Gamsberg.

The ore body at Broken Hill comprises two superimposed mineralised horizons, a structurally Upper Ore 

Body (UOB) and a Lower Ore Body (LOB), which are part of an overturned fold limb (Ryan et al., 1986; 

Lipson, 1990; Hoffmann, 1993, 1994). The UOB contains the bulk of economically mineable ore in the 

upper part of the deposit. With increasing depth, the UOB thins out and the LOB gains in importance. 

The maximum strike length of the UOB and LOB is about 1 km and 600 m, respectively, and the dip 

of the ore bodies varies from almost vertical in a well-defined steeply folded zone at shallower levels 

to almost horizontal in the deeper part of the mine (Ryan et al., 1986).  Both ore bodies comprise a well 

mineralised massive sulphide core that is enclosed by an envelop of banded iron formations containing 

disseminated sulphides. Ore pegmatites and coarse-grained sulphide segregations are a common feature 

at Broken Hill, and an important part of the initial metal revenue has been derived from Pb- and Ag-rich 

massive sulphides that reached metal grades of up to 25% Pb and 200 g/t Ag. 

Table 8.1 Geological reserves and ore grades of the Aggeneys deposits (data from Ryan et al., 
1986 and JE Potgieter, pers. comm., 2004)

Deposit Tonnage Ore Grade
(Mt) Cu (%) Pb (%) Zn (%) Ag (g/t)

Broken Hill (total) 85 0.34 3.57 1.77 48.1

Broken Hill (economic 
underground cut-off)

38 0.45 6.35 2.87 82

Broken Hill Deeps 14 0.67 3.65 3.69 52

Swartberg 81.6 0.75 2.67 0.59 30

Big Syncline 101 0.09 1.01 2.45 12.9
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The mineralisation at Broken Hill is distinctly controlled by the structural framework. The regional D2 

deformational event is intensely developed at Broken Hill and resulted in large-scale isoclinal folding at 

the northwestern part of the deposit, overturning of the stratigraphy and duplication of massive sulphide 

layers (Ryan et al., 1986; Hoffmann, 1993). Large-scale folding, shearing and pegmatite intrusion of 

D3 age is evident in the northwestern part of the deposit by the Z-shape of the UOB and LOB massive 

sulphide horizons. As a result of the folding, the massive sulphide lenses are significantly attenuated and 

distorted, particularly in fold hinges and limbs. Associated with F3-folds are NE-trending shear zones that 

truncate both UOB and LOB rocks (Hoffmann, op. cit.).   

The idealised stratigraphic succession at the Broken Hill mine comprises from older to younger a basal 

leucocratic quartz-feldspar-biotite gneiss (Hoogoor Gneiss), which is overlain by biotite-sillimanite-

muscovite schist, massive white and dark quartzite, “Ore Schist” hosting the UOB and LOB, and an 

upper “Shaft Schist Formation” (Lipson, 1990). Mine geologists have informally subdivided the “Ore 

Schist Formation” into a Hangingwall Schist above the UOB, the Intermediate Schist that separates the 

UOB and LOB, and the Upper Footwall Schist. The latter is separated from the Lower Footwall Schist 

by a 2-10 m thick biotite-graphite schist, which is informally referred to as “Weak Zone”, since it is 

commonly associated with precarious ground conditions. The schists that host the Broken Hill deposit 

show systematic mineralogical variation from footwall to hangingwall. The Hangingwall Schist is a well 

banded and foliated muscovite-sillimanite-biotite-quartz schist, with an average thickness of 21 m. The 

rock contains disseminated amounts of garnet and magnetite and thin lenses of magnetite iron formation 

(Lipson, 1990). The Intermediate Schist is a muscovite-biotite-sillimanite-quartz schist that ranges in 

thickness from 20 m in the east to 50 cm in the west. It differs from the Hangingwall Schist by its coarser-

grained sillimanite and absence of magnetite iron formation lenses. In the west, the Intermediate Schist 

grades into a garnet-biotite-quartz schist (Hoffmann, 1993). The delicately banded Upper Footwall Schist 

is in contact with the LOB. It is a medium- to coarse-grained aluminous schist with minor garnet and 

differs from the Hangingwall Schist by the absence of magnetite. Coarse-grained galena and chalcopyrite 

are locally found in the Upper Footwall Schist (Lipson, 1990). 

The iron formations that envelop the massive sulphide rock are magnetite-rich and contain varying 

proportions of silicate bands. Depending on the mineralogical composition of the silicate bands, 

Hoffmann (1993, 1994) distinguished  four types of iron formations: (1) quartz-magnetite iron 

formations, (2) amphibole-olivine-magnetite iron formations, (3) garnet-magnetite iron formations, and 

(4) massive magnetite iron formations. Owing to stacked isoclinal folds, the thickness of iron formations 

varies between 1 and 5 m in the UOB, and between 5 and 20 m in the LOB. In the UOB succession, 

quartz-magnetite iron formation is the most common type of iron formation, which commonly displays 
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poorly defined or disrupted mineral banding. The quartz-magnetite rocks grade in depth into amphibole-

magnetite iron formations that host the massive sulphide lenses of the UOB. Galena is the most dominant 

sulphide in these assemblages, followed by sphalerite, chalcopyrite, pyrite and pyrrhotite. The massive 

sulphide lenses of the UOB generally have a total metal content in excess of 20% and a high Pb:Zn ratio, 

which exceeds 5:1 and ranges up to 30:1 (Ryan et al., 1986). In general, the UOB has significantly higher 

magnetite contents than iron formations in the LOB. Magnetite is especially well-developed toward the 

western part of the ore body at a stratigraphic position equivalent to the Intermediate Schist that separates 

the UOB from the LOB (Hoffmann, 1993; Lipson, 1990). 

Throughout the LOB succession, banded iron formations both overlie and underlie massive sulphides.  

The LOB consists of varying proportions of quartz-magnetite iron formations, amphibole-magnetite iron 

formations and garnet-magnetite iron formations, but massive magnetite rock is absent (Hoffmann, 1993). 

Iron formations in the LOB display a well-developed banding that is interpreted to represent original 

bedding. Although the bands are only millimetres to centimetres thick, they may be traced laterally for 

tens of metres (Hoffmann, 1993, 1994). Sulphide-bearing rock of the LOB is either massive, banded, or 

occurs as fine-grained mylonite. Banding is expressed as 1-5 mm thick alternating bands of sulphides 

and quartz. Pyrrhotite is the major sulphide in the LOB, followed by galena, sphalerite, chalcopyrite and 

pyrite. Total base metal content is usually below 20%, with Pb:Zn ratios of less than 3:1 and sometimes 

less than 1:1 (Ryan et a., 1986).

Both ore bodies display well-defined lateral base metal zoning, especially for Cu. Individual massive 

sulphide lenses all exhibit decreasing Cu/(Cu+Pb+Zn) values from west to east. Vertical zoning is not as 

clearly defined but there is a general increase in Cu from the footwall to the hangingwall of the deposit. 

Massive sulphides vary widely in fabic and appearance, with textures ranging from undeformed, banded 

mineralisation to fine-grained sulphide breccias. Coarse-grained recrystallised and remobilised varieties 

are particularly common in the UOB (Ryan et al., 1986; Hoffmann, 1993).

Compared to Gamsberg, the Broken Hill ore is significantly enriched in Pb, Cu and Ag. Owing to the 

ductile nature of galena and chalcopyrite, these constituents commonly occur as remobilised, discordant 

veins, ore pegmatites and coarse-grained sulphide segregations. In addition, associated iron formations 

are relatively Fe-rich, compared to the Fe-Mn-Ca-rich assemblages at Gamsberg, which resulted in the 

stabilisation of almandine-rich garnet, amphibole, pyroxferroite and olivine (Hoffmann, 1993, 1994). 

These minerals also developed in more Fe-rich assemblages at Gamsberg. However, Fe-rich rocks at 

Gamsberg grade with increasing vertical distance from ore into Mn-Ca-rich assemblages, which contain  

a variety of Mn-Ca-rich minerals, such as andradite-calderite-spessartine garnet, pyroxenoids, manganoan 

clinopyroxene and manganoan calcite. These distincly Fe-Mn-Ca-rich assemblages attest to the presence 
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of a more carbonate-rich precursor at Gamsberg than Broken Hill. Furthermore, different sedimentary 

facies are well developed at Gamsberg. Pyrite-bearing, pyrrhotite-bearing and phosphorite-bearing ores 

can clearly be distinguished and occupy a specific stratigraphic position, which was most probably 

controlled by primary environmental conditions in the depositional basin. The restricted occurrence of 

oxide-facies iron formations, quartzite and barite in the northeastern and eastern part of Gamsberg further 

attest to well-defined sedimentary facies. The architecture and spatial distribution of the latter is evident 

due to the preservation of the Gamsberg deposit in the core of a sheath-fold.  In contrast, sedimentary 

facies are less clearly defined at Broken Hill. Mineralisation is characterised by massive sulphides that 

contain varying proportions of galena, sphalerite, chalcopyrite, pyrrhotite, pyrite, magnetite and barite 

(Ryan et al., 1986; Hoffmann, 1993). Although lateral base metal zoning seems to indicate variation in 

the relative position to a hydrothermal vent, exact relationships are unclear due to the complex structural 

architecture of the deposit (Lipson, 1990; Hoffmann, 1993). According to Hoffmann (1993, 1994), the 

occurrence and spatial distribution of amphibole-rich and garnet-rich iron formations reflect variations 

in the relative contributions of hydrothermal versus detrital components. Garnet-rich iron formations are 

interpreted to have a greater detrital component and originated closer to the sedimentary source region, 

whereas amphibole-rich iron formations contain a greater hydrothermal component and formed in a 

more distal environment, which was protected from sedimentary influx. In general, the composition and 

intermixed nature of ores and iron formations at Broken Hill indicate a more proximal position relative to 

the hydrothermal vent, higher brine temperatures, and possibly a deeper, less oxygenated water column.  

Collectively, geological signatures of the four deposits in central Bushmanland suggest variations in the 

environmental conditions of localised third order sub-basins, within the larger framework of the second 

order Bushmanland basin. 

8.2 Previous Isotopic Studies

Several isotopic studies have previously been conducted in the Aggeneys-Gamsberg area (Von Gehlen 

et al., 1983; Barr, 1988; Reid et al., 1997a, b). Sulphur isotopes of sulphides and barite from all four 

deposits have been determined by Von Gehlen et al. (1983). The authors pointed out an eastward increase 

in δ34S values between the deposits, which they interpreted as indicative of regional scale mixing between 

sulphur from magmatic-exhalative and seawater sources. At Gamsberg, δ34S values of sulphides from the 

North Body were between +26 and +32‰, whereas two barite samples showed values of +35‰. Sulphur 

isotopes at the most western Swartberg deposit were shown to be significantly lighter, displaying a 

relatively wide range from –2 to +15‰ for sulphides and +15 to +25‰ for barite. Stalder and Rozendaal 

(2004b) presented a limited amount of additional sulphur isotope data of sulphides from Gamsberg, 

ranging from +6.2 to +18.5‰. The data indicates that there may be a considerable wider range of sulphur 
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isotope values than previously assumed (Fig. 8.1).

It has been well documented that sulphides are in general isotopically lighter than coexisting barite due 

to fractionation of sulphur isotopes between sulphates and sulphides during bacterial sulphur reduction. 

The lighter isotopes are normally preferred by the sulphide species, resulting in incorporation of 32S into 

the latter and a shift towards heavier values in barite (Goodfellow and Jonasson, 1984; Maynard and 

Okita, 1991; Hanor, 2000; Seal et al., 2000). The barite values at Swartberg are similar to the range of  

δ34S values estimated for late Palaeoproterozoic (~1700 Ma) seawater (18-25‰; Strauss, 1993), hence 

suggesting that the sulphate of the barite was derived from ambient seawater. These isotopic signatures 

compare well with data from other sediment-hosted Zn-Pb-Ba deposits, where seawater is normally 

regarded as the dominant sulphur source (Maynard and Okita, 1991; Lydon, 1995; Goodfellow, 1999). 

Sulphides and especially barite from Gamsberg have sulphur isotopic compositions 10-15‰ heavier 

than samples from Swartberg and Proterozoic seawater. Such heavy sulphide and barite values are 

characteristic for SEDEX deposits in the Selwyn Basin of Canada (Goodfellow and Jonasson, 1984). The 

authors attributed these signatures to the presence of restricted basins, where partial reduction of seawater 

Fig. 8.1 Sulphur isotope composition of sulphides and barite from the Aggeneys-
Gamsberg ore district. Data from Von Gehlen et al. (1983) and Stalder and Rozendaal 
(2004b). The shaded area shows estimated range of Palaeoproterozoic seawater (Strauss, 
1993).
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sulphate and slow replenishment allowed the basinal waters to become depleted in 32S. Similarly, Von 

Gehlen et al. (1983) suggested that a restricted evaporitic sub-basin was present at Gamsberg. Collectively, 

these lines of evidence indicate that the sulphur isotope data of Gamsberg is compatible with derivation 

of most of the sulphur from ambient seawater. In addition, the heavy δ34S values support the presence of 

an evaporitic, partly restricted basin during ore-forming times. 

Fig. 8.2  Strontium isotopic composition of Gamsberg barite (data from Barr, 1988). 
Seawater and mantle curves are from Hanor (2000); data of cratonic-rift and continental 
margin deposits from Maynard et al. (1995).

Strontium isotopes of the Bushmanland barite have been determined by Barr (1988). As demonstrated by 

this study, barite in all deposits is highly radiogenic, with 87Sr/86Sr values at Gamsberg ranging between 

0.714 and 0.715. These compositions differ markedly from Mesoproterozoic seawater (~0.705; Hanor, 

2000), supporting a non-marine, hydrothermal origin of the Ba. The Sr isotopic composition of the 

Gamsberg barite falls within the range of other cratonic-rift type Zn-Pb-Ba deposits (Fig. 8.2), whereas 

barite-only deposits from continental margins have Sr isotopes comparable with seawater (Maynard et 

al., 1995). The radiogenic Sr signature points to prolonged crustal residence time, and therefore favours 

continental crust as the most likely source of Sr and Ba.
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Reid et al. (1997a, b) established whole rock and single grain Pb isotope patterns for host rocks and 

mineralisation in the Aggeneys-Gamsberg ore district. The metasedimentary host lithologies generally 

followed the trend defined by the ~1100 Ma metamorphic Pb-Pb isochron, suggesting that resetting of 

the system has occurred during the Namaquan orogeny. The Pb isotope composition of galena from the 

four deposits is very homogeneous throughout the ore district, pointing to derivation of the ores from a 

common source and ore fluid. The Pb isotope signature of all deposits is very radiogenic, thus indicating a 

crustal reservoir of Pb. According to Reid et al. (1997a), the most plausible explanation for the radiogenic 

signature is derivation of Pb from the basal Hoogoor Gneiss. The latter has been interpreted as original 

acid volcaniclastic material that has derived its magma from reworking of ~2000 Ma continental crust 

(Moore et al., 1990). Considering ~1650 Ma as the preferred time of mineralisation, the 350 Ma crustal 

residence time would be sufficient to produce the radiogenic signatures (Reid et al., 1997a).

In summary, isotopic evidence from Bushmanland favours derivation of the metals from continental 

crust, possibly from the basal Hoogoor Gneiss. Sulphur, in contrast, has most probably been derived from 

bacterial and/or thermochemical reduction of seawater sulphate. 

8.3 Characteristics of the Ore-Forming Brines

Hydrothermal ore formation within a sedimentary basin involves three main processes: (1) dissolution 

of trace elements from a large source area and incorporation into basinal fluids, (2) physical transport 

and focusing of the metals, and (3) precipitation of the ore constituents in a small part of the system 

(Hanor, 1999; Heinrich et al., 2000). This section focuses on the first two prerequisites, namely the 

incorporation and transport of elements within hydrothermal brines. Due to the metamorphosed nature of 

BHT deposits, no direct evidence  (i.e. primary fluid inclusions) can be obtained to constrain the nature 

of these brines. Even for unmetamorphosed SEDEX deposits, systematic fluid inclusion studies are rare 

due to the general lack of suitable material for microthermometry. Published fluid inclusion data from the 

Tom and Jason deposits in Canada has yielded average homogenisation temperatures of about 260°C and 

salinities of 9 wt.% equiv. NaCl, indicating that the salinity of some SEDEX ore-forming fluids is several 

times greater than that of seawater, but less saline than MVT fluids (Goodfellow, 1999). At present, there 

is no published fluid inclusion data for Australian SEDEX deposits. 

As a result, studies on the nature of SEDEX/BHT brines have mostly relied on thermodynamic modelling, 

evidence from modern basinal brines or laboratory experiments (Large et al., 1996; Hanor, 1999; Cooke 

et al., 2000; Sangster, 2002). These studies indicated that the solubility of base metals in an aqueous 

fluid is primarily controlled by temperature, salinity, redox state of the fluid, the chloride:sulphide ratio 
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and pH. Most authors agree that Zn and Pb are transported primarily as chloride complexes in saline 

brines (Goodfellow, 1999; Hanor, 1999; Cooke et al., 2000). The solubility of these elements in chloride 

solutions increases exponentially with increasing temperature, whereas increased concentrations of 

reduced sulphur negatively affect Zn and Pb transport by precipitating sphalerite and galena. Hanor 

(1999) has shown that several factors increase the solubility of Zn and Pb at a fixed temperature and 

activity of dissolved H2S by as much as 15 orders of magnitude over a single order of magnitude increase 

in salinity and chlorinity. These include: (1) a significant decrease in pH with increasing salinity, (2) the 

onset of predominance of tetrachloro complexes (XCl4
2-) with increasing chloride concentrations, and (3) 

the strong non-ideal behaviour of Cl-, which results in high activity coefficient terms. These theoretical 

considerations suggest that a threshold chlorinity of roughly 100,000 mg/l exists below which sedimentary 

fluids are poor solvents for Pb and Zn, and above which metal concentrations may be significant enough 

to form an economic deposit.

Fig. 8.3 Log ƒO2-pH diagrams showing the stability fields for Fe oxides and sulphides, and the metal-transport 
window for sphalerite and galena, together with the predominant fields for the principle aqueous sulphur-bearing 
species and the stability fields for water and H2 (g) (from Cooke et al., 2000). a. At 250°C and 10 eq. wt.% NaCl. 
b. At 150° and 25 eq. wt.% NaCl. 

As pointed out by Cooke et al. (2000), the redox state of the fluid will strongly influence its metal-

transporting capacity. In reduced brines (H2S or HS- predominant), pH, temperature, and salinity are the 

dominant controls on galena and sphalerite solubilities. These factors can be expressed by the following 

mass balance equation:

XS (solid) + 2H+ + 4Cl- = XCl4
2- + H2S        (35)
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It is evident from the above equation that high activities of H+ and Cl- and low activities of H2S favour 

metal solubility, whereas metals can be precipitated by increasing pH and/or H2S or by decreasing Cl- 

through dilution (Fig. 8.3; arrow A-C). In contrast, the solubility of Zn and Pb in oxidised brines (SO4
2- ± 

HSO-
4 dominant) is independent of pH (Fig. 8.3; arrow B-C). Therefore, addition of H2S at the trap site 

and/or decrease in salinity will be the main causes of sphalerite and galena precipitation according to:

XS (solid) + 4H2O + 4Cl- = XCl4
2- + SO4

2- + 4H2       (36)

Cooke et al. (op. cit.) have shown that reduced brines can carry significant base metals (> 1 ppm) at 

weakly acidic pH if temperatures and salinities are high (around 250°C and 10 wt.% NaCl equiv.; Fig. 

8.3a). At a temperature of 150°C, however, the brines must be strongly acidic to carry significant Pb 

and Zn, or highly saline at higher pH values (Fig. 8.3b). In contrast, temperature controls on base metal 

transport are less significant in the case of oxidised brines. The latter can carry more than 100 ppm Zn 

and Pb over alkaline to acidic pH conditions at temperatures of 150°C or below.

Fig. 8.4 Log ƒO2-pH diagram showing stability 
fields for Fe oxides and sulphides and the metal-
transport windows for Ba. For comparison, the 
metal-transport window for Zn and Pb is also 
indicated (simplified from Cooke et al., 2000). 

The presence of barite within SEDEX or BHT deposits provides additional information on the nature of 

the brines. Due to the high ionic potential of Ba2+, the element can readily be incorporated into aqueous 

solutions as chloride complexes. As a result of the very low solubility of Ba in the presence of dissolved 

sulphate, however, it can only be transported in reduced brines (Fig. 8.4). Precipitation of barite will 

occur when Ba-rich reduced fluids mix with sulphate-bearing fluids, such as oxic seawater (Hanor, 1999, 
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2000; Cooke et al., 2000) (arrow A-B in Fig. 8.4). According to Cooke et al. (op. cit.), SEDEX Zn-Pb 

deposits can only contain barite if the mineralising fluids were reduced and acidic. In contrast, deposits 

that lack barite must have formed either from brines too sulphate-rich to transport Ba or, alternatively, the 

trap site contained waters too reduced to force barite precipitation. The acidic nature of reduced brines is 

indirectly supported by the general absence of witherite in SEDEX or BHT deposits, which should be the 

stable Ba-mineral under near neutral to alkaline conditions (arrow A-C in Fig. 8.4).

Using similar thermodynamic calculations, Large et al. (1996) demonstrated that it is highly unlikely that 

BHT deposits formed from high temperature (> 350°C), high salinity, synmetamorphic fluids. According 

to the theoretical considerations explained above, such fluids have the capacity to carry 100% Pb and Zn 

in solution and would never become saturated with respect to these elements (Fig. 8.5). However, less 

soluble metals such as Cu and Au may be expected to precipitate from such fluids at temperatures below 

350°C. The predominance of Zn and Pb in BHT deposits, coupled with generally low concentrations of 

Cu and Au, indicates that these deposits have most probably formed from saline fluids below 250°C. As 

shown by Williams et al. (1996, 1998), however, high temperature and saline post peak metamorphic 

fluids might have significantly altered and redistributed ore-forming constituents in some BHT deposits. 

Fig. 8.5 Influence of temperature on the solubility of Zn, Pb, Cu, and Au in a 
hypersaline, acidic, reduced fluid. Sulphide deposition occurs to the left of the 
saturation lines, metal transport to the right of the saturation lines (after Large et 
al., 1996).
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Sangster (2002) conducted laboratory experiments to demonstrate the involvement of dense brines in the 

formation of vent-distal SEDEX deposits. As pointed out by Sangster (op. cit.) and other workers (e.g. 

Lydon, 1995), sediment-hosted Zn-Pb deposits may either form from bottom-hugging brines capable of 

moving away from the hydrothermal vent or from buoyant plumes that dump their metal load close to 

the location of fluid discharge. The former will generally result in vent-distal deposits, characterised by 

concordant, internally laminated, ore bodies that lack an associated feeder pipe or vent complex. Buoyant 

plumes, in contrast, form vent-proximal deposits, which are generally underlain by a heterogeneous 

vent complex, showing evidence of subsurface metal deposition in the form of irregular veins and 

replacement/alteration zones. The behaviour of hydrothermal brines upon discharge is dependent on the 

density of the fluid relative to seawater: low temperature, high salinity fluids are denser than seawater 

and will form bottom-hugging brines, whereas high temperature, low salinity fluids are less dense than 

seawater and will produce buoyant plumes upon discharge (Fig. 8.6). Such high temperature buoyant 

plumes are typically observed in modern hydrothermal systems. Sangster (2002) demonstrated that 

relatively little mixing takes place between seawater and dense brines and the latter consequently retain 

their original temperature and salinity. In contrast, considerable mixing may take place between seawater 

and intermediate to buoyant brines, resulting ultimately in density reversal and collapse of the brines. 

Fig. 8.6 Temperature versus salinity plot for hydrothermal brines (after Sangster, 2002). Point A is the position of 
seawater at 2°C. Line A-B is the seawater isodensity line. Line A-C defines the lower limit of the field of density 
reversal. Fluids that plot above line A-B are always denser than seawater, whereas fluids that plot below line A-
C are always less dense than seawater. Intermediate brines would initially form buoyant plumes. After mixing 
with seawater, these brines would become denser than seawater and ultimately collapse due to density reversal. 
Also indicated is the proposed temperature and salinity of the Selwyn-type Tom and Jason deposits (data from 
Goodfellow, 1999). 
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Geological evidence from SEDEX deposits elsewhere indicates that vent-distal McArthur-type deposits 

precipitated from relatively cool and saline (dense), oxidised brines, since they lack the presence of 

footwall stringer zones and associated barite. These deposits are normally characterised by large tonnages 

and high grades, due to the potent metal-carrying capacity of oxidised brines. In contrast, vent-proximal 

Selwyn-type deposits formed from high-temperature reduced brines (less dense) and thus normally 

show well developed vent complexes and the association with barite. As a rule, these deposits are of 

lower tonnages and/or grades (Cooke et al., 2000; Large et al., 2002; Sangster, 2002). By applying these 

principles to Gamsberg, two main features are evident:

(1) The large size and sheet-like architecture of the ore body, displaying well-developed micro- to 
mesoscale banding, points to a vent-distal origin of the deposit and favours precipitation of the ore 
under low energy conditions. This conclusion is supported by the lack of geological features that 
point to the presence of an underlying vent complex, as well as the predominance of low energy 
metasediments in the Gams Formation, such as metapelitic schist and marbles. It is possible that a 
feeder zone has not been recognised at Gamsberg due to the metamorphosed and deformed nature 
of the succession. As pointed out by Sangster and Hillary (1998) and Sangster (2002), however, 
the absence of a footwall feeder zone in many SEDEX deposits is real and has to be considered 
in genetic models. The Zn-dominant nature of Gamsberg, as well as the association with barite 
and metachert, also favour a distal setting, since these constituents are normally deposited furthest 
from the hydrothermal vent due to solubility constraints (Goodfellow et al., 1993; Lydon, 1995; 
Goodfellow, 1999). Collectively, these features indicate the involvement of dense brines for the 
formation of the Gamsberg deposit. According to density calculations, hydrothermal brines have to 
be cool and saline in order to be denser than seawater (Sangster, 2002).

(2) The presence of barite demonstrates that the ore-forming fluids were reduced and acidic. In 
addition, the positive Eu anomaly of garnet-apatite ore also supports involvement of reduced brines, 
since positive Eu anomalies are achieved through the reduction of Eu3+. According to thermodynamic 
calculations, reduced brines have to be hot and/or highly saline to act as potent ore fluids (Cooke et 
al., 2000).

It is evident from the two points discussed above that a hydrothermal brine, which is both dense and 

reduced, is not a potent ore fluid unless the salinity is very high. This relationship is demonstrated by a 

tonnage versus grade plot, which shows the Gamsberg deposit relative to the most important McArthur- 

and Selwyn-type deposits (Fig. 8.7). In terms of size, Gamsberg compares well with giant to supergiant 

McArthur-type deposits, although metal grades are considerably lower. Selwyn-type deposits may also 

have very large tonnages and high grades, as exemplified by the Sullivan and Red Dog deposits. In 

general, however, vent-proximal Selwyn-type deposits contain significantly lower tonnages and grades. 

The only Selwyn-type deposit that seems to have formed from a combination of dense and reduced brines 
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is Howards Pass (XY and Anniv deposits), which plots very close to Gamsberg in Figure 8.7. Although 

Howards Pass does not contain barite, the absence of this mineral may be attributed to environmental 

constraints (i.e. venting of fluids into a sulphate-free water column). Similar to Gamsberg, the Howards 

Pass deposits are characterised by large tonnages, low metal grades (110 Mt at 5.4% Zn, 2.3% Pb) 

and bedded ore facies. Large et al. (2002) referred to these deposits as “low grade supergiants“. It is 

proposed that the low metal grades of Gamsberg (and by analogy Howards Pass) are intimately related 

to the physicochemical conditions of the brines. As shown above, the reduced and relatively cool nature 

of the fluids precluded the transport of high concentrations of Zn and Pb in solution. The proposed 

low temperature of the brine seems inconsistent with the positive Eu anomaly of the ore at first, since 

reduction of Eu takes place only at temperatures above ~250°C (Sverjensky, 1984). As shown by Large et 

al. (1996), however, the positive Eu anomaly may be attributed to the fact that the hydrothermal reservoir 

conditions were reduced and >250°C. Since relatively little mixing of dense brines and seawater takes 

place, the fluids might have retained their original signatures during discharge and submarine migration. 

At Gamsberg, Fe-Mn-rich metahydrothermal rocks that envelop the ore body contain very low 
concentrations of Zn and Pb. These sediments have probably developed from base metal-poor cooler 
fluids, similarly to those that are responsible for the formation of Fe- and Fe-Mn-rich sediments at 

Fig. 8.7 Grade-tonnage plot showing the position of Gamsberg compared to selected McArthur- and Selwyn-
type SEDEX deposits, as well as Broken Hill (New South Wales). Data is taken from Cooke et al. (2000) and 
Large et al. (2002), except Howards Pass from Yukon Geological Survey web page (www.geology.gov.yk.ca/
metallogeny/selwyn).
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active hydrothermal vents. These fluids are typically between 60-150°C and originate due to diffuse 
flow peripheral to the main discharge vents (Herzig and Hannington, 1995; Goulding et al., 1998). At 
temperatures below 150°C, reduced brines are very poor metal-carrying agents and probably would 
not have carried sufficiently high concentrations of Zn and Pb to act as ore fluids (see Fig. 8.3b). The 
proposed decrease in brine temperature is supported by a shift from a positive Eu anomaly in the ore to 
a negative one in metalliferous host rocks, indicating that the hydrothermal reservoir temperatures were 
not sufficient to leach base metals from the source rocks and incorporate them into aqueous solutions. 

8.4 Importance of Phosphorus

Phosphorus forms an integral component of phosphorite-hosted ore, garnet-apatite ore and proximal 

iron formations of the Gamsberg deposit. The intimate association of these rocks with P is interpreted 

as a typical feature of BHT deposits and might provide valuable information about the ore-forming 

processes. The first part of this section summarises the geochemistry of P and its behaviour in melts and 

aqueous solutions (section 8.4.1). Subsequently, comparison is made with other P-rich base metal and 

related deposits (section 8.4.2). The last section discusses implications of P-enrichment for the genesis of 

sediment-hosted Zn-Pb deposits (section 8.4.3).  

8.4.1 Geochemistry and Behaviour of Phosphorus

Phosphorus is a non-metal element with atomic number 15, which belongs to the group VA of the periodic 

table. It is the 10th most abundant element on Earth and normally occurs as an accessory component in 

most igneous rocks. Apart from rare phosphides that have been identified in some iron meteorites (e.g. 

Fe3P), phosphates are the only P compounds found in nature. The latter occur exclusively as tetrahedral 

(PO4) groups and the only stable oxidation state of P within the lithosphere is P5+ in the PO4
3- ion 

(Koritnig, 1978). Due to the low solubility of P in melts and its incompatible nature in common rock-

forming minerals, P is susceptible to concentration via fractionation in geochemical processes (Piccoli 

and Candela, 2002).

In common igneous rocks, the P content varies between nil and about 2 wt.% P2O5, with the majority 

of rocks having P2O5 values below 0.5 wt.%. Mean P contents of different magmatic rocks gradually 

decrease with increasing acidity, due to the higher solubility of P in mafic and ultramafic rocks compared 

to granitic melts (Spear and Pyle, 2002). According to the compilation of Koritnig (1978), average P2O5 

values of granites range between 0.14-0.20 wt.%, granodiorites between 0.21-0.34 wt.%, and gabbros 

and diorites between 0.24-0.70 wt.%. Average P2O5 values of volcanic rocks were given as 0.13 wt.% 

for rhyolite, 0.28 wt.% for andesite and 0.56 wt.% for basalt. In magmatic processes, P behaves as a 
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volatile component and readily forms PO4
3- complexes due to the high ionic potential of the P5+ ion. 

Since P is not easily accommodated in rock-forming minerals, it tends to be concentrated in the melt until 

a threshold value is reached, which is sufficient to precipitated P as a separate phase, normally apatite 

(Piccoli and Candela, 2002). The incompatible nature of P and corresponding enrichment in the residual 

melt may occasionally lead to highly anomalous concentrations of phosphates in certain rock types, such 

as pegmatites or enigmatic magnetite-apatite rock (nelsonite).

The solubility of P is normally very low in aqueous solutions. Especially the presence of Ca, Fe, Al or Pb in 

the fluid negatively affects its solubility, since these elements may form highly insoluble orthophosphates 

(Koritnig, 1978). As shown by Ayers and Watson (1991), the solubility of phosphate in aqueous solution 

increases significantly with decreasing pH. Phosphorus may be held in solution in humus-bearing waters 

and other soil solutions, indicating that under sufficiently acidic conditions, temperate is less important for 

the solubility of phosphate. In addition, the presence of other volatile components, especially halogens, 

also enhances the transport of phosphate (Koritnig, 1978). 

8.4.2 Comparison with P-Rich Base Metal and Related Deposits

Phosphorus may be enriched in a wide variety of different rock types. The highest concentrations of 

phosphate occur in marine sedimentary deposits (phosphorites). The latter represent a separate class of 

deposits, since they are normally related to the accumulation of biogenic phosphate in high bioproductivity 

areas. Processes and environmental prerequisites leading to the development of phosphorites have been 

discussed in section 7.2 and will not be considered here. By consulting the literature on P-rich base 

metal and related deposits, two main types of P-rich deposits are evident: (1) magmatic or magmatic-

hydrothermal deposits, such as Kiruna-type iron ore deposits, Fe oxide-Cu-Au deposits and Zn-Pb 

skarns, and (2) hydrothermal exhalative deposits, both of sedimentary and volcanic affinity. 

Kiruna-type iron ore and Fe oxide-Cu-Au deposits are characterised by highly anomalous enrichment 

in P, occasionally reaching concentrations in excess of 60% apatite by volume (Hitzman et al., 1992; 

Frietsch and Perdahl, 1995; Treloar and Colley, 1996; Borrok et al., 1998; Davidson, 2002; Harlov et 

al., 2002). The association magnetite-apatite is very characteristic for these deposits and has led to the 

recognition of a distinct rock type, nelsonite. Kiruna-type iron ore deposits belong to a group of Fe oxide 

deposits that are spatially and most probably genetically related to felsic magmatism (Hitzman et al., 

1992). These deposits are generally not directly associated with sulphide- or Au-bearing rocks, although 

they show similarities with Algoma-type iron formations, which are commonly associated with BHT 

deposits (Stanton, 1976a; Rozendaal, 1982). In contrast to apatite of the Gams Formation, REE patterns 

of apatite in Kiruna-type iron ore deposits are characterised by LREE-enrichment and a negative Eu 

anomaly (e.g. Frietsch and Perdahl, 1995; Harlov et al., 2002). 
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Barton and Johnson (1996) extended the classification of Fe oxide deposits to include deposits associated 

with mafic igneous rocks. The authors pointed out the similarity of these deposits with magmatic-

hydrothermal deposits, such as Olympic Dam, which contain variable concentrations of Cu, Au, Ag, REE 

and other potentially economic constituents (Davidson, 2002). The latter are commonly characterised by 

highly anomalous concentrations of apatite. Williams and Heinemann (1993) described a Proterozoic Zn 

skarn in the Cloncurry district of Australia, which is characterised by a Mn-P- and halogen-rich gangue 

mineralogy. Apatite may reach concentrations of 10-20% by volume in banded skarn consisting of 

manganoan hedenbergite, Mn-Fe-rich grossular and plagioclase. 

Syngenetic base metal deposits are also commonly enriched in P. Stanton (1976a) pointed out the 

phosphatic nature of ores and associated iron formations at the Broken Hill (Australia) deposit and 

attributed this enrichment to derivation of the P from the ore-forming fluids. Similarly, Bodon (1998) 

described P-rich mineralisation types at the BHT Cannington deposit. The latter is characterised by high 

concentrations of apatite in graphitic Pb-Zn ore (1-2 wt.% P), as well as banded olivine-pyroxenoid and 

banded hedenbergite rocks. At Cannington, apatite commonly occurs as monomineralic bands (< 3 mm) 

or as disseminated subhedral grains, suggesting a similar mode of formation as in garnet-apatite ore at 

Gamsberg. In the Bergslagen district of central Sweden, apatite-rich rocks form an integral component 

of the stratigraphy (Allen et al., 1996). Collectively, the evidence indicates that P-enrichment is a distinct 

characteristic of BHT deposits. Moreover, Proterozoic terranes which are hosting BHT deposits, normally 

also host P-rich epigenetic deposits, such as Fe and/or Zn-Pb skarns, Kiruna-type iron ore deposits and/or 

Fe oxide-Cu-Au deposits (e.g. Williams and Heinemann, 1993; Allen et al., 1996).

Phosphorus-rich SEDEX deposits include the essentially unmetamorphosed Howards Pass and Red Dog 

deposits. In the former, apatite is highly concentrated in an up to 50 m thick horizon of phosphatic chert 

that overlies the base metal sulphide ore (Goodfellow, 1984). Apatite occurs within individual laminae, 

which are composed of microscopic aggregates of apatite that often display spherical structures. The 

occurrence and morphology of the Howards Pass apatite is very similar to rounded apatite grains in 

garnet-apatite ore at Gamsberg. Published data on the association of apatite with base metal sulphides 

at Red Dog is scarce. Nonetheless, the latter is hosted by black, organic matter-rich shale and carbonate, 

indicative of anoxic to dysaerobic depositional conditions and high productivity of organic matter (Kelley 

et al., 2003). These sediments contain abundant apatite, showing a nodular or pelletal morphology 

(K.D. Kelley, personal communication, 2003). The host rock association and morphology of the apatite 

suggests similarities to the Gamsberg apatite nodules. Similar to the latter, nodular apatite at Red Dog 

exhibits a positive Eu anomaly. 
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Metamorphosed massive sulphides and associated iron formations at New Brunswick, Canada, are also 

rich in P (Peter and Goodfellow, 1996). Compared to SEDEX deposits, the New Brunswick deposits 

display a more volcanogenic character and are hosted by a metasedimentary and bimodal metavolcanic 

sequence, which is intruded by mafic to felsic plutons. The association with bimodal volcanic rocks 

and iron formations is a typical feature of BHT deposits. At the Bathurst mining camp, metalliferous 

host rocks are generally enriched in P, reaching concentrations up to 2-3 wt.% P2O5 in siderite- and/or 

chlorite-bearing iron formations (Peter and Goodfellow, op. cit.). Mitsis and Economou-Eliopoulos 

(2001) documented lenses of massive apatite-magnetite rocks associated with an ophiolite complex in 

Greece. The apatite occurs as large (< 3 cm) well-formed crystals of chlor-hydroxylapatite and contains 

abundant aqueous fluid inclusions. 

8.4.3 Genetic Implications

The origin of magnetite-apatite rocks in Kiruna-type iron ore and Fe oxide-Cu-Au deposits remains a 

subject of controversy. Two main models have been proposed (Hitzman et al., 1992): (1) crystallisation 

of Fe oxides and apatite from an immiscible Fe- and volatile-rich magma, and (2) deposition of the 

constituents from an Fe-rich hydrothermal solution. In recent years, most authors argued for the 

involvement of hydrothermal fluids that have been derived from a genetically related magma. Borrok et 

al. (1998) presented fluid inclusion evidence from the Vergenoeg magnetite-fluorite±apatite deposit in the 

Bushveld Complex, which indicates that Fe oxide deposits related to felsic igneous rocks formed from 

high-temperature (> 500°C), high-salinity (> 67 wt.% NaCl equiv.) hydrothermal fluids of magmatic 

origin. Similarly, Harlov et al. (2002) identified magma-derived high-temperature, Cl-dominated aqueous 

brines as the most plausible ore fluid of magnetite-apatite rocks in the Kiruna district. In addition, the 

presence of aqueous fluid inclusions in apatite of ophiolite-hosted magnetite-apatite rocks suggests the 

involvement of hydrothermal brines (Mitsis and Economou-Eliopoulos, 2001). Many of these magmatic-

hydrothermal models advocated fluid mixing as a dominant ore-forming process: Barton and Johnson 

(1996) pointed out that fluids responsible for the development of some igneous-related Fe oxide deposits 

have reacted with evaporites in the stratigraphy, suggesting the involvement of meteoric fluids. Borrok et 

al. (1998) have shown that mixtures of magmatic and meteoric fluids were responsible for the deposition 

of Fe oxide±apatite rocks at Vergenoeg. Treloar and Colley (1996) also favoured fluid mixing as the 

dominant process leading to the development of magnetite-apatite ores in northern Chile. According to 

these authors, the latter originated due to the mixing of a high-temperature hydrothermal fluid derived 

from an Fe-P enriched acidic magma with a meteoric fluid, which scavenged Ca and Cl from the country 

rocks. Collectively, this evidence favours hydrothermal fluids with a strong magmatic component as the 

preferred ore fluid for massive magnetite-apatite rocks. The presence of high concentrations of apatite 

in distal Zn-Pb skarn deposits, which lack a direct association with igneous rocks, indicates that evolved 

(low-temperature) magmatic fluids are capable of forming Fe-Mn-Zn-P-rich deposits. 
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In seafloor hydrothermal systems, the origin of apatite is similarly not well constrained. In a marine 

sedimentary environment, derivation of phosphate from biogenic sources must be considered, since 

sedimentary phosphorites may develop in organic matter-rich sediments, which are not related to 

hydrothermal activity. Nonetheless, most authors favour a hydrothermal source of P in syngenetic base 

metal deposits. By comparing the extent of P regeneration from organic matter of hemipelagic sediments 

to calculated values at Howards Pass, Goodfellow (1984) has shown that it is unlikely that P has been 

derived from organic matter. Similarly, Peter and Goodfellow (1996) preferred a hydrothermal P source 

at the New Brunswick deposits, due to a lack of correlation between Y and P2O5 contents, which is 

typically observed in marine sedimentary apatite. The authors pointed out that modern hydrothermal 

vent fluids may be enriched in P relative to seawater. In general, P is mobilised by hydrothermal leaching 

and coprecipitated with Fe hydroxides in modern hydrothermal systems. A hydrothermal origin of P has 

also been advocated by Stalder and Rozendaal (2002, 2004a) for the Gamsberg deposit, due to the close 

spatial association of P with base metal sulphides and the positive Eu anomaly of the apatite. As shown 

in section 8.4.1, acidic hydrothermal fluids are capable of transporting phosphate in solution. Moreover, 

the solubility of phosphate is enhanced by the presence of halogens in the fluid, which are generally 

believed to be an integral component of Zn-Pb ore fluids (Hanor, 1999). Thus, given the presence of 

suitable source rocks in the stratigraphy, such as felsic or mafic igneous rocks, P can be expected to form 

a typical by-product of acidic hydrothermal brines. The absence of significant concentrations of apatite 

in McArthur-type deposits can probably be attributed to the fact that these deposits have not formed from 

acidic brines, but rather from near-neutral to alkaline fluids, which cannot transport phosphate.

In summary, both derivation of P from magmatic-hydrothermal sources and leaching of P from country 

rocks by acidic brines represent valuable explanations for the typical enrichment of BHT deposits in 

apatite. The most important prerequisite for the presence of high concentrations of hydrothermally-

derived phosphate in sediment-hosted Zn-Pb deposits is the involvement of acidic brines. This signature 

contrasts with McArthur-type SEDEX deposits, which are generally poor in apatite due to precipitation 

of the ores from oxidised, near-neutral to alkaline fluids. 

8.5 Synsedimentary versus Syntectonic Origin

The discussion in previous sections has largely been based on the assumption that Gamsberg represents 

a metamorphosed synsedimentary-exhalative deposit. However, many features of BHT deposits, are 

very similar to those observed in epigenetic deposits, such as distal Zn-Pb skarns (Einaudi et al., 1981; 

Gemmell, et al., 1992; Williams and Heinemann, 1993; Ashley and Willott, 1997). Consequently, an 
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epigenetic-replacement origin cannot be ignored in any genetic model. In this section, geological features 

of the Gamsberg deposit are discussed in view of a synsedimentary-exhalative versus syntectonic-

replacement origin. The discussion roughly follows the guidelines presented by Marshall and Spry 

(2000). 

The Gamsberg deposit is located at a similar stratigraphic level as the three major deposits in the 

Aggeneys area, all overlying a thick unit of quartzite. The stratigraphic control points to a close genetic 

relationship between the deposits and supports the presence of a regional-scale hydrothermal system at 

a certain time interval. Additional support for this conclusion is provided by numerous unmineralised 

iron formation occurrences throughout the Bushmanland Province, some of which can be correlated with 

the Aggeneys-Gamsberg deposits (Rozendaal, 1982). The distribution of mineralisation on a district-

scale is interpreted to reflect deposition of the ores in fault-controlled second- to third-order basins and 

supports a synsedimentary origin. The presence of intraformational breccias and conglomerate in the 

sequence indicates that basin-bounding faults have periodically been reactivated and might have acted as 

channelways for the mineralising fluids. 

The Gamsberg ore body is characterised by a sheet-like geometry, with lateral dimensions many times its 

stratigraphic thickness. The architecture and conformable nature of the ore body is in agreement with the 

geometry of vent-distal SEDEX deposits, but differs from the more irregular nature of mineralisation in 

Zn skarns. In the latter, mineralised bodies often form networks of vertical cylinders and horizontal layers 

that cut massive limestone or dolomite (Einaudi et al., 1981). Although carbonate-rich layers are present 

in the Gams Formation, the bulk of mineralisation is hosted by fine-grained siliciclastic rocks of the 

B1 Unit and not by the carbonate layers, as would be typical for skarns and other replacement deposits 

(Gemmell et al., 1992). The conformable and symmetrical arrangement of metalliferous metasediments 

around the ore body suggests a close genetic relationship between these lithologies. The identified 

assemblages of the metahydrothermal rocks are compatible with derivation from carbonate- and oxide-

facies metalliferous sediments, which have been diluted to variable degrees by terrigenous clastic material. 

The presence of different facies of metalliferous host rocks and the general decrease in the siliciclastic 

fraction from south to north indicates that basinal processes have been active. Both garnet-apatite ore and 

metalliferous host rocks are delicately laminated, with lamination being conformable with bedding. The 

banded nature of the chemogenic ore is consistent with precipitation of the ore-forming constituents out 

of a brine pool and suggest that the original sediments have been compositionally banded. The ores and 

associated metahydrothermal rocks have been folded together with the host rocks, hence illustrating that 

mineralisation experienced the main phase of deformation. The preserved structures range in size from 

the mega sheath-fold structure, which hosts the ore deposits, to delicate isoclinal folding of ore layers and 

host rocks observed in hand samples. Consequently, the possibility that ore-forming constituents have 
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been introduced during a later metasomatic event is rejected. 

On a smaller scale, distinction between synsedimentary-metamorphosed and epigenetic features is 

normally more difficult (Marshall and Spry, 2000). In general, the coarse-grained and annealed texture 

of the ore minerals is consistent with recrystallisation of sulphides during prograde metamorphism. 

The development of small-scale cross-cutting sulphide veins and the thickening of sulphide masses 

in fold hinges can be adequately explained by solid-state and mixed remobilisation of the ores during 

peak metamorphism (Marshall et al., 2000). No truncating silicate assemblages have been observed, 

which would be expected in metasomatic deposits. In addition, the presence of sphalerite inclusions 

in prograde metamorphic minerals (e.g. garnet) indicates that at least part of the mineralisation must 

have been present prior to metamorphism. Individual garnet grains occasionally display a poikiloblastic 

sieve texture, indicative of simultaneous recrystallisation of garnet and sphalerite and consistent with 

metamorphism of a sulphide mud. Similarly, inclusions of sphalerite and Fe sulphides within apatite 

nodules of the AMU suggests incorporation of these particles during diagenetic formation of the nodules. 

Since diagenesis of apatite nodules takes places only centimetres below the sediment-seawater interface, 

these features favour an exhalative origin of the deposit. 

The distinct increase of Mn/Fe in individual gangue minerals with increasing distance from the ore 

horizon can be adequately explained by variations in ƒ(O2) and ƒ(S2) within the depositional basin. It 

must be noted that metasomatic deposits also show characteristic zonation of major silicate and sulphide 

minerals away from an intrusion. The typical zonation of Zn skarns is: garnet (+magnetite) à pyroxene 

(+sphalerite) à wollastonite (+bustamite) à marble (Einaudi et al., 1981). This zonation differs from 

the zonation observed at Gamsberg, where sphalerite is associated with Fe-rich amphibole-bearing rocks 

rather than Mn-rich pyroxene-bearing rocks. The gangue mineralogy of Gamsberg is very similar to 

that observed in typical Zn skarn deposits (Einaudi et al., 1981; Gemmell et al., 1992; Williams and 

Heinemann, 1993; Ashley and Willott, 1997). However, the predominance of spessartine-almandine 

garnet within the ore-bearing assemblages instead of grossular-andradite indicates that the garnet 

composition is inherited from the protolith. In addition, the absence of compositional zoning of garnet, 

which is typical for metasomatic skarn deposits, would also favour a synsedimentary-metamorphosed 

origin (Gemmell et al., 1992).

Geochemical features such as REE patterns and sulphur isotopes are consistent with a synsedimentary 

origin. The REE patterns compare well with patterns of metal-bearing hydrothermal fluids from active 

submarine vents (e.g. Klinkhammer et al., 1994; Mitra et al., 1994), but differ from patterns in typical 

skarn deposits (Bodon, 1996; Marshall and Spry, 2000). In addition, the shift from a positive Eu anomaly 
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of the chemogenic ore to a negative one of unmineralised hydrothermal metasediments is consistent with 

variations in the temperature of the ore-forming brines. The wide range of δ34S values of the Gamsberg 

sulphides and barite (between +6 and +35‰) is similar to values of typical SEDEX deposits and can be 

explained by reduction of sulphur from Proterozoic seawater. In contrast, sulphur isotope values of Zn-

Pb skarn deposits generally range from –5 to +5 and display a comparably narrow spread (Gemmell et 

al., 1992).

Collectively, the stratigraphic, structural, compositional and isotopic features of the Gamsberg deposit 

strongly favour a synsedimentary and most probably exhalative origin of mineralisation. Therefore, any 

genetic model has to incorporate basinal processes and the sedimentological environment during ore-

forming times. These processes are discussed in the next section.

8.6 Basin Development and Genetic Model

This section provides a synthesis of the processes leading to the development of the Gamsberg deposit. 

The points discussed above favour a sedimentary-exhalative origin of the mineralisation and this section 

consequently focuses on exhalative genetic processes. The first part summarises the development of the 

Gamsberg basin by considering evidence from modern sedimentary basins (section 8.6.1). The second 

part presents a genetic model for the deposit, which incorporates the tectonic setting and possible sources 

for the elements and brines (section 8.6.2). 

8.6.1 Evolution of the Gamsberg Basin

Previous workers have shown that the Bushmanland Group has most probably been deposited in a 

shallow-water, continental environment (Rozendaal, 1982; Moore, 1989; Praekelt, 1994). The authors 

pointed out the transition from metapelitic schist to quartzite within the underlying Wortel and Hotson 

Formations, which represents an upward-coarsening regressive sedimentary cycle. The presence of 

conglomerate beds toward the top of the Hotson Formation indicates that the depositional environment 

was characterised by a shallow water ramp prior to deposition of the Gams Formation. The great regional 

extent of metapelitic schist and quartzite suggests that these facies have been deposited in second order 

basins. Taking into account the preferred continental rift setting of the Bushmanland Group, these 

metasediments may reflect rift-phase clastic sediments. The underlying Hoogoor Gneiss has been 

interpreted as volcanic or volcaniclastic material that extruded during the early phases of rifting (Moore 

et al., 1990). Several studies proposed that BHT deposits occur at the transition of rift-phase clastic 

to sag-phase carbonate- and shale-dominated sequences (Parr and Plimer, 1993; Walters, 1998; Large 
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et al., 2002). This transition might be represented by the shift from clastic-dominated sedimentation 

of the Wortel and Hotson Formations to predominantly chemical and interbedded fine-grained clastic 

sedimentation of the Gams Formation. If the postulated erosional unconformity between the Gams and 

Koeris Formations is real (Rozendaal, 1982), then a large part of the sag-phase might potentially be 

eroded. The incorporation of iron formation pebbles into the overlying conglomerate indicates that the 

Gams Formation was lithified prior to development of the Koeris Formation.

This section focuses on the development of the Gams Formation, which is interpreted to reflect a more 

localised third order basin. Unfolding of the sheath-fold structure by Rozendaal (1982) illustrated the 

strongly asymmetrical form of the Gams Formation, which is probably related to the architecture of the 

original basin. The nature and distribution of facies has shown that deposition of the Gams Formation 

occurred in a mixed siliciclastic-chemogenic basin. In general, mixed clastic-carbonate basins are 

typically asymmetric due to differences in the rates of sedimentation between the terrigenous and 

authigenic fractions (Miall, 2000). Figure 8.8 illustrates the proposed distribution of siliciclastic-rich 

versus chemical-dominated metasedimentary facies of the Gams Formation. Three main stages of basin 

development are evident from Figure 8.8: (1) a thin pre-basinal shelf phase, consisting of hydrothermal 

metasediments of the A2 and A3 Units, (2) the main basinal phase hosting coticules of the A4 Unit and 

metapelite-hosted ore of the B1 Unit, and (3) a post-basinal shelf phase, composed of garnet-apatite ore 

of the B2 Unit and metalliferous facies of the C Unit. The top of the post-basinal sedimentary sequence 

has received an increased terrigenous input, manifested by the development of coticules within the upper 

C2 Unit. The distribution of facies and geochemical indicators, such as concentrations of immobile Al 

and Ti, indicates that the terrigenous input has occurred mainly from the south. These conclusions are 

supported by the presence of an interbedded quartzite layer in the B1 Unit of the South Body, as well 

as higher concentrations of coticules in the South Body. To the north, clastic contributions successively 

Fig. 8.8 Schematic reconstruction of the Gams Formation showing chemical- versus 
siliciclastic-rich sedimentary facies. 
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decrease, culminating in the predominantly hydrothermal facies of the Overturned Limb, which make 

up the northern extension of the Gams Formation. These facies thus represent the distal shelf beyond the 

reach of clastic material. 

Mixed siliciclastic-carbonate sequences are normally found in active, near-shore, continental margin 

environments that are characterised by half-grabens undergoing carbonate production. Such steep-sided, 

fault-controlled basins commonly develop in areas of continental rifting. In present areas of active rifting, 

such as the Gulf of Suez or the Gulf of Elat, carbonate-clastic transitions occur over lateral distances 

as little as few tens of metres (e.g. Miall, 2000). Clastic shelves are very sensitive to tectonically-

induced or eustatic sea level changes, which are normally manifested by rapid facies changes within 

a given sequence. As shown by the heterogeneous nature of the metalliferous host rocks and distinct 

gradients in ƒ(O2) and ƒ(S2), abrupt facies changes over short distances are a characterised feature of 

the Gams Formation. A typical basin development model for mixed siliciclastic-carbonate sequences is 

summarised in Figure 8.9 (after Walker et al., 1983). The close similarity of the basin architecture and 

resultant sedimentary sequence (stage F in Fig. 8.9) with the reconstructed Gamsberg sequence is clearly 

Fig. 8.9 Model of basin evolution in mixed carbonate-siliciclastic basins (after Walker et al., 1983). Alternative 
stages are shown in black and white. Downward pointing arrow in stage B represents initiation of basin 
development due to tectonic subsidence. Upward pointing arrows represent type and amount of sedimentation 
(bricks = carbonates; dots = coarse terrigenous fraction; dashes = fine-grained terrigenous fraction). Downward 
open arrows represent subsidence caused by sedimentary loading during the previous stage. 
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evident. The proposed near-shore continental margin setting is in agreement with models explaining the 

development of manganese deposits (Force and Cannon, 1988) and is considered to adequately reflect 

the sedimentological environment of the Gams Formation. The different stages of basin development are 

discussed below and schematically illustrated in Figures 8.10 to 8.13.

Prior to development of the Gamsberg basin, the tectonic setting was characterised by overall stability 

and the presence of a stable prebasinal shelf that was located in the interior of a continental block (Fig. 

8.10). The floor of the shelf was composed of the precursor of the massive quartzite, which probably 

consisted of partly consolidated arkose/sandstone. Chemical sedimentation of authigenic carbonate and 

minor hydrothermally-derived Fe and Mn prevailed, resulting in deposition of the A2 and A3 Units. The 

terrigenous source region was located to the south, but did not significantly contribute to sedimentation. 

Fig. 8.10 Development of the Gamsberg basin, stage 1: prebasinal stage, characterised by chemical 
sedimentation on a stable shelf .

Basin development was probably initiated due to tectonic subsidence and the reactivation of growth 

faults (Fig. 8.11). This stage resulted in increased contributions of clastic material from the south and 

development of the coticule precursor of the A4 Unit. At this stage, the influx of hydrothermal fluids has 

still been limited to low-temperature diffusive flow, which supplied Fe and Mn to the basin. The latter 

were probably incorporated during diagenesis into detrital clay minerals, forming the precursor phase 

of spessartine-almandine garnet. Basin development continued due to tectonic and loading subsidence, 

resulting eventually in the formation of a bipolar and asymmetric depocentre, characterised by a deep, 
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starved basin closer to the terrigenous source, and a shallow shelf that was isolated from clastic deposition 

(Fig. 8.12). Ocean stratification and the development of anoxic bottom waters might have originated by 

diminished vertical circulation in the restricted basin and oxygen consumption by degrading organic 

matter, as envisaged for shallow marine Mn deposits around black shale basins (Force and Cannon, 

1988). Deposition of fine-grained organic-rich clastic material took place mainly within the basin facies, 

coeval with the influx of large amounts of hydrothermal brines. The latter might have enhanced ocean 

stratification due to the reduced nature of the fluids. It must be noted that the postulated basin bounding 

fault must not necessarily have acted as discharge conduit for the ore-forming fluids, since dense brines 

could have migrated on the seafloor (see section 8.6.2). Only Fe sulphide, sphalerite and minor galena 

precipitated from the brine pool during this stage due to mixing with seawater and addition of H2S from 

anoxic bottom water. As shown by Cooke et al. (2000), temperature decrease, dilution and increased 

concentrations of sulphur are effective mechanisms for Zn-Pb deposition from reduced brines. The 

redox sensitive elements Mn and Ba remained in solution and were concentrated in the anoxic waters. 

Phosphorus was probably also building up in the water column due to redissolution during diagenesis. 

Consequently, anoxic bottom water was acting as a dilute ore-forming solution with respect to these 

elements. 

Fig. 8.11 Development of the Gamsberg basin, stage 2: initiation of basin formation. Dotted and dashed arrows 
represent coarse- and fine-grained clastic sedimentation, respectively. Downward open arrow represents 
subsidence
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As the basin became filled due to continued influx of metalliferous and non-metalliferous particles, 

basinal conditions shifted to a suboxic environment. At a critical interval in the history of basin evolution, 

conditions became favourable to allow concretionary growth of apatite nodules. The latter was initiated 

due to high concentrations of dissolved P at the sediment-seawater interface, the suboxic diagenetic 

environment, and cessation of significant clastic sedimentation, as discussed in section 7.2.3. At this stage, 

the terrigenous depocentre had moved southward, resulting in progradation of the carbonate depocentre 

and predominantly chemical sedimentation. Influx of metalliferous brines continued and resulted in 

precipitation of base metal sulphides, Fe sulphides and oxides, and Mn in the suboxic part of the basin 

(Fig. 8.13). Originally precipitated Mn oxyhydroxides were converted to Mn carbonate during diagenesis, 

as postulated by Force and Cannon (1988) and Okita (1992). Large amounts of Fe oxyhydroxides, chert 

and barite precipitated on the oxic shelf; the latter possibly due to upwelling of Ba-rich water on the 

shelf and mixing with sulphate-bearing seawater. Taking into account the positive Eu anomaly and the 

presence of accessory to minor amounts of galena and gahnite within proximal iron formations, base 

metal sulphides were most probably also deposited on the shelf. However, in the oxic environment, these 

phases were susceptible to subaqueous oxidation. The resultant Fe-rich, Mn-poor sediments are very 

similar to ochres, which occur associated with Cyprus-type deposits and active hydrothermal vents. The 

latter are normally attributed to sulphide weathering and oxidation and also exhibit positive Eu anomalies 

(Goulding et al., 1998).

Fig. 8.12 Development of the Gamsberg basin, stage 3: main basinal phase. Iron sulphides and sphalerite 
precipitated in the basin, coeval with clastic sedimentation, whereas Mn, Ba and P remained in solution. Downward 
open arrow represents continued subsidence  
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Subxic to oxic depositional conditions prevailed during the final stages of the evolution of the Gams 

Formation, which was characterised by the deposition of large amounts of Fe and Mn from evolved fluids 

and coeval precipitation of authigenic carbonate. The relatively reduced nature of Mn-rich metasediments 

indicates that truly oxic basin conditions were not attained, at least within the central part of the basin 

(North Body). At this stage, the hydrothermal fluids had lost their capacity to transport base metals, hence 

terminating ore-forming processes within the Gamsberg basin.

Fig. 8.13 Development of the Gamsberg basin, stage 4: post-basinal stage. Basinal conditions 
have shifted to a suboxic to oxic depositional environment and clastic sedimentation has ceased 
due to southward migration of the terrigenous depocentre. Sphalerite, Mn and Fe precipitated 
in the suboxic environment, whereas Fe oxyhydroxides, chert and barite were deposited on the 
oxic shelf

8.6.2 Source of Elements and Ore-Fluid Generation

The discussion in the previous sections has advocated that ore formation at Gamsberg occurred within 

a marine sedimentary environment. However, the source of the elements and processes leading to the 

generation of ore-forming fluids remain enigmatic. Large et al. (2002) presented a comprehensive 

overview of basin scale tectonic and hydrological controls on the formation of SEDEX deposits. 

According to these authors, the size and grade of a hydrothermal ore deposit depends on various factors, 

including the metal carrying capacity of the hydrothermal fluid, the volume of source rocks that contribute 

to the metal supply, the efficiency of fluid focussing, and the efficiency of the metal trapping mechanism. 
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Several authors pointed out that the preferred tectonic setting for the formation of sediment-hosted Zn-Pb 

deposits within an intracratonic rift consists of a thick (2-5 km) impermeable cap sequence of shale and 

dolomite, which overlies permeable clastic and volcanic rocks that form the rift phase (Goodfellow et al., 

1993; Lydon, 1995). The rift phase clastic rocks may act as aquifer for circulating hydrothermal fluids, 

whereas acid volcanic rocks are the preferred source rocks. 

Large et al. (2002) envisaged a two stage development for the generation of metalliferous brines within 

a typical intracratonic rift setting: (1) an initial reservoir stage, and (2) a later ore stage. According to 

these authors, the fluid reservoir stage is characterised by tectonically stable conditions during deposition 

of thick sag phase shales and/or dolomites. Connate brines trapped in clastic rocks undergo free 

convection, thereby leaching and redistributing metals from the source rocks. The ore stage is initiated 

by the reactivation of rift faults, resulting in rapid basin development and the formation of anoxic marine 

conditions and black shale deposition. The reactivated rift faults breach the impermeable cap rocks, 

thereby resulting in focussed fluid flow of the metal-rich reservoir brine up along certain discharge faults 

and precipitation of metals in anoxic trap rocks. Large et al. (op. cit.) have shown that aquifer depths 

have to be in the order of 2-5 km to produce sufficiently hot brines for metal transport by the normal 

geothermal gradient. In the case of reduced basins, where higher fluid temperatures are required, the 

aquifer depth might need to be in excess of 5 km.

By applying these principles to the Bushmanland basin, metapelitic schist and quartzite of the Hotson and 

Wortel Formations might be regarded as permeable aquifer and localised third order basins as favourable 

trap sites. Source rocks might have been either the volcaniclastic Hoogoor Gneiss, as proposed by Moore 

et al. (1990) and Reid et al. (1997a), or deeper seated magmas, as will be discussed below. Three main 

problems arise from this scenario: (1) the absence of sag phase sediments that may act as cap rocks, (2) 

the absence of evaporites in the stratigraphy, which may supply the necessary salts to produce saline 

brines, and (3) the thin nature of the succession (< 1.5 km).

The first dilemma might be resolved by considering petrographical and geochemical evidence of massive 

quartzite and metapelitic schist that underlie the ore bodies in Bushmanland. The enrichment of the 

footwall dark quartzite in Fe, Mn and Ba suggests that original sandstone/arkose has interacted with 

circulating brines. In addition, the occurrence of lenses of massive sillimanite-corundum rock within 

the metapelitic schist might also indicate that these rocks have been leached by hydrothermal brines. 

Willner et al. (1990) presented field and geochemical evidence, which indicates that the metapelitic schist 

has been hydrothermally altered prior to deposition of the sulphide ores. According to these authors, 

the latter are intimately associated with siliceous, B-rich, F-rich, zincian, calcareous, ferruginous and 

phosphatic rocks of probable exhalative origin. Significant concentrations of F in many of the metapelite 
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samples point to the presence of acidic solutions, similar to those observed in volcanic-hosted high-

alumina alteration systems. The acidic solutions probably extruded during an evolved stage of rift 

development, but preceded the peak of base metal deposition (Willner et al., op. cit.). At a certain point 

in the development of the basin, the permeable sandstone might have become sealed, due to sedimentary 

compaction or the deposition of hydrothermal particles in the pore spaces. The resulting impermeable 

rock would have acted as potent cap rock, which allowed the building up of a hydrothermal reservoir 

within deeper seated units. Concerning the origin of dissolved salts, three possibilities are considered: 

(1) evaporites or remnants of evaporites have not been identified/preserved in the Bushmanland Group 

due to the metamorphosed nature of the succession, (2) the metapelitic schist of the Wortel Formation 

has been deposited in an evaporitic sabkha-type environment, as proposed by Moore (1989), and (3) 

dissolved salts have been derived from alternative sources.

The first possibility seems unlikely, since even in highly metamorphosed terranes, such as Willyama 

Supergroup that hosts the Broken Hill (Australia) deposit, meta-evaporites are identified by rocks of 

unusual sodic or potassic composition (e.g. albite-quartz rocks), the presence of halogen-rich minerals, 

and pseudomorphic voids and minerals after gypsum or carbonate (Cook and Ashley, 1992). Unequivocal 

evidence of such rocks is lacking in the Bushmanland Group, although Moore et al. (1990) proposed that 

the metapelitic schist unit of the Wortel Formation might have been deposited in an evaporitic, sabkha-like 

environment. Comparison with the Gulf of Suez supports the conclusion of Moore et al. (op. cit.), where 

evaporites and shales are interbedded in the syn-rift succession (Nichols, 1999). However, evaporites are 

not a prerequisite for the formation of saline brines, since there are other potential sources of dissolved 

salts. Large et al. (2002) have shown that within evaporitic basins, the connate fluid is supplemented by 

continual marine recharge. In the preferred restricted basin at Gamsberg, seawater might have become 

enriched in dissolved salts due to evaporation and diminished mixing with the open sea. As pointed out 

by Johnson et al. (1990), saline seawater might have become further enriched in salts by the hydration of 

rocks along its flow path. A second alternative is derivation of the hydrothermal fluids from deep seated 

magmas. Borrok et al. (1998) documented the importance of magmatically-derived saline brines for 

the formation of massive Fe oxide deposits. Similarly, high salinity magmatic-hydrothermal fluids were 

responsible for the development of the Maramungee Zn-Pb skarn deposit in the Cloncurry district of 

Australia (Williams and Heinemann, 1993). Similar magmatic-hydrothermal fluids may well have been 

responsible for mineralisation in central Bushmanland. 

It is proposed that the development of a hydrothermal reservoir of saline brines can adequately be 

explained by one or a combination of the processes listed above. However, the thin nature of the 

supracrustal succession would not have allowed sufficient heating of connate fluids and/or seawater by 
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the normal geothermal gradient and additional heat sources must have been involved. In addition, the 

volume of potential source rocks for the metals is small compared to SEDEX deposits, which are hosted 

by a thick sag phase succession (Large et al., 2002). Nonetheless, a thin crustal succession is typical of 

intracratonic rifts, due to thinning of the continental crust during extensional tectonics. Rifts are also 

areas of high heat flow and are characterised by a high geothermal gradient due to contemporaneous 

magmatism (Nichols, 1999). Therefore, two alternative models are considered likely for the development 

of an ore-forming system in Bushmanland:

(1) Deep seated magmas have provided the heat source for circulating connate and/or meteoric 
fluids, which subsequently leached ore-forming metals from the volcaniclastic Hoogoor Gneiss. The 
brines have derived their dissolved salts either from downward percolating hypersaline seawater or 
by interaction with an evaporitic shale horizon in the subsurface. This hypothesis can adequately 
explain the metal source and the development of saline brines within a high heat-flow regime. 
Limitations of the model lie in the relatively small volume of potential source rocks. 

(2) High salinity, metal-rich brines have been derived from a magmatic source, most probably deep 
seated mafic magmas that have formed the amphibolite of the Koeris Formation. This alternative 
can similarly explain the source of metals, salts and fluids, but S-isotopes preclude a magmatic 
source of the sulphur. 

Fig. 8.14 Genetic model for the development of the Bushmanland deposits: pre-reservoir and reservoir stage 
(adapted from Large et al., 2002).
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In consideration of these two hypothesis, a three-stage genetic model is proposed for the Aggeneys-

Gamsberg ore district (Figs. 8.14 and 8.15). The model envisaged a genetic link between the four deposits 

and derivation of the ores from a common ore fluid. Stage 1 of the model is represented by un- to poorly 

consolidated syn-rift clastic sediments that overlie earlier volcanic material and the basement of the rift. 

Downward percolating marine waters and/or magmatically-derived brines were circulating through the 

syn-rift sediments, thereby redistributing metals, regardless of the ultimate metal source (Fig. 8.14, stage 

1). As shown by Large et al. (2002), high aquifer permeabilities preclude effective Zn-Pb transport due 

to cooling of the reservoir by cold marine waters and the lack of effective fluid focussing. At this stage, 

the hydrothermal system was characterised by pervasive flow of Fe-Mn-Ba-bearing brines that deposited 

these elements onto clay minerals and Fe oxide coatings at the top of the rift succession (dark quartzite 

unit). Stage 2 has been initiated due to the sealing of the sandstone, as described earlier (Fig. 8.14, stage 

2). The latter thus acted as a cap rock, allowing the building up of pressure in deeper seated lithologies 

and the formation of a potent hydrothermal reservoir. Ore formation in Bushmanland commenced due 

to the reactivation of growth faults, leading to the rapid development of third order asymmetric basins 

that host the individual ore bodies (Fig. 8.15).The evidence from Gamsberg indicates that the developing 

basin has been filled with fine-grained, organic matter-rich sediment, which represents a favourable trap 

rock for Zn-Pb mineralisation. 

As pointed out by Large et al. (2002), only certain deep seated faults systems may act as discharge 
conduits in an intracratonic rift setting, whereas shallow faults that do not penetrate the aquifer will act 
as recharge faults or will have little control on mineralisation. Although the Gamsberg half-graben has 
most probably been bounded by a fault, the latter must not necessarily have controlled the localisation 
of mineralisation. The regional scale zonation of relatively Cu-Pb-rich mineralisation at Swartberg and 
Broken Hill to Zn-Mn-Ba-rich mineralisation at Gamsberg indicates variations in the temperatures of the 
ore-forming brines. These signatures are mimicked by a general increase in δ34S values from west to east, 
suggesting mixing of magmatically-derived sulphur with seawater sulphur (Von Gehlen et al., 1983). It 
is postulated that Gamsberg represents the evolved counterpart of BHT mineralisation in the Aggeneys 
area, possibly due to precipitation of Cu, Pb and magmatic sulphur from buoyant to intermediate (high 
temperature) brines in a vent-proximal environment. The resulting dense Zn-Ba-enriched fluid migrated 
downslope and accumulated in a suitable third order basin distal to the hydrothermal vent, as illustrated 
in Figure 8.15.

A summary of the development of the Gamsberg deposit is presented below:

1) Within the larger extent of the Bushmanland craton, Proterozoic plate tectonics resulted in the 
development of an extensional intracratonic rift, which was characterised by periodic growth fault 
activity and the occurrence of localised third order basins. The intracratonic rift was floored by a 
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Fig. 8.15 Genetic model for the development of the Bushmanland deposits: ore 
stage (adapted from Large et al., 2002).

relatively thin sequence of continentally derived shale and quartz arenite.

2) Prior to ore-forming times, the Bushmanland basin experienced a stable tectonic interval, 
which was characterised by low-energy sedimentation within the localised third order basins. 
Environmental conditions within the Gamsberg depocenter were characterised by anoxic to suboxic 
diagenesis and the formation of organic-rich black shale. 

3) Reactivation of extensional growth faults caused terrane-scale hydrothermal fluid flow, which 
possibly resulted in pervasive alteration of the footwall shale and quartz arenite. Sealing of the quartz 
arenite by hydrothermal fluid pressure resulted in the build-up of a deeper-seated hydrothermal 
reservoir. 

4) Breaching of the cap rocks by ongoing extensional tectonics resulted in focussed flow of metal-
rich hydrothermal brines along deep-seated discharge faults. At Gamsberg, the organic-rich shale 
acted as suitable trap rock for the mineralising fluids. As the basin became filled, redox conditions 
became more oxidised. Chemical sedimentation dominated and was coeval with the influx of 
hydrothermal brines. 

5) Ore-formation terminated at Gamsberg due to a decrease in brine temperature and the inability 
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of the fluids to transport Zn and Pb in solution. Sedimentation was characterised predominantly 
by chemical precipitation of Fe, Mn, Ca, Si and Ba, which resulted in the formation of Fe-Mn 
carbonate, iron formations, chert and barite that envelop the Gamsberg ore body. 

6) Subsequent to ore-formation, the Gamsberg ore-body and enclosing wall rocks were incorporated 
into a mobile belt terrane, resulting in poly-phase deformation and medium- to high-grade 
metamorphism during the Kibaran and Namaquan orogenic events. 
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CHAPTER 9
EXPLORATION FOR BHT DEPOSITS

The aim of this chapter is to describe typical features of the Gamsberg deposit, which may prove 

useful for the exploration of BHT deposits in the Namaqua Province and similar Proterozoic terranes 

elsewhere. The present study and earlier work by Rozendaal (1975, 1982, 1986) have shown that the 

Gamsberg deposit is enveloped by a suite of unusual rock types, which are genetically related to the 

ore-forming process. These rocks include iron formations, coticules, Fe-Mn-rich silicate- and carbonate-

facies metasediments and barite, all of which are characterised by enrichment in one or several of the 

ore-related elements Fe, Mn, P and Ba. Rozendaal (1982) also indicated that the Gams Formation is 

anomalously enriched in Sr, Cd, Ag and As. Thermodynamic modelling of Zn-Pb ore fluids and evidence 

from active examples has shown that these elements typically accompany Zn and Pb in hydrothermal 

brines and might be deposited by low-temperature plume fall-out distal to the site of base metal sulphide 

mineralisation. Therefore, the presence or absence of similar rocks within the Namaqua Province is 

regarded as a fundamental exploration criterion. At Gamsberg, many of the metalliferous host rocks 

are characterised by their conspicuous colour and are easily recognised in the field. Rozendaal (op. cit.) 

has shown, however, that numerous manganiferous iron formations occur in the Bushmanland terrane, 

most of which contain very low concentrations of base metals. He has pointed out the stratigraphic 

control of mineralisation and suggested that only iron formations above the major quartzite horizon are 

associated with significant base metal mineralisation. The present study aims to identify geochemical and 

mineralogical signatures of these hydrothermal metasediments that provide an indication of associated 

base metal mineralisation. For this purpose, geochemical data presented by Rozendaal (op. cit.) of 

regionally developed iron formations has been compared with data from metahydrothermal rocks at 

Gamsberg. Five main criteria have been identified: (1) enrichment of metalliferous metasediments in P 

and occurrence of phosphorites, (2) occurrence of manganese formations, (3) enrichment of metalliferous 

metasediments in the trace elements Zn, Pb and Ba, (4) occurrence of certain indicator minerals, and (5) 

the presence of a positive Eu anomaly. 

(1) The present study has demonstrated a close genetic link between P and base metal sulphides at 

Gamsberg. The relationship is manifested by the ubiquitous association of apatite with sphalerite, the 

positive Eu anomaly of apatite, and the incorporation of metalliferous particles into diagenetic apatite 

nodules. These signatures are considered diagnostic for BHT mineralisation and strongly indicate that 

P was derived from the ore-forming brines. Consequently, phosphorites and phosphatic iron formations 
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are identified as high priority exploration targets. High values of P are typically not attained by the 

regionally developed iron formations (Rozendaal, op. cit.). An exception is made by iron formations 

from Lemoenpoort, which reach concentrations up to 1.27 wt.% P2O5 in olivine-garnet-amphibole rocks. 

The evidence from Gamsberg has shown that basinal conditions, which favour development of nodular 

apatite, are also conducive to the precipitation of base metal sulphides. Stratigraphic units that are hosting 

apatite nodules are mappable and readily recognisable in the field or by standard geochemical methods. 

As shown by Riggs (1986), nodular apatite might be reworked by marine currents and deposited upslope 

or along strike from base metal sulphide mineralisation. Therefore, the presence of unmineralised 

phosphorites in Bushmanland may indicate lateral gradation to base metal sulphide facies. The most 

distinct indicator is the presence of a positive Eu anomaly of the apatite, which points to derivation of 

the REE from high-temperature and reduced brines. As discussed earlier, the latter are potential Zn-Pb 

ore fluids. 

(2) The presence of manganese formations is a diagnostic feature of the Gams Formation and has not 

been observed at any of the minor iron formation occurrences in Bushmanland. Although the latter 

may be enriched in Mn, the element occurs mostly as a substitution in Fe-rich minerals such as garnet, 

pyroxene, olivine and amphibole. The origin of these iron formations is probably related to venting 

of low-temperature brines in an oxidising environment, which is not conducive to the development of 

base metal sulphides. In comparison to the regionally developed iron formations, however, the Gams 

Formation is characterised by very high concentrations of Mn, which resulted in the stabilisation of 

rhodochrosite, calderitic garnet and rhodonite. These rocks are very conspicuous due to their characteristic 

yellow or pinkish colour and are easily recognised in the field. As demonstrated during this study, the 

strong enrichment in Mn is most probably due to primary concentration of Mn in anoxic seawater and 

subsequent precipitation of this element above the oxic-anoxic boundary. The occurrence of manganese 

formations thus points to the presence of reduced shale facies in depth or along strike, which are preferred 

trap rocks for base metal sulphide mineralisation.

It must be noted that BHT deposits in the Aggeneys area are Fe-rich and relatively Mn-poor compared to 

the Gamsberg deposit (Ryan et al., 1986; Lipson, 1990; Hoffmann, 1993, 1994). Furthermore, manganese 

formations have been described from elsewhere, which are unrelated to base metal mineralisation, 

(Dasgupta et al., 1993; Bühn et al., 1995; Jiménez-Millán and Velilla, 1998; Mücke et al., 1999). 

The presence of manganese formations on its own does therefore not provide a direct indication of 

BHT mineralisation. Taking into account the characteristic association of manganese formations with 

base metal sulphides at Gamsberg, however, the presence of similar rocks should be considered in 

exploration.
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(3) Compared to regionally developed iron formations, metasediments at Gamsberg are anomalously 

enriched in Zn, Pb, and Ba (Table 9.1). Due to the absence of Cu at Gamsberg, no direct comparison 

could be made with this element and many unmineralised iron formations in Bushmanland contain Cu 

concentrations in excess of the Gams Formation. Taking into account the relatively Cu-rich nature of 

Broken Hill and Swartberg, however, Cu should be considered in regional exploration. Enrichment in Ba 

is not a direct indicator for base metal mineralisation, since some of the unmineralised iron formations 

may contain high concentrations of Ba (Kouberg, Geselskapbank). The occurrence of massive barite 

and Ba-rich quartzite, however, is considered a high exploration target, since both are restricted to the 

Aggeneys-Gamsberg ore district. Ba-rich quartzite is very conspicuous due to its green colour and easily 

recognised in the field. As a result of the redox dependent nature of Ba, barite or baritic quartzite may 

have been fractionated from base metal sulphides and deposited on a peripheral oxic shelf. In addition, 

diffuse flow of Ba-rich brines pre- and postdated base metal mineralisation at Gamsberg and resulted in 

Ba enrichment within the enveloping country rocks. The formation of such a Ba halo might provide a 

vector to base metal mineralisation.

As evident from Table 9.1, anomalous enrichment of iron formations, calc-silicates and marbles in Zn 

and Pb is a strong indication of proximity to base metal sulphide mineralisation. None of the regionally 

developed iron formations display a similar degree of Zn and Pb enrichment as the metalliferous host 

rocks at Gamsberg. It is proposed that a threshold value of 1000 ppm Zn and Pb should be regarded as 

anomalous. 

Table 9.1 Comparison of trace element signatures of Gamsberg metalliferous host rocks with those of 
regionally developed iron formations (data of iron formations from Rozendaal, 1982)

Zn Pb Cu Ba*
Locality range mean range mean range mean range mean

Gamsberg (n=84) 30-39200 4752 15-25600 2562 0-445 52 0-19122 856

Koeris (n=5) 70-620 231 40-85 56 20-120 56 47-318 205

Lemoenpoort (n=7) 60-350 184 30-145 59 20-165 68 105-1600 498

Kouberg (n=4) 270-1360 573 50-800 254 45-960 311 358-2350 1006

Geselskapbank (n=4) 40-55 48 30-55 43 40-70 55 473-11000 3811

Wortel (n=4) 40-85 54 25-35 30 15-185 84 40-102 62

Dabenoris (n=2) 40-40 40 10-20 15 10-20 15 60-85 73

Rietkloof (n=3) 45-60 52 30-30 30 15-20 17 25-60 44

Kangnas (n=3) 50-70 60 5-25 17 10-15 12 10-165 67

Haramoep (n=5) 35-70 52 10-30 22 10-75 28 20-315 152

* Massive barite at Gamsberg not included
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(4) The anomalous enrichment of the Gamsberg host metasediments in Mn, P, Ba, Zn and Pb has resulted 

in the crystallisation of minerals, which may provide an indication of nearby base metal mineralisation. 

Such indicator minerals may be present either within iron formations and other metalliferous 

metasediments or as resistant indicator minerals in stream sediment samples. In the case of the former, 

their presence or absence can help to evaluate the potential of metahydrothermal rocks for associated 

base metal mineralisation. Due to the presence of Zn and Pb, the following minerals should be regarded 

as high priority in situ indicators: gahnite and zincian hercynite, franklinitic magnetite and jacobsite, 

pyromorphite and Pb-rich apatite, melanotekite, mimetite, as well as Zn-rich pyroxene, pyroxenoid 

and amphibole. Secondary targets include Mn-rich garnet, pyroxene, pyroxenoid, olivine, amphibole, 

magnetite and ilmenite, and Ba-rich muscovite.   

Several of the minerals listed above are easily identified in hand samples and thin section due to their 

characteristic habit and colour. Gahnite and zincian hercynite are recognised by their dark green to apple 

green colour and isotropic nature. The latter occasionally form monomineralic seams in iron formations, 

which are conspicuous in hand samples. Andradite-calderite garnet is distinctly yellow and is very easily 

recognised. Although the development of andradite-calderite is not genetically related to the base metal 

mineralisation process, the mineral is restricted to manganese formations at Gamsberg. Ba-rich muscovite 

is identified by its green colour, but might be misinterpreted as fuchsite (e.g. Colliston et al., 1989). A 

routine geochemical check might be necessary to confirm the presence of Ba in the muscovite lattice. 

Although pyromorphite, melanotekite and mimetite are relatively rare and accessory minerals, their 

presence can be identified by a careful mineralogical study. Pyromorphite is recognised by its colour and 

intimate association with apatite, whereas melanotekite and mimetite form very conspicuous yellow to 

greenish pleochroic grains. Similarly, the presence of bright red blebs and lamellae of pyrophanite within 

magnetite points to original enrichment of magnetite in Mn. Some of the Mn-rich pyroxene exhibits a 

very conspicuous green colour.

The importance of resistant indicator minerals for the exploration of BHT deposits has recently been 

recognised, although research into this topic is still at an early stage (Walters, 2002). There is a distinct 

lack of published data of BHT indicator minerals, which would allow to distinguish geochemical 

signatures indicative of BHT mineralisation from those that point to less prospective rock types, such 

as pegmatites or Algoma-type iron formations. Considering the evidence from Gamsberg, the following 

minerals are proposed as indicators for BHT mineralisation: Mn- and Zn-rich spinel (gahnite, zincian 

hercynite, franklinitic magnetite and jacobsite), Mn- and Zn-rich pyroxene, pyroxenoid, amphibole and 

olivine, Mn-rich ilmenite and garnet, and possibly Mn- and Pb-rich apatite. Apart from gahnite and 

zincian hercynite, which can be identified by their colour in heavy mineral separates, the enrichment of 
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these minerals in Mn and/or Zn can normally only be determined by chemical analyses. As shown by 

Walters (op. cit.), the rapid development of cost-effective micro-analytical techniques, such as LA-ICP-

MS and automated scanning SEM systems, might provide a breakthrough in the use of resistant indicator 

minerals for the exploration of BHT deposits. Using these techniques, a large amount of mineral grains 

can today be routinely analysed in a relatively short period of time.

The aim of this section is to provide geochemical discriminants to identify potential BHT mineralisation. 
Due to the lack of published mineral chemical data, the discussion is largely restricted to qualitative 
observations. Rozendaal (1982) has illustrated that garnet from the Gams Formation is distinctly enriched 
in Mn and depleted in Fe compared to the regionally developed iron formations. The trend is supported 
by additional data from the present study (Fig. 9.1). Similar relationships are evident for clinopyroxene, 
amphibole and olivine, although the data base presented by Rozendaal (op. cit.) is too limited to allow 
distinct conclusions. The relative enrichment of the Gamsberg minerals in Mn is attributed to the Mn-
rich nature of the protolith and provides the same constraints as guideline (2) above.  

Fig. 9.1 Ternary Fe-Mn-Ca plot of garnet from 
the Gams Formation compared with garnet of 
regionally developed iron formations.

Enrichment of spinel, pyroxenes, pyroxenoids, amphiboles and olivine in Zn is considered a more direct 

indicator. The occurrence of franklinite is globally restricted to enigmatic Fe-Mn-Zn deposits, such as 

Franklin, Sterling Hill and Långban. At Franklin and Sterling Hill, the minerals form one of the economic 

ore minerals. At Gamsberg, franklinitic magnetite and jacobsite are restricted to unmineralised host 

rocks and provide important guides to mineralisation. Similarly, Zn-rich clinopyroxene (petedunnite, the 

variety schefferite), pyroxenoid (variety fowlerite) and olivine (willemite) are characteristic components 

of the Franklin and Sterling Hill deposits. At Gamsberg, clinopyroxene, rhodonite and amphibole are 

commonly enriched in Zn and considered important resistant indicator minerals. The importance of 

gahnite and zincian hercynite as guides to base metal mineralisation has been widely recognised (Spry 

and Scott, 1986; Spry et al., 2000). Indications are that gahnite associated with BHT deposits is enriched 
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in Fe compared to gahnite from less prospective pegmatites, which might provide a geochemical 

discriminant. Although these conclusions are largely supported by the present study, the evidence from 

Gamsberg has also shown that near end-member gahnite may be associated with BHT mineralisation. 

Zincian hercynite has also been identified in regionally developed iron formations that show anomalous 

Zn enrichment (Rozendaal, 1982). Similar to gahnite, a wide range of solid solution between the Fe, Mn 

and Zn end-members magnetite, jacobsite and franklinite has been observed in spinel from Gamsberg. 

These compositions are similar to spinel from Franklin and Sterling Hill, which is commonly enriched in 

Fe2+ and Mn (Frondel and Klein, 1965; Sclar and Leonard, 1992). Spinel from sedimentary Mn deposits 

is normally enriched in the jacobsite component (Bühn et al., 1995; Mücke et al., 1999).

(5) Several studies have proposed that REE patterns - in particular the positive Eu anomaly - might be 

useful for the exploration of BHT deposits (Lottermoser, 1989, 1992; Parr, 1992). The present study has 

shown both limitations and new possibilities of this method. At Gamsberg, whole rock REE patterns have 

proven to be a relatively ineffective indicator, since the transition from positive to negative Eu anomalies 

occurs within metres away from the ore body. In contrast to Australian BHT deposits, a halo of positive 

Eu anomaly around the ore body is thus very small or nonexistent at Gamsberg. Nonetheless, proximal 

iron formations display a positive Eu anomaly and the presence of such a positive Eu anomaly in similar 

rocks should be regarded as high priority signature. It is proposed that these rocks are comparable with 

ochres, which develop due to subaqueous weathering of sulphide ores in modern hydrothermal systems 

(e.g. Goulding et al., 1998). The latter are also characterised by a positive Eu anomaly and are normally 

closely associated with base metal sulphides. Therefore, iron formations with a positive Eu anomaly may 

grade laterally or in depth to more reduced, sulphide-bearing facies. Similarly, positive Eu anomalies in 

unmineralised phosphorites favour proximity to base metal mineralisation. 

Taking into account the rapid development of micro-analytical techniques, REE patterns might be 

important for the use of resistant indicator minerals. With modern equipment, a large amount of grains 

can routinely be analysed for REE. At Gamsberg, garnet and apatite associated with the sulphide 

ores are characterised by a positive Eu anomaly. Both these minerals are typically present in heavy 

mineral concentrates and such signatures should be regarded as an important indicator of base metal 

mineralisation. The positive Eu anomaly of these minerals is very unusual and possibly diagnostic for 

BHT and some SEDEX deposits (e.g. Red Dog). Apatite in Kiruna-type iron ore deposits and Fe oxide 

Cu-Au deposits does not exhibit a positive Eu anomaly. 
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CHAPTER 10
CONCLUSIONS AND OUTLOOK

This chapter is intended to provide a summary of the work presented in this thesis. The first part revises 

existing classification schemes in view of the new evidence from Gamsberg (section 10.1). Subsequently, 

a compilation of the most important conclusions is presented in section 10.2. A synopsis of the most 

important results is found in section 10.3. Recommendations for future research are listed in section 

10.4.

10.1 Revision of the Classification Schemes

Since the early 1990’s, BHT deposits are regarded as a separate class of sediment-hosted Zn-Pb deposits, 

whose genesis might be fundamentally different from that of classic SEDEX deposits (Beeson, 1990; 

Parr and Plimer, 1993). Beeson (op. cit.) has originally distinguished an iron formation-hosted and calc-

silicate-hosted subgroup of BHT deposits. This subdivision is rejected, since it is evident that both iron 

formations and calc- or ferromanganoan-silicates may be associated with a given deposit. Sangster and 

Hillary (1998) suggested a classification based on the presence or absence of characteristic hydrothermal 

constituents. They included BHT deposits into their Type 3 deposits, which are characterised by the 

association with Fe oxides and apatite- and/or fluorite-bearing metalliferous rocks.  

The evidence from Gamsberg has shown that metamorphosed SEDEX and BHT mineralisation can occur 

within a single deposit. The former is represented by metapelite-hosted pyrite-sphalerite-graphite ore 

of the B1 Unit. Apart from recrystallisation, these rocks have not experienced significant modifications 

during metamorphism. Typical BHT features are evident from the predominance of pyrrhotite over 

pyrite in garnet-apatite ore of the B2 Unit, high concentrations of magnetite in chemogenic ores and 

host rocks, and the diagnostic association with Fe-Mn-Ca-Si-Ba-P-rich metasediments. Collectively, the 

geological features indicate that the Gamsberg deposit is bridging the gap between the SEDEX and BHT 

classifications. A summary of the geological features of the Gamsberg deposit compared with typical BHT 

deposits, such as Swartberg and Broken Hill (Bushmanland), and Broken Hill and Cannington (Australia) 

is shown in Table 10.1. On a regional scale, the hybrid nature of Gamsberg is evident from the lack of 

trace elements such as Bi, Sb, As and Hg, which characterise the Broken Hill and Swartberg deposits in 

the Aggeneys area and BHT deposits elsewhere. In addition, the regional variation of δ34S values from 
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close to zero at Swartberg and Broken Hill (Broken Hill-like) to strongly positive at Gamsberg (SEDEX-

like) provides additional evidence (see Large et al., 1996).

On a district scale, the four deposits in the Aggeneys-Gamsberg area reflect ore formation within a second 

order intracratonic basin. The geological features presented above demonstrate that differences between 

the SEDEX and Broken Hill style of mineralisation are predominantly related to the nature of the host 

rock (siliciclastic versus chemogenic) and redox conditions (anoxic versus suboxic to oxic) within 

localised third order basins. Consequently, no evidence exists to postulate fundamental differences in the 

ore-forming fluids between SEDEX and BHT deposits. It is evident from compilations in the literature 

Table 10.1 Summary of the geological features of the Gamsberg deposit compared with typical Broken 
Hill-type deposits

Gamsberg Broken Hill-type deposits
(Rozendaal, 1982; this study) (Parr and Plimer, 1993; Walters, 1998)

Tectonic setting Mesoproterozoic mobile belt Mesoproterozoic mobile belt
Rift-related setting Rift-related setting
Thin supracrustal sequence Thin supracrustal sequence

Local Geology Bimodal volcanics in stratigraphy Bimodal volcanics in stratigraphy

Heterogeneous suite of metalliferous
host rocks 

Heterogeneous suite of metalliferous host 
rocks

Pyrite-, graphite-, S-rich metapelitic 
schist

Oxidised clastic metasediments

Meta-evaporites not positively 
identified

Meta-evaporites identified in some terranes

Mineralisation features Zn-dominant, massive barite (Pb-
Ag-poor)

High Pb:Zn and very high Ag

Relatively Mn-Ca-rich Relatively Fe-rich

Low concentrations of trace 
elements (Ag, Bi, Sb, As, Hg)

High concentrations of trace elements (Ag, Bi, 
Sb, As, Hg)

Ore pegmatites rare Abundant ore pegmatites and sulphide 
segregations

No metasomatic alteration Complex retrograde metasomatism observed 
in some deposits (e.g. Cannington)

No obvious footwall feeder zone No obvious footwall feeder zone

Apatite-rich Apatite-rich

Genetic constraints Reduced ore fluid Australian deposits possibly oxidised ore fluid 
Vent-distal setting Vent-proximal setting
Seawater sulphur Magmatic sulphur
Synsedimentary-exhalative Probably exhalative
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that SEDEX deposits may occur at various levels within an intracratonic rift sequence (Goodfellow et al., 

1993; Lydon, 1995; Large et al., 2002). For example, the giant Sullivan deposit of Canada is associated 

with volcanic sills and dykes indicative of a syn-rift setting. Consequently, the latter has commonly been 

compared to BHT deposits (e.g. Turner et al., 1996). It is proposed that the syn-rift setting is diagnostic 

for BHT and hybrid deposits such as Gamsberg and Sullivan, although evidence from the latter has 

shown that SEDEX-type mineralisation may well occur within such a tectono-stratigraphic framework. 

It thus seems probable that BHT and related deposits occupy the transitional spectrum towards VHMS 

deposits, due to their development within thin, high heat flow continental crust, the association with 

contemporaneous magmatism and possibly magmatic contributions to the ore fluids. Transition also 

exist to base metal-free Fe-Mn-Ba deposits, such as Algoma-type iron formations, exhalative manganese 

formations, and Långban-type Fe-Mn oxide-carbonate deposits.

In spite of the above considerations, the term „Broken Hill-type“ is by now firmly established in the 

literature and adequately describes the characteristic host rock and element association of these deposits. 

Neutral terms such as „Type 3“ are considered less appealing and will thus not be adopted. Moreover, 

the present study does not aim to introduce a new terminology for sediment-hosted Zn-Pb deposits. It is 

rather proposed that emphasis should be placed on the style of mineralisation within a given deposit. The 

most important contribution of Gamsberg is the recognition that the development of SEDEX and BHT 

mineralisation does not depend on fundamental differences of the physicochemical characteristics of the 

ore fluids or a specific tectonic setting, but is distinctly controlled by local sedimentological and basinal 

circumstances.

10.2 Summary and Conclusions

The Gamsberg Zn-Pb deposit occurs within the volcano-sedimentary Bushmanland Group, a relatively 

thin supracrustal succession of late Palaeoproterozoic age, which forms part of the Namaqua Province 

of South Africa. The Bushmanland Group overlies a range of pre- to syntectonic granitic gneisses and 

is interpreted to represent a sequence of syn-rift clastic sediments that have been deposited during the 

early phases of an intracratonic rift cycle. During the Kibaran and Namaquan orogenic events (1300-

1100 Ma), the succession has been multiply deformed and metamorphosed to amphibolite facies, which 

resulted in brittle and ductile deformation on all scales and severe disruption of the original ore-host 

rocks relationships. 

In terms of size, the Gamsberg deposit belongs to the supergiant sediment-hosted base metal deposits 

of the world, hosting in excess of 10 Mt of Zn. As a result of the relatively low metal grades and the 
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low Zn price, however, the deposit is presently subeconomic and still awaits development. Previous 

workers have included the Gamsberg deposit in the BHT classification due to the characteristic 

association with metalliferous host rocks and the predominance of pyrrhotite and magnetite in some of 

the ores. BHT deposits comprise a range of metamorphosed sediment-hosted Zn-Pb-Ag deposits whose 

genesis is up to date poorly understood. Several genetic models have been proposed in the literature 

but genetic interpretations have generally been hampered by intense deformation, metamorphism 

and/or metasomatism. The Gamsberg deposit probably represents the best preserved example of BHT 

mineralisation, since it was protected from deformation in the core of a mega sheath-fold structure. As 

a result, different sedimentary facies are recognisable and several premetamorphic features have been 

identified. In addition, the Gamsberg deposit is characterised by the presence of graphitic metapelite-

hosted ore and the association with barite, which is untypical for Australian BHT deposits. Collectively, 

these signatures provide important information about the genesis of BHT deposits and help to refine 

existing classification schemes.

The Gamsberg ore body is hosted by an approximately 100 m thick sequence of metamorphosed chemical 

sediments and interbedded fine-grained terrigenous material, referred to as the Gams Formation. The main 

part of potentially economic base metal sulphide mineralisation occurs within an overturned syncline in 

the northern part of the Gamsberg inselberg (North Body). Toward the south, these rocks grade into the 

less mineralised South Body. The North Body is overlain by unmineralised hydrothermal metasediments 

of the Overturned Limb, which have been folded over the ore body. Petrologically, the ore horizon can 

be subdivided into a lower unit of metapelite-hosted ore, a thin central horizon of phosphorite-hosted 

ore, and an upper unit of chemogenic garnet-apatite ore. Metapelite-hosted ore reaches a maximum 

stratigraphic thickness of 50 m and consist of a quartz-sillimanite-muscovite-graphite schist, which 

contains major amounts of coarsely recrystallised pyrite and variable concentrations of sphalerite. These 

rocks are interpreted to represent the metamorphosed equivalents of mineralised organic matter-rich 

shales and can be compared to the typical style of mineralisation in unmetamorphosed SEDEX deposits. 

Toward the top, metapelite-hosted ore grades into a marker horizon of phosphorite-hosted ore (3-10 m 

thick), composed of quartz-rich siliciclastic rocks that host abundant nodular apatite concretions and 

annealed aggregates of sphalerite and pyrrhotite. The development of diagenetic phosphorites within 

base metal sulphide mineralisation points to high concentrations of dissolved phosphate at the sediment-

seawater interface during ore-forming times and suggests a close genetic link between P and base metal 

precipitation. Phosphorite-hosted ore is overlain by an approximately 10 m thick unit of high-grade 

garnet-apatite ore. The latter consists of variable concentrations of quartz, garnet, apatite, amphibole and 

pyroxenoid, hosting major amounts of coarsely recrystallised sphalerite and pyrrhotite. Garnet-apatite 

ore normally displays a well developed micro- to mesoscale banding, manifested by alternating layers 

of garnet, amphibole, sphalerite, apatite, quartz and magnetite. In terms of mineralogy and host rock 
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association, this style of mineralisation is similar to BHT mineralisation elsewhere. 

Textural evidence has shown that the sulphide ores experienced remobilisation during deformation and 

related metamorphism, which resulted in the reconcentration of sulphides in low-pressure areas such as 

fold hinges, cracks and fractures. These features are attributed to localised solid-state and liquid-assisted 

remobilisation during peak metamorphism. No evidence has been observed to postulate extensive 

remobilisation by means of fluid-dominated advective transfer or sulphide melts. On a microscale, the 

ore minerals have experienced recrystallisation during thermal annealing, brittle and ductile deformation, 

as well as metamorphically-induced phase changes. The observed metamorphic fabric is predominantly 

of a retrograde origin, since primary and prograde textures have mostly been obliterated during thermal 

annealing, recrystallisation and remobilisation. Mineralogical phase changes include the conversion 

of pyrite to pyrrhotite during prograde metamorphism, followed by regrowth of pyrite from pyrrhotite 

during retrogression. These phase changes were accompanied by changes in the chemical composition of 

ore minerals during metamorphism, movement of Zn and Pb into non-sulphide phases, and the exsolution 

of trace constituents from mother phases during retrograde cooling. Observed exsolution textures include 

chalcopyrite, pyrrhotite and alabandite from sphalerite, pyrrhotite from alabandite, and pyrophanite from 

magnetite. Collectively, metamorphism of the ores has resulted both in upgrading and downgrading of 

the mineralisation. Upgrading has been accomplished by grain size coarsening during recrystallisation 

and retrograde exsolution of certain trace elements. In contrast, downgrading has been accomplished by 

grain size reduction during brittle fracturing and movement of Zn and Pb into non-sulphides, such as 

spinel minerals or phosphates.

The ore horizon is enveloped by a heterogeneous suite of unmineralised Fe-Mn-Ca-Si-Ba-rich metalliferous 

rocks, which are genetically related to the base metal sulphide ores. The host rock assemblages exhibit 

coarse-grained, skarn-like textures and mineralogical compositions and are normally laminated on a 

micro- to mesoscale. Rapid facies changes, both laterally and across the banding, are evident within 

the metalliferous host rocks. Based on petrological and geochemical characteristics, the latter have 

been subdivided into iron formations, coticules, Fe-Mn silicates, impure marbles, baritic quartzite and 

massive barite. The distribution of ores and host rocks was distinctly controlled by the architecture of 

the palaeo-basin. The latter is interpreted as an asymmetrical, fault-bounded third order basin, which 

developed due to the periodic reactivation of extensional growth faults. Iron formations, quartzite and 

barite are restricted to the Overturned Limb that represents the northern shelf-facies extension of the 

Gams Formation. Coticules, Fe-Mn silicates and impure marbles over- and underlie sulphide ores in 

the North and South Bodies and were deposited in the basin-facies of the proposed third order basin. 

Bulk chemical characteristics illustrate that the ores and associated host rocks represent predominantly 

hydrothermal sediments, which have been diluted to varying degrees by fine-grained detrital material. A 
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successive decrease in the amount of detrital material is evident from coticules and metapelite-hosted ore, 

over garnet-apatite ore and Fe-Mn silicates/impure marbles, to iron formations, quartzite and massive 

barite. These relationships are consistent with deposition of the Gams Formation in a mixed siliciclastic-

chemogenic basin. Siliciclastic-rich coticules and metapelite-hosted ore occupy the central, deeper part 

of the Gamsberg basin and grade toward the bottom and top of the Gams Formation into hydrothermally-

dominated Fe-Mn silicates and impure marbles. The shelf-facies metalliferous rocks have mostly been 

protected from the influx of terrigenous material and represent almost pure chemical precipitates.

Iron formations, quartzite and barite are all characterised by a relatively simple mineralogy, dominated 

by Fe oxide-quartz, quartz and barite, respectively. Apart from recrystallisation, these rocks experienced 

relatively little change during metamorphism. Iron formations are commonly enriched in Zn, Pb and P, 

manifested by the occurrence of gahnite, galena, pyromorphite and apatite. Similar to iron formations, 

coticules are characterised by a simple mineralogy that is dominated by quartz and garnet. Mineralogically, 

two types of coticules are distinguished: (1) spessartine-almandine-bearing coticules, and (2) andradite-

calderite-bearing coticules. The former have received a limited amount of hydrothermal material and are 

best developed in the basin facies immediately underlying metapelite-hosted ore. Andradite-calderite-

bearing coticules consist of massive layers of bright yellow garnet and are restricted to the top of the 

Gams Formation. In contrast to iron formations and coticules, Fe-Mn silicates and impure marbles are 

characterised by a more complex mineralogical composition and consist of varying concentrations of Fe-

Mn-rich garnet, pyroxenes, pyroxenoids, amphiboles and olivine, Ca-Mn-rich carbonates, and the oxide 

minerals magnetite, hematite, ilmenite, pyrophanite and jacobsite. Gradational contacts exist between 

Fe-Mn silicates and impure marbles and distinction has been made according to the carbonate content. 

Based on the presence or absence of indicator minerals, the following subtypes of Fe-Mn silicates/

impure marbles have been identified: (1) orthopyroxene-bearing assemblages, (2) pyroxferroite-bearing 

assemblages, (3) clinopyroxene-bearing assemblages, and (4) manganese formations. The last group is 

characterised by its highly manganiferous nature and the predominance of Mn-rich minerals such as 

rhodochrosite, rhodonite, calderitic garnet and jacobsite. 

Correlation between elements and comparison with modern hydrothermal systems has shown that Fe, 

Mn, Zn, Pb, Ba, P and Cd have been derived from hydrothermal sources, Ca from authigenic carbonate, 

and Al, Ti, K, Rb, Zr, and Y from the non-metalliferous fraction. Silica has most probably been derived 

from both detrital and hydrothermal sources. Geochemically, metapelite-hosted ore is distinguished from 

garnet-apatite ore by enrichment in Si, Ti, Al and S, and depletion in Fe, Mn, Mg, Ca, P, and Zn. The 

different types of metalliferous rocks are distinguished by relative enrichment of iron formations and 

interbedded quartzite in Fe and Si, coticules in Al and Ti, and Fe-Mn silicates and impure marbles in 

Mn, Ca and Mg. Within the North Body, a distinct vertical increase in the Mn/Fe ratio is evident with 
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increasing distance from the ore body. The bulk compositional variation is reflected by an increase in the 

Mn/Fe ratio of garnet, single-chain silicates, and ilmenite-pyrophanite solid solution and has affected the 

stability of Fe-Mn silicates. Amphibole has been stabilised in relatively Fe-rich ore-bearing assemblages, 

orthopyroxene, clinopyroxene, Fe-rich pyroxenoids and olivine in intermediate assemblages, and Mn-

rich pyroxenoids in the most manganiferous assemblages.  

Whole rock REE patterns have shown that garnet-apatite ore, phosphorite-hosted ore and proximal iron 

formations are characterised by LREE-enriched/HREE-depleted patterns and the presence of a positive 

Eu anomaly. These patterns are comparable to those of hydrothermal fluid and metalliferous sediments 

from active hydrothermal vents, indicating that the REE have been derived from high-temperature, 

reduced brines. The positive Eu anomaly of iron formations supports a close genetic relationship to the 

sulphide ores. In contrast, metapelite-hosted ore and most metahydrothermal host rocks display a negative 

Eu anomaly, similar to unaltered schists of the stratigraphy and average continental crust. These patterns 

point to derivation of the REE from lower temperature brines and/or detrital sources. The positive Eu 

anomaly of the bulk has normally been inherited by minerals such as garnet and apatite, demonstrating 

that these phases have preserved a primary ore-related signature.

Paragenetic relationships between the most important gangue minerals indicate that garnet, amphibole, 

pyroxenes, pyroxenoids, olivine and magnetite have been stabilised during prograde metamorphism. 

Carbonate (manganoan calcite, rhodochrosite) is also interpreted as a primary phase. The presence or 

absence of the latter was controlled by the activities of Si and CO2 during metamorphism, as is evident 

from the presence of significant carbonate in Si-poor clinopyroxene-bearing assemblages and manganese 

formations, and the occurrence of essentially unaltered impure marble in the footwall of the deposit. 

In the more Mn-rich assemblages, textural evidence indicates that orthopyroxene, clinopyroxene and 

pyroxmangite have been altered to Fe-Mg-Mn amphibole during retrogression. Calcic amphibole within 

manganese formations has most probably been derived from the breakdown of rhodonite. Also evident 

is the alteration of clinopyroxene to pyroxmangite and rhodonite. The equilibrium between andradite-

calderite and manganoan clinopyroxene is redox controlled and resulted in the breakdown of garnet 

to clinopyroxene during retrograde metamorphism. High-temperature metastable mother phases have 

become more ordered during retrograde cooling, resulting in the exsolution of pyromorphite from 

apatite, pyrophanite from magnetite, and zincohogböhmite from gahnite. Other retrograde alteration 

textures include the decomposition of olivine to serpentine and secondary Mn silicates, the breakdown 

of rhodonite to hydrated Mn silicates, the development of chlorite from amphibole and biotite, and the 

breakdown of garnet to Sr-rich epidote and pyrophyllite. Although the stabilisation of these minerals 

requires a hydrous phase, the textural evidence indicates that large-scale retrograde metasomatism has 

not occurred at Gamsberg.
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Apart from bulk composition, the observed assemblages have been controlled by ƒ(O2), ƒ(S2), Eh and 

pH of the depositional environment, and the buffering capacity of Fe sulphides and oxides during 

metamorphism. A strong gradient in ƒ(O2)/ƒ(S2) is evident from the ore horizon to the enveloping host 

rocks. Within metapelite-hosted ore, pyrite+sillimanite has been stabilised instead of garnet due to high 

activities of sulphur and the incorporation of Fe into the buffer. An increase in the ƒ(O2)/ƒ(S2) ratio 

from metapelite-hosted ore to garnet-apatite ore has shifted the equilibrium towards the garnet side and 

resulted in the stabilisation of almandine-spessartine garnet and pyrrhotite in the latter. Similarly, the 

stable parageneses sillimanite+sphalerite+pyrite and garnet+sphalerite of the ore horizon are replaced 

by the assemblage gahnite+quartz+Fe oxide in iron formations due to significantly higher ƒ(O2)/ƒ(S2) 

within the host metasediments. Oxygen fugacities of the latter are constrained by the assemblage 

manganoan fayalite-quartz-magnetite within orthopyroxene-bearing assemblages, indicating that these 

rocks have been buffered by the QFM assemblage. The top of the Gams Formation is characterised by 

the parageneses hematite+quartz, calderite+quartz and calderite+jacobsite, suggesting ƒ(O2) close to the 

HM buffer. The upper limit of ƒ(O2) is constrained by the absence of Mn3+-bearing minerals at Gamsberg, 

placing the assemblages at oxygen fugacities below the rhodonite=braunite+quartz buffer. The divalent 

nature of Mn indicates that the Gams Formation has been deposited and metamorphosed under relatively 

reducing conditions compared to other sedimentary Mn deposits. 

Phase relations and metamorphic reactions indicate that the observed assemblages of Fe-Mn silicates 

and impure marbles are consistent with derivation from a mixed Mn-Ca carbonate-Fe oxide precursor. 

The occurrence of massive layers of andradite-calderite garnet and rhodonite in manganese formations 

requires a protolith that was characterised by a mixture of rhodochrosite, manganoan calcite, Fe oxide, 

quartz and clay. Such rocks are typically present in unmetamorphosed Mn carbonate deposits and 

modern seafloor hydrothermal systems. The distinct lamination of the host metasediments is attributed 

to compositional banding of the original metalliferous sediments. In contrast to Fe-Mn silicates and 

impure marbles, spessartine-almandine-bearing coticules have been derived from a more silicate-rich 

precursor, composed of a mixture of Fe-Mn-rich clay and quartz. Iron formations, massive barite and 

related siliceous rocks originated due to chemical precipitation of Fe oxyhydroxides, Ba and chert, 

respectively. The intimate association of iron formations with the ore-bearing assemblages, coupled with 

features such as a positive Eu anomaly and anomalous enrichment in Zn, Pb and P, indicate that these 

rocks might have been derived from subaqueous weathering of sulphide ores. In modern hydrothermal 

systems, similar Fe-rich, Mn-poor sediments are referred to as ochres and are typically associated with 

base metal sulphides. 

Micro- to mesoscale banding of chemogenic garnet-apatite ore is attributed to depositional processes 
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within a hypothetical brine pool and variations in the composition and temperature of the inflowing 

brines. Amphibole-rich mesobands represent mostly chemical precipitates and were derived from the 

rapid precipitation of Fe and Mn hydroxides from an oxidised brine. These phases have been converted 

during diagenesis into Fe-Mn-rich phyllosilicates, such as minnesotaite, which represent the immediate 

precursors of the amphibole. In contrast, garnet-sphalerite-rich mesobands have been derived from a 

sulphide mud, which developed due to prolonged rain of sulphides from a reducing brine and mixing 

with fine-grained detrital material. The occurrence of monomineralic apatite seams within these ores 

suggests rapid precipitation of phosphate from the proposed brine pool. 

Several primary features of the Gams Formation have been discussed during this thesis. The latter 

include the positive Eu anomaly of ores and iron formations, the preservation of banded ores, the 

occurrence of diagenetic apatite nodules within phosphorite-hosted ore, and the distribution of the 

redox-sensitive elements Ba and Mn. Comparison with modern analogues suggests that the sedimentary 

basin was differentiated into anoxic to suboxic basin-facies and an oxidised shelf. Deposition of the ore-

forming constituents occurred within a stratified water column, which most probably developed due to 

limited vertical circulation in a restricted basin and oxygen consumption by degrading organic matter. 

In addition, the influx of reduced hydrothermal brines has most probably enhanced ocean stratification. 

Metapelite-hosted ore was deposited in the anoxic basin, whereas garnet-apatite ore and associated Fe-

Mn silicates/impure marbles of the North Body precipitated in a transitional suboxic environment. Only 

the upper part of the Gams Formation and the Overturned Limb have possibly been deposited under truly 

oxic conditions. The transition from an anoxic to suboxic depocentre is consistent with evidence from 

unmetamorphosed phosphorites and sedimentary Mn deposits, which commonly overlie reduced black 

shale facies. Pending the proximity to a hydrothermal source, these sediments are preferred trap rocks 

for base metal sulphides. The proposed basin architecture compares well with modern fault-controlled 

basins in extensional continental rifts, such as the Gulf of Suez and the Gulf of Elat. Similar to Gamsberg, 

the latter are characterised by rapid facies changes, mixed siliciclastic-carbonate sedimentation, and the 

development of a starved basin.

The textural and chemical evidence gathered during this thesis has been compiled into a coherent genetic 

model that explains the development of the Gamsberg deposit. The geological features are consistent with 

a sedimentary-exhalative origin of mineralisation and argue against syntectonic-epigenetic emplacement 

of the ores. The large size of the deposit, the absence of a footwall feeder zone, the internal lamination 

of the ores, and the predominance of Zn and Ba favour a vent-distal setting of Gamsberg. Theoretical 

considerations have shown that vent-distal deposits precipitate from dense, bottom-hugging brines, 

which are capable of migrating away from the site of hydrothermal fluid discharge. The presence of 

barite and the positive Eu anomaly of the ore demonstrates that the ore fluids were reduced and acidic. 
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The relatively low metal grades at Gamsberg are attributed to the fact that dense (low-temperature, high 

salinity) and reduced hydrothermal fluids are not capable of transporting high concentrations of Zn and 

Pb in solution. 

The relatively thin supracrustal succession in Bushmanland precludes heating of circulating basinal 

brines by the normal geothermal gradient, as has been proposed for SEDEX deposits hosted by thick sag-

phase sequences. At Gamsberg, deep-seated mafic magmas have most probably acted as a heat source 

for the ore fluids, suggesting a close genetic relationship with contemporaneous magmatism. The genetic 

model proposed for Gamsberg envisages a three stage development of the ore-forming system: (1) an 

early pre-reservoir stage, which was characterised by pervasive flow of low-temperature Fe-Mn-Ba-

rich fluids through unconsolidated syn-rift clastic rocks, (2) a subsequent reservoir stage that developed 

due to the sealing of the syn-rift clastic rocks, and (3) the final ore stage. The latter was initiated due to 

reactivation of growth faults, which resulted in the rapid development of third order basins (trap sites) and 

focussed flow of base metal bearing brines along certain deep-seated discharge fault. The ore-forming 

brines achieved their required high salinity either from downward circulating hypersaline seawater, from 

the leaching of evaporitic shales in the sequence, or from mixing with saline magma-derived brines. 

The district scale variation from Pb-Zn-Cu-rich mineralisation at Swartberg and Broken Hill to Zn-Ba-

rich mineralisation at Gamsberg reflects a vent-proximal and vent-distal setting, respectively. The exact 

locations of the postulated discharge faults, however, remain speculative at this stage.

The geological evidence presented in this thesis indicates that Gamsberg is bridging the gap between 

the SEDEX and BHT classifications. The hybrid nature of Gamsberg is evident from the transition of 

SEDEX-type metapelite-hosted ore to BHT garnet-apatite ore and hydrothermal metasediments. The 

absence of diagnostic trace elements, such as Bi, As, Sb and Hg, and strongly positive δ34S values of 

sulphides and barite represent additional SEDEX-type features. These relationships demonstrate that 

differences between SEDEX and BHT deposits are mostly controlled by environmental conditions within 

localised third order basins. 

The Gamsberg deposit is characterised by several diagnostic features, which provide guidelines for the 

exploration of similar deposits in the Namaqua Province. The following signatures are considered to 

indicate proximity to base metal mineralisation: (1) enrichment of iron formations in P and occurrence of 

phosphorites, (2) occurrence of manganese formations, (3) enrichment of hydrothermal metasediments 

and related rocks in Zn, Pb and Ba, (4) the presence of certain indicator minerals, such as gahnite, 

zincian hercynite, franklinitic magnetite and jacobsite, Pb-rich apatite and pyromorphite, mimetite and 

melanotekite, and (5) the presence of positive Eu anomalies in phosphorites and iron formations. In 

recent years, the rapid development of cost- and time-effective micro-analytical techniques, such as 
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LA-ICP-MS, have allowed the use of resistant indicator minerals for the exploration of BHT deposits. 

High priority indicator minerals that are typically present in heavy mineral concentrates include Zn- and 

Mn-rich spinels, Zn- and Mn-rich pyroxenes, pyroxenoids, amphiboles and olivine, Mn-rich garnet and 

ilmenite, and Mn- and Pb-rich apatite. The positive Eu anomaly of garnet and apatite associated with 

BHT mineralisation is diagnostic and might provide an important guide to ore.

10.3 Synopsis

1.  Gamsberg is a metamorphosed sediment-hosted base metal deposit, which is located in the late 

Palaeoproterozoic Bushmanland Group of the central Namaqua Province of South Africa. The 

deposit occurs in the core of a large sheath-fold structure, which is presently preserved as the 

Gamsberg inselberg.

2.  The deposit formed in an asymmetric, fault-bounded, third order basin within a typical intracratonic 

rift setting. Mineralisation is hosted by the Gams Formation and consists of a lower unit of pyrite- and 

graphite-rich metapelite-hosted ore, a central horizon of phosphorite-hosted ore, and an upper unit of 

chemogenic garnet-apatite ore. Magnetite is absent from metapelite-hosted ore, but is a conspicuous 

minor component of garnet-apatite ore.

3.   The ore body is enveloped by a complex suite of Fe-Mn-Ca-Si-Ba-rich metalliferous rocks, including 

phosphatic and zincian iron formations, Fe-Mn-rich silicate- and carbonate-facies metasediments, 

minor Fe-Mn-oxides, and barite. The metalliferous host rocks represent the evolved part of the 

hydrothermal system that precipitated from low-temperature, base metal-poor brines in a suboxic to 

oxic environment. 

4.   A distinct pre-metamorphic vertical and lateral chemical zonation has been preserved within the 

Gams Formation. Vertically, Mn:Fe values increase with increasing distance from the ore body. 

Laterally, Si and Ba concentrations increase toward the southern barite deposit. The distribution 

of hydrothermal elements has been controlled by Eh conditions of the depositional basin, and the 

solubility of elements in aqueous fluids.

5.  Bulk composition controlled the stability of individual gangue minerals. Prograde amphibole is 

restricted to Fe-rich ore-bearing assemblages, whereas orthopyroxene, clinopyroxene, Fe-rich 

pyroxenoid and olivine are present in assemblages with intermediate Mn values. Rhodonite is found 

in the most Mn-rich assemblages. These variations are accompanied by a successive increase of the 



CHAPTER 10 - CONCLUSIONS AND OUTLOOK

257

Mn content of garnet, ilmenite-group minerals and Fe-spinel with increasing distance from ore.

6.  Paragenetic relationships indicate that prograde minerals are replaced by retrograde hydrous and 

anhydrous assemblages. No evidence has been observed to suggest that the ore and metalliferous host 

rocks experienced metasomatic alteration. 

7.  Geological characteristics, such as the large size of the deposit, the internal lamination of ores 

and metalliferous host rocks, as well as low Cu:Zn and Pb:Zn ratios, favour a vent distal setting 

of Gamsberg and the involvement of dense bottom-hugging brines. The presence of positive Eu 

anomalies in rocks and individual minerals and the association with barite demonstrate that the ore-

forming fluids were reduced. The relatively low metal grade of the deposit is ascribed to the fact that 

brines, which are both dense and reduced are relatively poor metal-carrying agents. 

8.  The overall geological features favour synsedimentary-exhalative emplacement of mineralisation in 

a stratified, anoxic to suboxic marine environment. The thin supracrustal sequence and the presence 

of interbedded acid and mafic metavolcanics indicate a high heat-flow regime, contemporaneous 

magmatism, and periodic reactivation of extensional growth faults during deposition of the 

Bushmanland Group.

9.  A three stage genetic model is proposed, involving (a) pervasive flow of low-temperature Fe-Mn-Ba-

rich fluids through partly consolidated sediment, (b) development of a base metal-rich hydrothermal 

reservoir through sealing of syn-rift clastic rocks, and (c) focused discharge of metal-rich fluids upon 

the reactivation of dormant growth faults. The ore fluids might have been derived from deep-seated 

magmas, which represented the precursors of amphibolite of the Koeris Formation.

10. Subsequent to deposition, the ore body and country rocks have been poly-phase deformed and 

metamorphosed to the amphibolite-facies during the Namaquan and Kibaran orogenic events. 

Structural and textural characteristics illustrate that the ore experienced dynamic recrystallisation, 

brittle and ductile deformation, and remobilisation into low-pressure areas during the main phase of 

deformation. These processes were accompanied by mineralogical changes, which resulted in the 

formation of gahnite, exsolution of alabandite from sphalerite, and variations in the pyrite:pyrrhotite 

ratio. 

11. Remobilisation of sulphides occurred by means of dry-state and fluid-induced dislocation flow, 

resulting in hinge zone thickening and the development of minor cross-cutting sulphide veins. Owing 

to the sphalerite-rich nature of the ore, the paucity of galena-rich ore pegmatites, and the absence of 
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significant concentrations of low melting point trace metals, it is unlikely that the Gamsberg ore body 

experienced partial melting during metamorphism. 

12. Phosphorus is a diagnostic constituent of Gamsberg and BHT deposits in general. The presence of 

high concentrations of apatite suggests genetic relationships with other apatite-rich deposits, such as 

Kiruna-type Fe, Fe oxide-Cu-Au, and Zn-Pb skarn deposits. The intimate association of base metal 

sulphides with phosphatic iron formations and phosphorites represents an important exploration 

criterion.

13. Metapelite-hosted ore is interpreted as the metamorphosed equivalent of typical SEDEX-style 

mineralisation, whereas garnet-apatite ore and the enveloping metalliferous host rocks show 

similarities to rocks associated with other BHT deposits. The Gamsberg deposit therefore is bridging 

the gap between the SEDEX and BHT of classifications and illustrates that differences between these 

deposit types are predominantly related to environmental differences within localised third order 

basins. 

14. Five main geochemical and mineralogical criteria have been identified, which are important for 

exploration of BHT deposits in the Namaqua Province and similar Proterozoic terranes elsewhere: 

(1) enrichment of iron formations in P and occurrence of phosphorites, (2) occurrence of manganese 

formations, (3) enrichment of iron formations and other metamorphosed metalliferous rocks in Zn, 

Pb and Ba, (4) the presence of indicator minerals, such as gahnite, zincian hercynite, franklinitic 

magnetite and jacobsite, Pb-rich apatite and pyromorphite, and (5) the presence of a positive Eu 

anomaly in phosphorites, iron formations and other metalliferous rocks, as well as resistant indicator 

minerals. 

10.4 Recommendations for Future Research

The present thesis has focused on petrological and mineral chemical characteristics of the ores and 

associated metalliferous rocks at Gamsberg. Additional work will be required to more precisely constrain 

the origin of the Gamsberg deposit and this section provides recommendations for future research. It has 

become evident during the course of this study that our understanding of the origin of BHT deposits and 

their behaviour under amphibolite-granulite facies metamorphism is still at an early stage. Shortcomings 

in the existing literature have been identified and are listed below. The recommendations include both 

specific suggestions, relevant to BHT deposits in Bushmanland, as well as suggestions of a more general 

nature.
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(1) The understanding of the tectonic setting and age relations of the Bushmanland Group is still 
limited. At present, a PhD study is undertaken by R. Bailey at the University of Cape Town, which aims 
to constrain isotopic and age relationships in the area. It has been shown that metasediments, which 
underlie the ore bodies in Bushmanland have interacted with circulating brines. A detailed investigation 
of petrological, textural and geochemical characteristics of these rocks might provide an indication of the 
degree of regional-scale (pervasive?) fluid flow.

(2) The textural and compositional investigations should be supplemented by a systematic stable isotope 
study. Bulk rock oxygen isotope signature in particular are known to survive high-grade metamorphism 
and should provide information on premetamorphic fluid flow zonation patterns. Oxygen isotopes have 
been successfully applied in the Broken Hill area of Australia to identify large-scale regional fluid flow 
prior to metamorphism (Cartwright, 1999). Rock types such as metapelites, metabasites, leucogranites 
and quartz-gahnite rocks form integral components of the Bushmanland Group and are suitable for 
oxygen isotope analyses in the amphibolite facies (Cartwright, 1999; Heinrich et al., 2000). In addition, 
mineral pairs, such as sillimanite+quartz, magnetite+quartz, garnet+quartz and rutile+quartz can be used 
as geothermometers (Valley, 2001). These minerals are characteristic components of a wide range of rock 
types and can easily be handpicked. Stable isotope signatures in the Aggeneys-Gamsberg area should be 
compared with signature of unmineralised iron formations throughout Bushmanland. 

(3) There is a distinct lack of thermodynamic data for Mn- and Zn-rich phases in the literature. This 
has hampered the development of an internally consistent database, which includes the characteristic 
minerals associated with BHT mineralisation. Consequently, work on BHT ores and hydrothermal 
metasediments has largely been restricted to qualitative observations. Well-reversed experimental studies 
should be undertaken to determine the thermodynamic parameters of solid solution phases such as Fe-
Mn-Mg amphiboles, Mn-Zn clinopyroxenes, Fe-Mn-Zn olivines, and Fe-Mn-Zn spinels under a range of 
relevant P-T conditions. 

(4) Very little fluid inclusion work has been undertaken on BHT deposits. Although only secondary fluid 
inclusions can be analysed, the latter might provide important information on the nature and composition 
of metamorphic fluids. It has been suggested that these synmetamorphic fluids play an important role in 
the remobilisation and/or alteration of the base metal sulphide ores (Williams et al., 1996, 1998; Walters 
and Bailey, 1998). Secondary fluid inclusions in BHT deposits should be quantitatively analysed for Zn, 
Pb, Cu and related elements, using modern equipment such as LA-ICP-MS. 

(5) In recent years, the role of sulphide melts in the remobilisation of BHT mineralisation has been 
recognised (Mavrogenes et al., 2001; Sparks and Mavrogenes, 2003; Stevens et al., 2003). Sulphide 
melting experiments should be continued and the role of trace elements such as Bi, Sb, As and Hg on the 
solidi of ZnS-PbS-FeS assemblages investigated. Experimental results should be compared with textural 
evidence of BHT deposits, such as sulphide pegmatites and sulphide melt inclusions, which indicate the 
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involvement of sulphide melts. The composition of sulphide melt inclusions can be analysed using LA-
ICP-MS.

(6) An important advance is the identification of geochemical discriminants, which can be used for 
exploration. This involves the generation of a geochemical data base of resistant indicator minerals in 
BHT deposits and similar minerals in less prospective rock types, such as pegmatites, Algoma-type iron 
formation, and Långban-type Mn-Fe deposits. Geochemical discriminants might are also important for 
genetic studies and might help to distinguish between BHT and epigenetic Zn-Pb skarn deposits. 
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APPENDIX B

ANALYTICAL PROCEDURES, STANDARDS, ERRORS, DETECTION LIMITS

1. Electron Microprobe Analyses

Three different electron microprobes were used during the course of this study. Operating conditions, 

standards and detection limits of the different microprobes are listed below:

1. Apatite nodules were analysed using a Camebax Microbeam electron microscope at the University of 
Cape Town. Analyses were run with an acceleration voltage of 15 kV and a beam current of 20 nA. 
The following standards were used: fluorapatite (Ca, P, F), almandine (Fe), pyrope (Mg), rhodonite 
(Mn), scapolite (Cl) and Pb metal (for Pb).

2. Most phosphate minerals have been analysed using a Cameca Camebax SX 50 electron microprobe 
at the Université Paul Sabatier, Toulouse. The electron-microprobe was operated with an accelerating 
potential of 15 kV and a beam current of 10 nA. The following standards were used: albite (Na), 
periclase (Mg), graftonite (P), wollastonite (Ca), pyrophanite (Mn), hematite (Fe), ZnS (Zn), CaF2 
(F), tugtupite (Cl) and a synthetic standard (Pb325jmm) for Pb. In order to limit interference, F has 
been analysed in separate runs. 

3. All remaining minerals were analysed using a JEOL Superprobe 733 at Rhodes University, 
Grahamstown. Analyses were run with an acceleration voltage of 20 kV and a beam current of 30 nA. 

       The following standards were used: 

• For Ba-rich muscovite: jadeite (Si, Al, Na), olivine (Fe, Mg), willemite (Mn), benitoite (Ba, Ti), 
orthoclase (K) and apatite (Ca, F).

• For sphalerite: chalcopyrite (Fe, S), willemite (Zn, Mn) and Cd metal (Cd).

• For all other minerals: jadeite (for Si, Al, Na), rutile (Ti), nickel magnetite (Fe), willemite (Mn, 
Zn), olivine (Mg), wollastonite (Ca), orthoclase (K), apatite (P, F), benitoite (Ba), SrTiO3 (Sr) 
and crocoite (Pb).

Average detection limits of these elements have been (in wt.%): 0.02 for K; 0.03 for Si, Al, Ca; 0.04 for 

Fe, Mn, Zn, P; 0.05 for Ti, Mg; 0.06 for Na; 0.08 for F; 0.11 for Ba; 0.24 for Pb and 0.25 for Cd.
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2. Statistical Errors X-Ray Fluorescence - Major Elements

Equipment used: Philips PW1404 wavelength dispersive spectrometer, University of 
Stellenbosch
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3. Statistical Errors X-Ray Fluorescence - Major Elements Continued

Equipment used: Philips PW1404 wavelength dispersive spectrometer, University of 
Stellenbosch
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4. Statistical Errors X-Ray Fluorescence - Trace Elements

Equipment used: Philips PW1404 wavelength dispersive spectrometer, University of 
Stellenbosch
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5. Operating Conditions and Statistical Errors Energy Dispersive Spectroscopy 
(EDS)

Equipment used: Oxford Instruments 133 KeV detector, University of Stellenbosch
Beam conditions: 20 KV and 1.5 nA
Working distance: 13 mm
X-ray counts: 5000 cps
Counting time: 50 s live-time
A range of natural standards were used for standarisation and verification of the analyses
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APPENDIX C

IDENTIFIED MINERALS OF THE GAMS FORMATION

Notes: 

(a) Many mineral species identified at Gamsberg represent complex solid solution between various end-members. In 
accordance with the recommendations of Nickel and Grice (1998), the „50% rule“ is applied and supplemented 
with a prefix (e.g. manganoan, zincian) to characterise the other dominant component. Thus in binary solid-
solution series, the mineral name applies to that end-member, which is present in concentration above 50 mole 
percent. In multiple solid-solution series, the 50% rule is interpreted to characterise predominant occupancy 
of a particular structural site. Components that are present in concentrations below 20 mole percent have been 
ignored. Due to the alphabetical listing, prefixes are placed behind the mineral names. Where applicable, the 
name of the subordinate end-member is placed in parenthesis, e.g. fayalite, manganoan (tephroite). 

(b) Mineral names in bold have been newly identified during the course of this study. 

(c) Names with an asterisk (*) represent mineral groups.

Silicates
actinolite, manganoan       Ca2(Mg,Fe,Mn)5Si8O22(OH)2

andradite, manganoan (calderite)     (Ca,Mn)3Fe2Si3O12

biotite         K(Mg,Fe)3(Si,Al)3O10(OH,F)2

chlorite*
diopside, manganoan (johannsenite)      Ca(Mg,Fe,Mn)Si2O6

epidote, strontian       (Ca,Sr)2(Fe,Al)3(SiO4)3(OH)
fayalite, manganoan (tephroite)      (Fe,Mn)2SiO4

ferrosilite, manganoan       (Fe,Mn,Mg)SiO3

hedenbergite, manganoan (johannsenite)    Ca(Fe,Mg,Mn)Si2O6

hyalophane        (K,Ba)Al(Si,Al)3O8

K-feldspar*        KAlSi3O8

manganocummingtonite      (Mg,Mn,Fe)7Si8O22(OH)2

manganogrunerite       (Fe,Mn,Mg)7Si8O22(OH)2

melanotekite        Pb2Fe2Si2O9

muscovite        KAl2(Si,Al)4O10(OH,F)2

muscovite, barian       (K,Ba)Al2(Si,Al)4O10(OH,F)2

pyrophyllite        Al2Si4O10(OH)2
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pyroxmangite        (Mn,Fe)SiO3

pyroxferroite        (Fe,Mn,Mg)SiO3

rhodonite        (Mn,Ca,Fe)SiO3

sillimanite        Al2SiO5

spessartine, ferroan and calcian (almandine, grossular)   (Mn,Fe,Ca)3Al2Si3O12

titanite         CaTiSiO5

tremolite, manganoan       Ca2(Fe,Mn,Mg)5Si8O22(OH)2

vesuvianite        Ca10Mg2Al4(Si5O20)(Si4O14)(OH)4

Oxides
gahnite, ferroan (hercynite)      (Zn,Fe)Al2O4  
hematite        Fe2O3

hercynite, zincian (gahnite)      (Fe,Zn)Al2O4

ilmenite, manganoan (pyrophanite)     (Fe,Mn)TiO4

jacobsite, zincian (franklinite)      (Mn,Zn)Fe2O4

magnetite        Fe3O4

pyrophanite        MnTiO4

rutile         TiO2

zincohögbohmite       (Zn,Fe)TiAl4O8

Sulphides and Sulphates
alabandite        MnS
arsenopyrite        FeAsS
barite         BaSO4

chalcopyrite        CuFeS2

cobaltite        CoAsS
galena         PbS
marcasite        FeS2

pyrite         FeS2

pyrrhotite        FeS
sphalerite        (Zn, Fe, Mn)S

Carbonates
calcite, manganoan       (Ca,Mn)CO3

rhodochrosite        MnCO3

Phosphates and Arsenates
chlorapatite        Ca5(PO4)3(Cl,OH)
fluorapatite, manganoan and plumboan     (Ca,Mn,Pb)5(PO4)3(F)
graftonite        (Fe,Mn,Ca)3(PO4)2

mimetite        Pb5(AsO4)3Cl
pyromorphite, calcian (apatite)      (Pb,Ca)5(PO4)3(Cl,OH)  
wolfeite        (Fe,Mn)2(PO4)(OH)
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APPENDIX D

WHOLE ROCK XRF DATA

APPENDIX D

Abbreviations used in Appendix D are explained on page xx

Compositions of garnet-rich and amphibole-rich mesobands in assemblage G-MB (samples G-MB/grt and G-MB/am, respectively) have been calculated from the mineralogical 

composition of the mesobands, using the following method: (1) The average composition of the constituting minerals has been obtained from electron microprobe analyses, (2) The 

whole rock composition was calculated by estimating the modal mineralogical content of the mesobands, as evident from optical microscopy. 
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Sample G-MB G-MB/grt* G-MB/am* G109-99 GD2-307 M3-734 M2-428 G37-980

Location NB NB NB NB NB NB NB OL

Unit B2 B2 B2 B2 B2 AMU B1 C1

Rock Type GAO GAO GAO GAO GAO PHO MPHO IF

SiO2 (wt.%) 28.10 25.29 44.24 36.97 33.22 31.95 16.12 33.48
TiO2 0.02 0.01 0.07 0.23 0.25 0.36 0.16 0.05
Al2O3 3.03 4.22 0.63 1.95 1.32 5.33 3.39 0.17
Fe2O3 (23.82) (23.49) (44.75) (25.39) (38.50) (23.36) 37.98 61.27
FeO - - - - - - - 0.68
Fe(t) 16.66 16.43 31.30 17.76 26.93 16.34 (26.56) 43.38
MnO 3.31 3.60 5.74 4.54 3.85 1.62 0.96 0.41
MgO 0.16 0.08 1.39 2.31 2.49 0.51 1.05 0.01
CaO 2.69 1.36 2.73 3.41 3.87 5.21 0.15 0.20
Na2O 0.30 - - 0.00 0.00 0.00 0.15 0.00
K2O 0.00 - - 0.02 0.02 1.23 0.26 0.00
P205 2.02 0.83 2.08 2.03 3.36 4.01 0.13 0.18
Zn 19.70 26.90 5.38 11.96 8.45 11.50 2.21 -
Ba - - - - - - - -
H2O

- - - - - - 2.39 3.81 0.13
LOI 21.82 18.56 5.23 17.83 16.37 15.56 32.18 0.68
Total 97.81 97.28 98.79 99.00 100.12 96.00 98.54 97.24

V (ppm) - - - - - - - 675
Cr - - - - - - - 8
Co - - - - - - - 50
Ni 21 - - - - 14 24 <7
Cu <13 - - - - 44 175 <9
Zn - - - - - - - 1178
As - - - - - - - 14
Rb 4 - - - - 84 21 5
Sr 10 - - - - 18 <2 137
Y 19 - - - - 59 12 4
Zr 69 - - - - 120 51 12
Nb 0.1 - - - - - - 0.8
Ba <6 - - - - 173 34 19122
Pb 3048 - - - - 3842 653 935
Th - - - - - - - <5
U - - - - - - - <5

* calculated from mineralogical composition
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Sample G103-26 G28-820 G28-818 G76-496 GR-65 GR-65b G28-840 G37-1846

Location OL OL OL NB OL OL OL NB

Unit C1 C1 C1 C2 C2 C2 C2 A4

Rock Type IF IF IF COT COT COT COT COT

Subtype ZIF PIF PIF ACC ACC ACC ACC SAC

SiO2 (wt.%) 36.36 33.38 2.60 49.00 47.05 48.61 52.94 56.21
TiO2 0.12 0.15 0.27 0.60 0.44 0.49 0.57 0.63
Al2O3 1.86 5.05 0.26 9.93 7.69 6.82 8.82 9.47
Fe2O3 57.60 47.11 88.65 11.11 15.76 17.29 13.70 6.33
FeO - - - 2.25 - - - -
Fe(t) 40.29 32.95 62.01 9.52 11.02 12.09 9.58 4.43
MnO 1.85 9.92 2.00 19.12 17.64 16.59 18.60 8.95
MgO 0.10 0.46 0.13 1.33 0.88 1.29 0.47 1.71
CaO 0.18 1.49 2.43 2.42 7.42 7.32 3.16 8.74
Na2O 0.28 0.08 0.10 0.09 0.31 0.11 0.13 0.47
K2O 0.00 0.00 0.00 1.40 0.03 0.00 0.00 0.33
P205 0.17 0.73 1.68 0.36 0.42 0.47 0.25 0.29
Zn - - - - - - - -
Ba - - - - - - - -
H2O

- - - - 0.08 0.00 - - 0.97
LOI 0.07 0.99 0.92 0.15 0.62 0.20 0.32 4.68
Total 98.59 99.36 99.04 97.85 98.24 99.19 98.96 98.80

V (ppm) 364 16 242 - 10.0 25 118 -
Cr 4 9 45 - 9.1 10 27 -
Co 153 130 38 - 114 111 44 -
Ni 5 <7 <7 69 25 23 14 12
Cu 2 <9 <9 <6 <6 7 3 17
Zn 3581 3511 5200 2716 969 946 3423 408
As 33 248 943 - 1126 1379 131 -
Rb 3 3 2 122 1 2 2 22
Sr 5 30 15 415 1020 991 67 23
Y 20 23 22 42 27 30 36 51
Zr 32 64 105 192 149 163 184 198
Nb 2.4 4.6 0.2 - 5.5 5.9 10.5 11.7
Ba 0 8 0 2444 652 336 1646 280
Pb 175 1253 9628 267 79 90 274 400
Th 11 24 73 11 9 8 15 13
U <5 3 <5 5 <5 2 4 5
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Sample G45-1165 G45-1180 RH-C2 G64-740 G74-680 G64-1161* G5-910* G23-1462

Location NB NB OL OL OL NB NB NB

Unit C1 C1 C2 C2 C2 C1 C1 C1

Rock Type COT COT SIL SIL SIL SIL SIL SIL

Subtype SAC SAC MF MF MF OPX OPX PXF

SiO2 (wt.%) 57.51 37.60 39.08 38.39 29.30 44.61 63.06 39.15
TiO2 0.18 0.61 0.41 0.17 0.20 0.02 0.03 0.38
Al2O3 2.67 5.32 4.78 3.42 2.58 3.93 3.07 5.11
Fe2O3 27.87 40.45 8.02 21.62 34.18 - - 2.75
FeO - - 7.07 1.31 - 33.94 22.66 23.85
Fe(t) 19.49 28.29 11.11 16.14 23.91 26.38 17.61 20.46
MnO 7.59 7.34 31.30 21.49 15.47 5.53 4.24 12.28
MgO 0.33 1.92 1.27 1.88 1.45 2.45 1.23 3.75
CaO 1.42 1.82 4.90 7.93 8.54 3.13 0.15 7.70
Na2O 0.00 0.37 0.22 0.00 0.07 - - 0.44
K2O 0.00 0.00 0.59 0.01 0.02 - - 0.01
P205 0.16 0.16 0.24 0.27 0.63 - - 0.48
Zn - - - - - 1.65 1.10 -
Ba - - - - - - - -
H2O

- - - 0.00 0.09 1.45 - - 0.00
LOI 1.33 4.91 0.00 0.76 1.79 2.13 2.94 0.94
Total 99.05 100.50 97.86 97.33 95.69 97.39 98.48 96.84

V (ppm) 109 281 - - 10 - - -
Cr 13 47 - - 4 - - -
Co 325 56 - - 19 - - -
Ni <7 <7 27 <6 <6 - - <5
Cu 9 8 <7 <7 <8 - - <7
Zn 3281 13435 3602 6756 16414 - - 1760
As 33 372 - - 149 - - -
Rb 4 3 37 3 5 - - 4
Sr 9 0 49 640 610 - - 17
Y 17 24 30 16 16 - - 17
Zr 51 110 120 44 58 - - 135
Nb 3.6 1.7 - - 1.6 - - 12.0
Ba 0 15 2638 478 2729 - - <11
Pb 49 2140 586 3645 1562 - - 53
Th 4 20 9 13 10 - - 2
U <5 <5 <5 <5 <5 - - <5
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Sample G64-1471 G38-1080 Gu200-23.0 G39-917 Gu201-79.5 G64-1120 G63-1145 G28-1436

Location NB OL NB NB NB NB SB NB

Unit A2 C2a C2a C2a C2a C2a A3 A3

Rock Type SIL IM IM IM IM IM IM IM

Subtype CPX MF MF CPX-MF CPX CPX CPX UM

SiO2 (wt.%) 39.91 17.55 19.38 36.63 25.64 36.66 22.26 30.89
TiO2 0.24 0.18 0.12 0.25 0.15 0.43 0.09 0.22
Al2O3 5.78 5.12 1.75 3.06 2.31 7.18 4.29 5.15
Fe2O3 26.18 28.63 24.06 12.12 13.20 3.02 40.19 1.54
FeO - 4.05 7.25 6.30 10.13 9.00 - -
Fe(t) 18.31 23.17 22.46 13.37 17.11 9.11 28.11 1.08
MnO 13.56 14.72 23.86 16.82 15.25 16.82 13.08 0.97
MgO 2.09 0.17 5.79 1.80 3.18 0.89 0.67 0.00
CaO 10.85 17.06 1.95 12.79 17.31 16.27 9.37 31.51
Na2O 0.32 0.25 0.25 0.77 0.29 0.33 0.49 0.07
K2O 0.01 0.03 0.03 1.47 0.03 0.06 0.05 1.27
P205 0.06 0.75 0.42 0.36 0.59 0.24 0.03 0.00
Zn - - - - - - - -
Ba - - - - - - - -
H2O

- 0.09 0.04 0.00 0.24 0.00 0.00 0.19 0.05
LOI 0.46 7.11 12.58 4.21 9.21 5.71 4.72 18.77
Total 99.54 95.66 97.40 96.81 97.28 96.59 95.45 90.43

V (ppm) - 76 6.4 - - - - -
Cr - 22 6.4 - - - - -
Co - 13 12.3 - - - - -
Ni <5 <6 <6 10 <5 38 <7 4
Cu <7 82 <8 <6 <6 <6 <9 <3
Zn 1041 3973 3193 1592 1639 1182 4881 120
As - 111 12 - - - - -
Rb 5 nd 6 87 3 4 11 72
Sr 57 4093 <2 286 24 44 23 202
Y 14 42 11 18 14 37 30 12
Zr 121 47 33 82 45 123 82 84
Nb 0.1 0.5 1.3 - - - - 5.8
Ba <11 258 <10 1276 <11 <11 <11 174
Pb 25 7036 37 4149 77 45 22682 70
Th 8 29 <5 22 <5 10 77 9
U 5 <6 <5 <5 <5 <4 <6 <3
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APPENDIX E

PEARSON CORRELATION COEFFICIENTS
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APPENDIX E

Notes: Values of 0.59 > r > 0.40 and -0.59 < r < -0.40 are shown in blue. Values of r > 0.60 
and r < -0.60 are shown in red.
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APPENDIX F

MINERAL COMPOSITIONAL DATA*

* Notes: As obtained by electron microprobe and quantitative EDS analyses; a, b, c, etc. behind sample 
numbers denote repeated analyses on a single grain; cr and rm denote analyses of core and rim of an 
individual grain, respectively.

Pages 297 - 321: electron microprobe data
Pages 322 - 334: quantitative EDS data
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Sample G39-917_1 G39-917_2a G39-917_2b G39-917_3 G39-917_4 G39-917_5 G39-917_6 G64-1120_2a
Mineral cpx cpx cpx cpx cpx cpx cpx cpx

SiO2  46.46 49.64 45.96 49.36 49.26 49.25 48.94 48.86
TiO2  0.04 0.04 0.04 0.03 0.04 0.04 0.05 0.05
Al2O3 0.64 0.82 0.83 0.63 0.66 0.59 0.62 0.22
FeO   14.06 13.25 13.28 12.22 12.09 11.96 11.88 16.86
MnO   8.48 9.53 9.69 9.74 9.88 9.82 9.81 9.26
MgO   5.32 5.70 5.36 6.08 6.06 6.37 6.30 4.13
CaO   17.65 17.80 17.50 18.31 18.09 17.76 18.04 21.14
Na2O  3.25 2.71 2.52 2.75 2.35 2.24 2.09 0.05
ZnO   0.33 0.27 0.21 0.22 0.26 0.18 0.32 0.30
Total 96.24 99.75 95.38 99.35 98.69 98.20 98.05 100.88

Sample G64-1120_2b G64-1120_3a G64-1120_3b G64-1120_4a G64-1120_4b G64-1120_5a G64-1120_6a G64-1120_6b
Mineral cpx cpx cpx cpx cpx cpx cpx cpx

SiO2  47.25 46.68 48.23 46.83 47.59 47.97 48.98 48.10
TiO2  0.05 0.03 0.06 0.04 0.06 0.05 0.06 0.06
Al2O3 0.28 0.21 0.18 0.27 0.22 0.21 0.20 0.20
FeO   16.94 16.64 16.59 16.39 16.50 16.67 16.55 16.47
MnO   9.54 9.46 9.26 9.15 9.44 9.55 9.54 9.34
MgO   3.99 3.86 4.01 3.82 3.94 3.77 3.88 4.12
CaO   20.57 20.89 21.10 20.96 21.17 21.09 21.09 21.13
Na2O  0.00 0.00 0.07 0.00 0.05 0.00 0.29 0.14
ZnO   0.41 0.38 0.38 0.39 0.31 0.25 0.35 0.45
Total 99.02 98.15 99.89 97.86 99.27 99.55 100.93 100.01

Sample G64-1471_1 G64-1471_2 G64-1471_3 G64-1471_4 G64-1471_5 G64-1471_6 G64-1471_7 G45-1140_1a
Mineral cpx cpx cpx cpx cpx cpx cpx cpx

SiO2  49.03 49.00 49.60 48.22 48.94 47.99 48.89 51.04
TiO2  0.00 0.03 0.09 0.03 0.02 0.09 0.11 0.00
Al2O3 0.03 0.00 0.03 0.16 0.04 0.06 0.13 0.15
FeO   16.98 17.29 17.01 18.16 19.25 18.77 19.00 13.27
MnO   6.99 6.91 7.18 7.71 8.14 8.00 7.68 9.48
MgO   5.19 5.41 5.29 4.42 4.01 4.06 4.18 6.23
CaO   20.26 19.63 20.20 19.90 19.46 19.48 19.75 19.73
Na2O  0.03 0.03 0.07 0.02 0.01 0.01 0.07 0.23
ZnO   0.09 0.06 0.04 0.17 0.25 0.32 0.12 0.11
Total 98.60 98.37 99.50 98.78 100.12 98.78 99.93 100.24

Sample G45-1140_1b G45-1140_2a G45-1140_2b G45-1140_3a G45-1140_3b G45-1140_4a G45-1140_4b G45-1140_5a
Mineral cpx cpx cpx cpx cpx cpx cpx cpx

SiO2  50.22 50.60 50.57 51.07 50.60 51.12 51.25 49.98
TiO2  0.07 0.00 0.06 0.00 0.07 0.09 0.03 0.00
Al2O3 0.17 0.00 0.02 0.10 0.14 0.12 0.00 0.13
FeO   13.43 11.18 12.74 12.47 13.21 13.28 13.18 14.53
MnO   9.29 12.90 8.88 9.08 9.55 8.96 8.99 9.50
MgO   6.01 6.22 6.67 6.56 6.12 6.29 6.27 5.03
CaO   20.03 18.90 20.49 20.49 20.16 19.77 19.87 19.56
Na2O  0.21 0.28 0.24 0.22 0.26 0.12 0.27 0.23
ZnO   0.20 0.26 0.41 0.14 0.16 0.20 0.09 0.13
Total 99.62 100.35 100.08 100.11 100.26 99.95 99.96 99.09
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Sample G45-1140_5b G63-1145_1 G63-1145_2 G63-1145_3 G63-1145_4 G63-1145_5 G63-1145_6 G63-1145_7
Mineral cpx cpx cpx cpx cpx cpx cpx cpx

SiO2  50.23 50.30 49.95 51.13 50.86 50.58 50.33 50.53
TiO2  0.03 0.00 0.00 0.00 0.00 0.10 0.00 0.00
Al2O3 0.26 0.29 0.00 0.02 0.04 0.00 0.09 0.03
FeO   14.41 12.86 12.59 12.19 11.87 12.54 12.86 13.18
MnO   9.49 9.61 8.44 7.79 8.02 9.23 9.52 8.54
MgO   4.97 6.01 6.65 7.13 7.03 5.91 5.90 5.90
CaO   20.02 20.53 21.82 21.75 21.10 20.87 20.81 21.24
Na2O  0.23 0.06 0.05 0.05 0.07 0.01 0.02 0.01
ZnO   0.18 0.15 0.07 0.09 0.16 0.21 0.24 0.11
Total 99.81 99.81 99.57 100.14 99.13 99.45 99.77 99.52

Sample G63-1145_8 Gu201-79.5_1 Gu201-79.5_2 Gu201-79.5_3 Gu201-79.5_4 Gu201-79.5_5 Gu201-79.5_6 Gu201-79.5_7
Mineral cpx cpx cpx cpx cpx cpx cpx cpx

SiO2  50.27 51.00 50.84 50.43 50.62 51.22 52.12 50.97
TiO2  0.09 0.06 0.00 0.06 0.00 0.00 0.00 0.02
Al2O3 0.00 0.12 0.05 0.09 0.05 0.11 0.00 0.02
FeO   13.03 8.15 8.46 8.48 8.34 8.49 8.36 8.32
MnO   7.55 11.64 12.13 12.07 12.02 11.33 11.90 11.92
MgO   6.00 10.65 10.49 10.74 10.63 10.35 10.34 10.85
CaO   22.10 17.33 17.35 17.46 17.60 17.73 17.69 17.36
Na2O  0.01 0.02 0.06 0.03 0.06 0.01 0.04 0.02
ZnO   0.10 0.06 0.17 0.09 0.25 0.30 0.15 0.12
Total 99.15 99.03 99.54 99.44 99.56 99.52 100.59 99.60

Sample G64-1135_1 G64-1135_2 G64-1135_3 G64-1135_4 G64-1135_5 G64-1135_6 G64-1135_7 G64-1135_8
Mineral cpx cpx pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite

SiO2  48.93 49.69 48.00 48.11 46.62 48.36 49.96 45.53
TiO2  0.03 0.03 0.05 0.03 0.03 0.03 0.05 0.04
Al2O3 0.14 0.16 0.11 0.15 0.07 0.08 0.08 0.09
FeO   14.13 13.87 24.06 23.83 24.54 24.18 23.84 24.08
MnO   8.47 8.54 15.68 15.71 15.52 15.45 15.56 15.69
MgO   9.17 9.13 10.16 10.12 10.32 10.05 10.71 9.92
CaO   17.94 17.91 1.33 1.39 1.39 1.16 1.38 1.35
Na2O  0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.05
ZnO   0.22 0.17 0.37 0.46 0.47 0.37 0.58 0.43
Total 99.02 99.50 99.75 99.78 98.95 99.76 102.16 97.20

Sample G23-1462_1 G23-1462_2 G23-1462_3 G23-1462_4 G23-1462_5 G23-1462_6 G23-1462_7 RH-C2_2a
Mineral pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite rhodonite

SiO2  47.55 48.22 47.90 48.46 48.64 47.14 47.77 46.52
TiO2  0.08 0.02 0.02 0.03 0.04 0.03 0.00 0.01
Al2O3 0.33 0.04 0.00 0.00 0.00 0.00 0.00 0.00
FeO   28.31 27.39 28.11 27.43 28.31 23.67 23.70 6.72
MnO   14.23 16.75 14.45 15.31 14.10 23.40 21.91 39.89
MgO   7.35 7.06 7.58 7.28 7.42 3.37 3.69 1.96
CaO   1.25 1.53 1.18 1.27 1.21 2.44 3.47 5.41
Na2O  0.02 0.00 0.08 0.04 0.04 0.00 0.02 0.00
ZnO   0.28 0.18 0.38 0.37 0.42 0.39 0.29 0.62
Total 99.39 101.18 99.68 100.19 100.17 100.43 100.83 101.12
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Sample Rh-C2_2b Rh-C2_3a Rh-C2_3b Rh-C2_4a Rh-C2_4b Rh-C2_5a Rh-C2_5b Rh-C2_6a
Mineral rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite

SiO2  47.46 47.12 45.84 47.72 46.96 47.41 47.35 46.70
TiO2  0.00 0.01 0.01 0.00 0.02 0.00 0.01 0.02
Al2O3 0.02 0.03 0.00 0.00 0.03 0.02 0.00 0.00
FeO   6.72 6.30 6.49 5.91 6.00 6.43 6.56 6.63
MnO   39.74 39.48 38.99 40.35 39.96 39.93 39.89 39.75
MgO   1.84 1.84 1.70 1.81 1.89 1.84 1.91 1.83
CaO   5.19 5.13 5.15 5.30 5.28 5.31 5.23 5.31
Na2O  0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00
ZnO   0.67 0.62 0.54 0.58 0.79 0.53 0.67 0.60
Total 101.65 100.53 98.85 101.67 100.92 101.47 101.62 100.84

Sample Rh-C2_6b G76-496_1a G76-496_1b G76-496_3a G76-496_3b G76-496_5a G76-496_5b G39-917_1
Mineral rhodonite pyroxmangite pyroxmangite pyroxmangite pyroxmangite pyroxmangite pyroxmangite rhodonite

SiO2  47.19 47.74 47.04 47.17 45.77 46.11 47.67 43.93
TiO2  0.01 0.01 0.02 0.00 0.01 0.01 0.01 0.01
Al2O3 0.00 0.06 0.00 0.00 0.00 0.05 0.00 0.00
FeO   6.75 6.29 6.37 6.40 6.58 6.67 6.53 6.19
MnO   39.91 40.65 40.49 40.43 40.43 40.61 40.24 37.26
MgO   1.82 4.42 4.32 4.31 4.39 4.13 4.29 1.57
CaO   5.41 1.47 1.53 1.45 1.50 1.48 1.45 7.71
Na2O  0.00 0.00 0.00 0.00 0.00 0.21 0.00 0.00
ZnO   0.64 1.00 1.00 1.12 1.00 1.00 0.99 0.44
Total 101.74 101.63 100.77 100.87 99.67 100.27 101.17 97.12

Sample G39-917_2 G39-917_3 G39-917_4 G39-917_5 G39-917_6 G39-917_7 G39-917_8 G39-917_9
Mineral rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite

SiO2  42.80 42.96 43.85 45.84 42.76 44.70 44.42 44.09
TiO2  0.01 0.02 0.01 0.01 0.02 0.00 0.00 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
FeO   6.14 6.27 5.87 6.79 6.98 6.58 6.95 6.60
MnO   37.36 36.87 37.81 36.71 36.66 36.82 36.74 37.08
MgO   1.81 1.56 1.54 1.65 1.49 1.56 1.49 1.49
CaO   7.56 7.69 7.59 7.64 7.61 7.58 7.57 7.73
Na2O  0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00
ZnO   0.39 0.45 0.46 0.45 0.47 0.40 0.41 0.39
Total 96.07 95.82 97.20 99.09 95.99 97.65 97.59 97.37

Sample G39-917_10 G64-1120_1a G64-1120_1b G64-1120_2a G64-1120_2b G64-1120_3 G64-1120_4a G64-1120_4b
Mineral rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite

SiO2  44.82 47.24 47.80 46.74 47.79 46.47 47.64 46.51
TiO2  0.00 0.01 0.01 0.03 0.00 0.01 0.01 0.02
Al2O3 0.00 0.01 0.02 0.00 0.00 0.00 0.01 0.00
FeO   6.59 16.57 16.48 16.37 16.63 16.68 16.89 16.33
MnO   36.61 28.37 28.15 27.82 28.47 28.09 28.35 27.74
MgO   1.48 1.32 1.49 1.45 1.37 1.42 1.33 1.51
CaO   7.68 7.62 7.74 7.55 7.47 7.50 7.58 7.61
Na2O  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO   0.39 0.64 0.58 0.63 0.61 0.63 0.71 0.66
Total 97.57 101.79 102.28 100.59 102.34 100.80 102.51 100.39
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Sample G64-1120_5 G64-1120_6 G64-740_2a G64-740_2b G64-740_4a G64-740_4b G64-740_6a G64-740_6b
Mineral rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite

SiO2  45.68 44.65 46.83 47.68 47.13 47.46 46.79 46.74
TiO2  0.01 0.02 0.02 0.00 0.00 0.00 0.02 0.00
Al2O3 0.03 0.51 0.00 0.00 0.85 0.02 0.00 0.00
FeO   16.47 16.45 1.87 1.78 1.62 1.49 1.80 1.89
MnO   27.85 27.58 41.34 41.66 40.21 41.78 41.62 42.38
MgO   1.42 1.19 3.42 3.03 3.35 2.70 3.09 2.29
CaO   7.61 7.52 5.39 5.28 5.37 5.63 5.31 5.39
Na2O  0.32 0.00 0.08 0.00 0.00 0.00 0.00 0.00
ZnO   0.66 0.52 1.47 1.56 1.48 1.28 1.53 1.78
Total 100.06 98.44 100.41 100.99 100.02 100.37 100.17 100.48

Sample G64-740_7a G64-740_7b G64-740_8a G64-740_8b G64-740_9a G64-740_9b G64-1471_1 G64-1471_2
Mineral rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite

SiO2  45.04 46.79 47.67 46.11 46.45 47.47 45.07 44.91
TiO2  0.00 0.00 0.00 0.00 0.01 0.01 0.04 0.03
Al2O3 0.00 0.00 0.00 0.00 0.02 0.00 0.98 0.00
FeO   1.74 1.73 1.89 1.89 1.80 1.54 17.75 19.24
MnO   41.45 42.09 41.40 42.30 40.16 41.24 25.59 28.71
MgO   3.37 2.92 2.98 2.17 4.03 3.28 2.09 1.39
CaO   5.32 5.51 5.36 5.51 5.40 5.38 5.33 5.04
Na2O  0.00 0.15 0.00 0.00 0.04 0.00 0.07 0.05
ZnO   1.34 1.40 1.38 1.65 1.47 1.35 0.25 0.37
Total 98.27 100.58 100.68 99.63 99.37 100.26 97.17 99.73

Sample G64-1471_3 G64-1471_4 G64-1471_5 G64-1471_6 G45-1140_1a G45-1140_1b G45-1140_2a G45-1140_2b
Mineral rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite

SiO2  45.10 45.70 45.90 45.35 47.21 47.09 47.03 47.79
TiO2  0.09 0.00 0.02 0.05 0.03 0.00 0.00 0.00
Al2O3 0.05 0.04 0.00 0.00 0.00 0.00 0.00 0.00
FeO   17.80 18.05 19.61 20.33 10.26 9.58 11.15 11.73
MnO   30.10 30.38 27.29 27.20 33.43 34.84 32.61 31.95
MgO   1.08 1.21 1.43 1.43 1.56 1.72 1.79 1.65
CaO   5.15 5.06 5.46 5.34 7.31 6.92 7.38 7.48
Na2O  0.00 0.00 0.03 0.00 0.00 0.00 0.05 0.05
ZnO   0.23 0.31 0.29 0.31 0.37 0.23 0.27 0.51
Total 99.58 100.75 100.03 100.01 100.17 100.38 100.28 101.14

Sample G45-1140_3a G45-1140_3b G45-1140_4a G45-1140_4b G45-1140_5a G45-1140_5b G45-1140_5c G54-1015_1
Mineral rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite pyroxmangite

SiO2  47.19 47.35 48.05 47.26 47.29 47.39 47.51 47.15
TiO2  0.05 0.07 0.00 0.01 0.00 0.05 0.11 0.04
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO   11.39 10.21 11.31 10.95 11.13 11.13 11.68 16.41
MnO   33.12 34.69 33.29 32.97 32.82 33.20 32.06 29.28
MgO   1.54 1.54 1.70 1.60 1.69 1.76 1.76 3.32
CaO   7.23 6.80 7.28 7.07 7.22 7.24 7.30 3.51
Na2O  0.04 0.03 0.02 0.00 0.02 0.03 0.00 0.00
ZnO   0.29 0.31 0.27 0.38 0.38 0.44 0.22 0.22
Total 100.85 101.00 101.91 100.24 100.54 101.24 100.63 99.93
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Sample G54-1015_2 G54-1015_3 G54-1015_4 G54-1015_5 G54-1015_6 G54-1015_7 G54-1015_8 G54-1015_9
Mineral pyroxmangite pyroxmangite pyroxmangite pyroxmangite pyroxmangite pyroxmangite pyroxmangite pyroxmangite

SiO2  47.24 47.75 47.83 47.48 47.35 47.49 47.46 47.73
TiO2  0.08 0.02 0.00 0.00 0.10 0.03 0.05 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
FeO   16.45 15.31 15.71 15.00 15.45 15.94 15.11 16.08
MnO   28.52 31.55 29.77 33.73 31.69 30.97 33.60 30.47
MgO   3.63 2.66 3.11 2.38 2.91 2.63 2.05 2.99
CaO   3.46 3.60 3.51 2.05 2.37 2.44 2.59 3.08
Na2O  0.04 0.00 0.00 0.00 0.00 0.05 0.01 0.00
ZnO   0.05 0.33 0.25 0.19 0.14 0.46 0.21 0.11
Total 99.48 101.22 100.18 100.83 100.00 100.00 101.09 100.45

Sample G54-1015_10 G63-1145_1 G63-1145_2 G63-1145_3 G63-1145_4 G63-1145_5 G63-1145_6 Gu201-79.5_1
Mineral pyroxmangite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite

SiO2  47.41 47.10 46.04 47.64 46.96 47.06 47.17 47.50
TiO2  0.04 0.02 0.00 0.00 0.01 0.00 0.00 0.01
Al2O3 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO   16.85 11.56 11.91 10.78 11.32 11.19 12.45 12.13
MnO   31.02 32.16 31.15 33.57 32.67 32.79 30.49 31.39
MgO   2.53 1.38 1.27 1.14 1.16 0.92 1.35 4.73
CaO   2.62 7.52 7.80 7.32 7.86 8.02 8.20 4.34
Na2O  0.00 0.01 0.00 0.01 0.01 0.01 0.05 0.04
ZnO   0.22 0.39 0.27 0.16 0.14 0.23 0.11 0.41
Total 100.74 100.15 98.44 100.63 100.12 100.20 99.83 100.55

Sample Gu201-79.5_2 Gu201-79.5_3 Gu201-79.5_4 Gu201-79.5_5 Gu201-79.5_6 Gu201-79.5_7 Gu201-79.5_8 Gr-65_1a
Mineral rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite amphibole

SiO2  48.32 47.72 48.00 47.25 47.71 47.58 47.57 54.64
TiO2  0.01 0.00 0.11 0.00 0.04 0.00 0.05 0.05
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.15
FeO   12.88 12.48 12.03 10.94 10.64 11.87 11.79 3.10
MnO   29.85 31.03 33.22 35.10 34.28 31.63 30.92 4.51
MgO   5.16 4.97 4.59 4.45 4.48 5.37 5.29 19.37
CaO   4.35 4.29 3.79 3.78 3.84 4.13 4.10 10.94
Na2O  0.00 0.03 0.00 0.01 0.00 0.04 0.00 1.28
K2O - - - - - - - 0.21
ZnO   0.42 0.40 0.27 0.38 0.34 0.40 0.25 1.84
Total 101.00 100.91 102.00 101.90 101.33 101.01 99.97 98.09

Sample Gr-65_1b Gr-65_1d Gr-65_2a Gr-65_4a Gr-65_4b Gr-65_4d Gu200-23.0_1 Gu200-23.0_2
Mineral amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole

SiO2  54.89 54.98 53.92 53.02 52.31 52.36 54.90 55.05
TiO2  0.06 0.05 0.04 0.06 0.07 0.08 0.00 0.02
Al2O3 1.92 1.97 1.35 2.83 2.60 2.37 0.23 0.17
FeO   2.89 3.12 2.61 3.48 3.49 2.93 13.02 12.74
MnO   4.49 4.85 4.16 4.80 4.71 4.64 10.84 10.80
MgO   19.99 19.49 19.68 19.33 18.99 19.25 17.43 17.70
CaO   11.13 10.72 11.09 10.65 10.41 10.90 1.85 2.06
Na2O  2.61 1.26 1.20 1.91 1.65 1.13 0.07 0.16
K2O   0.18 0.21 0.16 0.29 0.27 0.23 0.00 0.00
ZnO   1.92 1.76 1.74 1.72 1.67 1.80 0.45 0.42
Total 100.08 98.42 95.94 98.09 96.18 95.69 98.80 99.12
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Sample Gu200-23.0_3 Gu200-23.0_4 Gu200-23.0_5 Gu200-23.0_6 Gu200-23.0_7 Gu200-23.0_8 Gu200-23.0_9 Gu200-23.0_10
Mineral amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole

SiO2  53.57 53.33 55.10 54.65 55.27 54.39 52.20 53.56
TiO2  0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00
Al2O3 0.19 0.14 0.45 0.28 0.31 0.19 0.19 0.18
FeO   13.19 13.16 12.29 12.86 13.20 12.69 12.88 12.73
MnO   10.34 10.79 9.88 10.62 10.79 11.29 10.65 10.68
MgO   17.57 17.31 17.62 17.42 17.96 17.32 17.12 17.32
CaO   1.84 1.55 3.28 2.17 2.02 1.78 1.92 2.00
Na2O  0.02 0.33 0.00 0.00 0.00 0.00 0.00 0.20
K2O   0.00 0.02 0.02 0.00 0.02 0.00 0.00 0.00
ZnO   0.45 0.42 0.32 0.47 0.46 0.51 0.44 0.49
Total 97.17 97.04 98.96 98.47 100.04 98.18 95.40 97.16

Sample Gu200-23.0_11 G23-1462_1 G23-1462_1a G23-1462_2 G23-1462_3 G23-1462_4 G23-1462_5 G23-1462_6
Mineral amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole

SiO2  54.67 51.78 51.11 51.11 50.85 50.65 50.90 50.90
TiO2  0.02 0.00 0.29 0.08 0.00 0.08 0.03 0.05
Al2O3 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.01
FeO   12.88 26.14 26.77 25.76 26.89 25.77 27.42 25.15
MnO   10.34 9.06 11.21 9.57 11.11 10.60 9.38 8.73
MgO   17.59 8.78 7.81 8.80 7.56 8.50 8.58 9.65
CaO   2.05 1.08 0.61 0.92 0.62 0.76 0.53 1.47
Na2O  0.22 0.05 0.03 0.02 0.00 0.03 0.00 0.00
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO   0.51 0.34 0.00 0.23 0.36 0.09 0.23 0.20
Total 98.53 97.22 97.83 96.49 97.39 96.48 97.06 96.16

Sample G23-1462_6a G28-1495_1 G28-1495_2 G28-1495_2a G28-1495_3 G28-1495_3a G28-1495_4 G45-1180_1
Mineral amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole

SiO2  51.23 49.33 49.19 50.05 49.65 48.87 48.36 54.69
TiO2  0.00 0.06 0.04 0.00 0.02 0.09 0.13 0.03
Al2O3 0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.29
FeO   24.44 32.33 31.63 32.20 33.21 32.32 33.23 16.54
MnO   8.49 10.65 9.84 10.15 10.55 9.99 10.02 8.17
MgO   9.40 4.51 5.06 4.41 4.21 4.14 3.67 15.65
CaO   1.91 0.12 0.26 0.16 0.15 0.19 0.14 2.06
Na2O  0.04 0.00 0.02 0.05 0.05 0.00 0.01 0.10
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO   0.39 0.17 0.14 0.18 0.16 0.28 0.23 0.35
Total 96.11 97.16 96.18 97.20 97.99 95.87 95.81 97.88

Sample G45-1180_2 G45-1180_3 G45-1180_4 G45-1180_5 G45-1180_6 G45-1180_7 G45-1180_8 G45-1180_9
Mineral amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole

SiO2  52.30 54.86 54.33 54.59 56.15 54.33 53.18 55.06
TiO2  0.05 0.00 0.03 0.08 0.00 0.04 0.12 0.00
Al2O3 0.18 0.27 0.25 0.57 0.48 0.14 0.32 0.31
FeO   16.28 16.66 16.77 15.57 16.09 16.75 15.52 16.45
MnO   7.91 8.06 7.73 6.99 7.84 8.88 7.06 7.79
MgO   16.17 15.70 15.31 15.52 15.90 15.79 15.52 15.75
CaO   2.11 2.15 2.21 3.69 2.65 1.82 4.36 2.49
Na2O  0.10 0.09 0.05 0.16 0.09 0.08 0.12 0.12
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO   0.40 0.38 0.31 0.08 0.38 0.36 0.23 0.52
Total 95.51 98.17 96.98 97.25 99.59 98.20 96.42 98.48
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Sample G45-1180_10 G45-1180_11 G45-1180_12 G54-1015_1 G54-1015_2 G54-1015_3 G54-1015_4 G54-1015_5
Mineral amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole

SiO2  54.93 54.55 54.87 51.92 52.32 51.89 51.92 52.25
TiO2  0.08 0.04 0.01 0.02 0.04 0.00 0.00 0.00
Al2O3 0.15 0.26 0.39 0.00 0.00 0.00 0.00 0.06
FeO   16.71 16.86 16.70 21.51 20.55 20.59 19.48 19.17
MnO   8.27 7.40 8.24 13.05 13.55 12.90 12.26 12.20
MgO   15.51 15.77 15.75 8.99 9.39 9.63 10.48 11.05
CaO   2.21 2.61 1.90 0.78 0.87 1.07 0.89 0.80
Na2O  0.10 0.12 0.11 0.00 0.01 0.04 0.00 0.03
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO   0.23 0.30 0.28 0.31 0.07 0.16 0.27 0.10
Total 98.18 97.89 98.23 96.58 96.77 96.29 95.29 95.65

Sample G54-1015_6 G54-1015_7 G64-1175_1 G64-1175_2 G64-1175_3 G64-1175_4 G64-1175_5 G64-1175_6
Mineral amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole

SiO2  52.13 51.93 52.10 52.39 52.29 52.81 52.79 51.98
TiO2  0.00 0.02 0.00 0.00 0.00 0.00 0.08 0.02
Al2O3 0.00 0.00 0.16 0.03 0.00 0.00 0.00 0.00
FeO   21.07 20.73 19.58 20.09 19.23 21.71 21.87 21.75
MnO   12.41 13.20 10.32 10.75 10.72 11.17 10.97 11.44
MgO   9.53 9.73 11.64 11.47 11.83 10.79 10.47 10.15
CaO   0.85 0.67 1.17 1.19 1.11 0.25 0.32 0.29
Na2O  0.04 0.02 0.02 0.05 0.00 0.00 0.03 0.03
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO   0.19 0.16 0.31 0.25 0.10 0.28 0.14 0.21
Total 96.22 96.44 95.29 96.21 95.28 96.99 96.68 95.87

Sample G64-1175_7 G64-1471_1 G64-1471_2 G64-1471_3 G64-1471_4 G64-1471_5 G64-1471_6 G64-740_1
Mineral amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole

SiO2  52.58 49.10 48.31 48.58 48.94 48.96 49.01 51.85
TiO2  0.04 0.00 0.15 0.00 0.04 0.00 0.10 0.00
Al2O3 0.00 0.02 0.03 0.13 0.00 0.00 0.00 0.26
FeO   22.36 27.99 27.91 27.72 27.56 28.00 29.01 3.71
MnO   11.69 11.44 11.53 11.29 11.43 12.28 12.41 14.56
MgO   10.30 5.82 5.60 6.07 5.98 5.49 5.03 11.76
CaO   0.31 1.71 1.38 1.34 1.23 1.48 1.05 15.28
Na2O  0.00 0.04 0.04 0.06 0.00 0.00 0.03 0.74
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO   0.23 0.36 0.36 0.42 0.46 0.43 0.47 0.69
Total 97.51 96.48 95.31 95.60 95.64 96.64 97.10 98.84

Sample G64-740_2 G64-740_3 G64-740_4 G64-740_5 G64-740_6 G64-740_7 G64-740_8 G64-740_9
Mineral amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole

SiO2  52.54 55.19 55.54 55.43 55.55 56.34 55.77 56.15
TiO2  0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.06
Al2O3 1.02 0.49 0.61 0.39 0.53 0.22 0.34 0.28
FeO   3.95 2.32 2.48 2.33 2.33 3.52 2.61 2.74
MnO   14.22 11.41 11.56 11.71 11.20 7.94 13.37 12.94
MgO   11.84 19.12 18.96 19.22 19.50 17.48 18.55 18.65
CaO   14.97 6.37 6.62 5.92 6.66 9.40 5.18 5.56
Na2O  0.79 0.35 0.27 0.25 0.36 0.28 0.22 0.29
K2O   0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
ZnO   0.92 1.40 1.52 1.37 1.51 1.60 1.47 1.40
Total 100.26 96.64 97.58 96.61 97.63 96.77 97.51 98.05
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Sample G64-740_10 G64-740_11 G64-740_12 G64-740_13 G-MB_1 G-MB_2 G-MB_3 G-MB_4
Mineral amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole

SiO2  54.66 55.54 56.93 56.53 49.48 48.70 49.80 49.42
TiO2  0.00 0.00 0.00 0.00 0.09 0.00 0.05 0.00
Al2O3 0.17 0.00 0.15 0.00 0.00 0.00 0.00 0.04
FeO   4.40 4.08 2.90 3.08 37.57 35.81 36.30 35.97
MnO   16.80 17.13 7.75 6.13 7.88 7.97 7.35 7.43
MgO   16.55 16.81 18.49 18.39 2.06 2.94 3.29 3.31
CaO   2.18 1.60 9.93 11.77 0.04 0.08 0.10 0.11
Na2O  0.17 0.13 0.33 0.25 0.01 0.00 0.02 0.00
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO   2.46 2.53 1.33 1.80 0.00 0.20 0.41 0.26
Total 97.38 97.82 97.80 97.96 97.12 95.68 97.32 96.53

Sample G-MB_5 G-MB_6 G-MB_7 G64-1135_1 G64-1135_2 G64-1135_3 G64-1135_4 G64-1135_5
Mineral amphibole amphibole amphibole olivine olivine olivine olivine olivine

SiO2  49.67 49.70 49.15 25.89 27.34 27.36 27.28 27.17
TiO2  0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.02
Al2O3 0.02 0.00 0.00 0.36 0.01 0.01 0.00 0.34
FeO   36.50 35.97 35.76 44.88 45.38 44.94 45.48 44.51
MnO   6.56 6.89 6.20 20.72 21.02 20.83 21.37 20.99
MgO   3.38 3.61 3.65 4.94 4.97 5.18 4.91 4.95
CaO   0.15 0.14 0.12 0.05 0.05 0.08 0.05 0.07
Na2O  0.03 0.04 0.06 - - - - -
K2O   0.00 0.00 0.00 - - - - -
ZnO   0.10 0.16 0.20 0.40 0.40 0.46 0.50 0.51
Total 96.43 96.50 95.13 97.26 99.17 98.86 99.60 98.56

Sample G64-1135_6 G28-1495_1 G28-1495_2 G28-1495_3 G28-1495_4 G28-1495_5 G28-1495_6 G28-1495_7
Mineral olivine olivine olivine olivine olivine olivine olivine olivine

SiO2  31.14 29.59 29.61 29.55 29.38 29.49 29.36 28.87
TiO2  0.05 0.00 0.04 0.00 0.00 0.00 0.00 0.01
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO   41.51 45.37 45.25 45.25 45.70 44.88 45.69 44.35
MnO   21.51 24.46 23.99 23.93 24.99 24.38 25.24 24.48
MgO   5.44 0.56 0.58 0.48 0.52 0.57 0.46 0.43
CaO   0.07 0.03 0.00 0.02 0.00 0.00 0.00 0.00
ZnO   0.50 0.10 0.18 0.08 0.13 0.15 0.00 0.25
Total 100.22 100.11 99.64 99.32 100.72 99.47 100.75 98.39

Sample G28-1495_8 Gu200-23.0_1a Gu200-23.0_1b Gu200-23.0_1c Gu200-23.0_2a Gu200-23.0_2b Gu200-23.0_3a Gu200-23.0_3b
Mineral olivine magnetite magnetite magnetite magnetite magnetite magnetite magnetite

SiO2  29.85 0.02 0.03 0.06 0.06 0.07 0.06 0.01
TiO2  0.00 0.81 0.81 0.80 0.74 0.65 0.78 0.81
Al2O3 0.00 0.22 0.29 0.20 0.25 0.22 0.26 0.31
FeO   47.19 90.40 90.92 90.61 92.39 92.69 90.93 91.23
MnO   23.78 2.21 2.14 2.13 1.44 1.45 2.33 1.51
MgO   0.54 0.63 0.72 0.54 0.55 0.61 0.57 0.51
CaO   0.02 0.00 0.01 0.00 0.02 0.00 0.00 0.01
ZnO   0.21 0.47 0.77 0.52 0.18 0.15 0.68 0.51
Total 101.58 94.76 95.67 94.86 95.63 95.86 95.62 94.90
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Sample Gu200-23.0_4a Gu200-23.0_4b Gu200-23.0_4c Gu200-23.0_5a Gu200-23.0_5b Gu200-23.0_5c G38-1050_1a G38-1050_1b
Mineral magnetite magnetite magnetite magnetite magnetite magnetite magnetite magnetite

SiO2  0.00 0.04 0.08 0.00 0.09 0.09 0.06 0.03
TiO2  1.82 0.89 1.40 0.85 0.91 2.12 0.00 0.04
Al2O3 1.15 0.42 0.37 1.04 0.41 1.82 0.14 0.13
FeO   87.85 90.24 89.14 90.11 91.18 85.40 95.17 95.16
MnO   3.10 2.03 2.97 2.08 2.00 2.99 0.06 0.02
MgO   0.57 0.60 0.66 0.55 0.69 0.58 0.47 0.51
CaO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO   1.04 0.63 0.63 1.05 0.69 1.75 0.06 0.00
Total 95.53 94.86 95.26 95.67 95.96 94.75 95.96 95.89

Sample G38-1050_3a G38-1050_3b G38-1050_4a G38-1050_4b G38-1050_5a G38-1050_6a G64-1135_1 G64-1135_2
Mineral magnetite magnetite magnetite magnetite magnetite magnetite magnetite magnetite

SiO2  0.04 0.00 0.01 0.04 0.03 0.05 0.04 0.06
TiO2  0.02 0.02 0.02 0.02 0.02 0.00 1.33 0.68
Al2O3 0.14 0.11 0.11 0.12 0.09 0.05 0.12 0.10
FeO   95.14 93.42 94.05 95.07 94.32 94.49 92.90 93.70
MnO   0.01 0.02 0.08 0.04 0.01 0.05 0.91 0.56
MgO   0.58 0.68 0.36 0.52 0.61 0.38 0.62 0.62
CaO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO   0.03 0.26 0.02 0.00 0.04 0.08 0.48 0.41
Total 95.97 94.52 94.66 95.82 95.10 95.11 96.40 96.12

Sample G64-1135_3 G64-1135_4 G64-1135_5 RH-C2_1a RH-C2_1c RH-C2_1d RH-C2_2a RH-C2_2b
Mineral magnetite magnetite magnetite magnetite magnetite magnetite magnetite magnetite

SiO2  0.09 0.01 0.04 0.02 0.00 0.03 0.04 0.03
TiO2  0.67 0.71 0.53 4.27 3.26 5.29 2.98 1.77
Al2O3 0.58 0.11 0.14 0.50 0.19 0.12 2.25 0.22
FeO   92.26 92.99 93.71 84.81 87.76 83.72 87.86 89.95
MnO   0.69 0.55 0.50 5.20 2.66 9.33 2.98 2.18
MgO   0.59 0.56 0.38 0.55 0.41 0.35 0.51 0.52
CaO   0.06 0.00 0.00 0.00 0.00 0.02 0.01 0.02
ZnO   0.47 0.38 0.27 0.71 1.06 0.73 1.30 0.93
Total 95.41 95.31 95.57 96.06 95.35 99.58 97.92 95.63

Sample RH-C2_2c RH-C2_3a RH-C2_3c RH-C2_3d RH-C2_4b RH-C2_4c RH-C2_4d RH-C2_5c
Mineral magnetite magnetite magnetite magnetite magnetite magnetite magnetite magnetite

SiO2  0.07 0.02 0.03 0.01 0.03 0.03 0.00 0.06
TiO2  3.66 0.26 0.14 0.15 0.53 0.81 0.28 0.30
Al2O3 0.21 0.03 0.03 0.06 0.15 0.28 0.12 0.07
FeO   86.68 92.81 92.09 91.41 89.19 90.55 92.98 91.46
MnO   3.41 1.63 1.57 1.69 1.38 1.00 1.04 0.40
MgO   0.50 0.44 0.57 0.62 0.51 0.50 0.53 0.49
CaO   0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO   0.95 1.03 1.00 1.01 2.55 1.76 1.06 0.21
Total 95.48 96.23 95.43 94.94 94.33 94.93 96.01 93.00
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Sample RH-C2_5d RH-C2_6a RH-C2_6b G76-496_1 G76-496_2 G76-496_3 G76-496_4 G76-496_5
Mineral magnetite magnetite magnetite magnetite magnetite magnetite magnetite magnetite

SiO2  0.09 0.00 1.20 0.03 2.00 0.02 0.02 0.05
TiO2  0.27 0.27 0.25 0.42 0.26 0.13 0.57 0.38
Al2O3 0.12 0.12 0.08 0.16 2.75 0.09 0.15 0.34
FeO   90.87 93.02 91.74 89.39 87.59 92.13 88.05 90.40
MnO   0.25 1.02 1.07 2.14 3.04 1.72 2.14 1.82
MgO   0.60 0.63 0.56 0.47 0.69 0.58 0.55 0.48
CaO   0.01 0.01 0.01 0.00 2.15 0.00 0.00 0.02
ZnO   0.51 1.10 0.39 2.36 0.32 2.16 2.94 2.75
Total 92.70 96.17 95.30 94.98 98.81 96.83 94.41 96.25

Sample G76-496_6 G76-496_7 G64-740_1 G64-740_2 G28-1495_1 G28-1495_2 G28-1495_3 G28-1495_4
Mineral magnetite magnetite magnetite magnetite magnetite magnetite magnetite magnetite

SiO2  0.01 0.04 0.03 0.00 0.00 0.00 0.00 0.00
TiO2  0.31 4.85 1.85 0.32 0.18 0.72 0.29 0.33
Al2O3 0.08 0.03 0.05 0.02 0.00 0.00 0.00 0.00
FeO   91.36 86.06 90.16 90.09 92.25 90.08 90.57 90.93
MnO   1.26 0.31 0.52 0.22 0.21 0.67 0.39 0.39
MgO   0.45 0.48 0.48 0.47 0.00 0.00 0.00 0.00
CaO   0.03 0.00 0.03 0.01 0.00 0.00 0.00 0.00
ZnO   1.28 0.14 0.00 0.06 0.01 0.08 0.06 0.05
Total 94.78 91.92 93.11 91.19 92.65 91.54 91.30 91.69

Sample G28-1495_5 G28-1495_6 G39-917_1 G39-917_2 G39-917_3 G39-917_4 G63-1145_1 G63-1145_2
Mineral magnetite magnetite magnetite magnetite magnetite magnetite magnetite magnetite

SiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO2  0.25 0.20 0.07 0.07 0.00 0.06 0.00 0.07
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO   90.63 90.55 89.26 90.09 89.79 89.29 89.81 90.77
MnO   0.22 0.36 0.64 0.63 0.79 0.86 1.51 1.26
MgO   0.00 0.00 0.04 0.00 0.01 0.02 0.00 0.00
CaO   0.00 0.00 0.00 0.03 0.00 0.03 0.00 0.00
ZnO   0.00 0.66 0.47 0.06 0.48 0.80 0.00 0.06
Total 91.09 91.77 90.48 90.88 91.07 91.06 91.32 92.15

Sample G64-1471_1 G64-1471_2 G64-1471_3 G64-1471_4 G64-1471_5 G64-1471_6 G64-1471_7 G64-1471_8
Mineral magnetite magnetite magnetite magnetite magnetite magnetite magnetite magnetite

SiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO2  0.00 0.02 0.33 0.00 0.00 0.00 0.07 0.15
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO   91.42 91.91 91.51 91.07 91.23 90.93 92.43 90.69
MnO   0.44 0.46 0.48 0.33 0.42 0.36 0.46 0.36
MgO   0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
CaO   0.01 0.00 0.01 0.00 0.01 0.03 0.00 0.00
ZnO   0.00 0.00 0.00 0.00 0.01 0.08 0.00 0.00
Total 91.88 92.39 92.32 91.41 91.67 91.40 92.96 91.20
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Sample G64-1471_9 G91-121_mt1 G91-121_mt2 G91-121_mt3 G91-121_mt4 G91-121_mt5 G23-1462_1 G23-1462_2
Mineral magnetite magnetite magnetite magnetite magnetite magnetite magnetite magnetite

SiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO2  0.08 0.00 0.00 0.00 0.00 0.00 0.25 0.31
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO   90.90 91.46 91.61 91.69 91.14 91.46 89.94 89.81
MnO   0.44 0.12 0.31 0.24 0.21 0.32 0.34 0.44
MgO   0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
CaO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO   0.19 0.00 0.00 0.02 0.01 0.00 0.00 0.00
Total 91.61 91.58 91.92 91.94 91.35 91.77 90.55 90.56

Sample G23-1462_3 Gu201-79.5_1 Gu201-79.5_2 Gu201-79.5_3 Gu201-79.5_4 Gu201-79.5_5 G64-740_1 G64-740_2
Mineral magnetite magnetite magnetite magnetite magnetite magnetite magnetite magnetite

SiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
TiO2  0.32 0.60 0.29 0.60 0.77 0.64 1.85 0.32
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.02
FeO   91.13 88.36 88.82 86.97 87.54 88.04 90.16 90.09
MnO   0.38 2.77 1.57 2.78 2.78 2.43 0.52 0.22
MgO   0.06 0.04 0.00 0.09 0.05 0.00 0.48 0.47
CaO   0.00 0.00 0.00 0.04 0.00 0.00 0.03 0.01
ZnO   0.00 0.18 0.34 0.26 0.58 0.84 0.00 0.06
Total 91.88 91.95 91.02 90.73 91.70 91.95 93.11 91.19

Sample G38-1080_1a G38-1080_1b G38-1080_2a G38-1080_2b G38-1080_4a G38-1080_5 G38-1080_6 G38-1080_7
Mineral jacobsite jacobsite jacobsite jacobsite jacobsite jacobsite jacobsite jacobsite

SiO2  0.00 0.04 0.00 0.01 0.01 0.00 0.00 0.00
TiO2  0.26 0.25 0.16 0.24 0.21 0.12 0.10 0.11
Al2O3 0.17 0.19 0.24 0.28 0.28 0.07 0.00 0.19
FeO   75.39 80.83 81.31 75.60 76.50 73.95 74.92 74.72
MnO   14.64 9.21 9.07 14.78 13.63 14.45 14.07 13.89
MgO   0.60 0.42 0.47 0.68 0.60 0.21 0.15 0.17
CaO   0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.03
ZnO   3.20 3.06 3.23 3.45 2.77 3.07 2.72 3.03
Total 94.26 93.99 94.51 95.03 94.00 91.86 91.96 92.14

Sample G38-1080_8 G38-1080_9 G38-1080_10 G38-1080_11rm G38-1080_11cr G38-1080_11 G38-1080_12rm G38-1080_13rm
Mineral jacobsite jacobsite jacobsite jacobsite jacobsite jacobsite jacobsite jacobsite

SiO2  0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00
TiO2  0.06 0.27 0.13 0.11 0.20 0.15 0.12 0.07
Al2O3 0.15 0.32 0.00 0.00 0.00 0.00 0.00 0.00
FeO   74.63 73.33 75.69 80.55 74.90 82.29 82.58 82.15
MnO   14.30 14.52 13.62 8.61 13.69 6.41 7.80 8.16
MgO   0.06 0.12 0.14 0.00 0.20 0.06 0.00 0.00
CaO   0.01 0.00 0.00 0.00 0.00 0.00 0.05 0.00
ZnO   3.05 3.23 2.68 2.53 2.67 2.61 1.52 2.09
Total 92.27 91.78 92.26 91.79 91.66 91.57 92.07 92.46
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Sample G38-1080_13cr G74-680_1a G74-680_1b G74-680_2a G74-680_2b G74-680_3a G74-680_3b G74-680_4a
Mineral jacobsite franklinite franklinite franklinite franklinite franklinite franklinite franklinite

SiO2  0.00 0.05 0.00 0.01 0.04 0.02 0.00 0.03
TiO2  0.25 0.24 0.23 0.23 0.26 0.25 0.24 0.22
Al2O3 0.12 0.39 0.36 0.33 0.29 0.30 0.31 0.38
FeO   78.63 73.02 70.97 69.73 68.80 70.78 68.60 73.92
MnO   10.66 10.67 12.35 13.74 12.76 13.01 14.50 11.13
MgO   0.00 0.44 0.40 0.31 0.44 0.36 0.39 0.41
CaO   0.00 0.01 0.00 0.03 0.03 0.00 0.01 0.01
ZnO   2.96 9.74 9.72 10.99 11.06 9.73 10.02 10.28
Total 92.61 94.57 94.04 95.36 93.68 94.46 94.07 96.39

Sample G74-680_4b G74-680_4c G74-680_5a G74-680_5b G74-680_6a G74-680_6b G74-680_7a G74-680_7b
Mineral franklinite franklinite franklinite franklinite franklinite franklinite franklinite franklinite

SiO2  0.04 0.04 0.07 0.16 0.08 2.26 0.05 0.06
TiO2  0.25 0.24 0.24 0.20 0.23 0.23 0.23 0.24
Al2O3 0.35 0.38 0.36 0.38 0.33 0.35 0.40 0.36
FeO   70.15 74.78 65.21 67.09 78.48 67.62 71.11 73.31
MnO   12.44 8.68 12.24 10.48 6.31 11.37 11.38 10.71
MgO   0.34 0.33 0.33 0.29 0.38 0.35 0.37 0.26
CaO   0.03 0.00 0.00 0.02 0.07 0.00 0.02 0.00
ZnO   10.40 8.62 8.79 8.39 7.18 9.74 11.10 10.09
Total 94.00 93.08 87.23 87.02 93.05 91.92 94.65 95.03

Sample G74-680_7c G74-680_8 G74-680_9a G74-680_9b G74-680_10 G74-680_11 G38-994_1 G38-994_2
Mineral franklinite franklinite franklinite franklinite franklinite franklinite Zn hercynite Zn hercynite

SiO2  0.04 0.06 0.21 0.00 0.02 0.04 0.00 0.00
TiO2  0.25 0.24 0.23 0.25 0.24 0.25 0.06 0.00
Al2O3 0.38 0.34 0.27 0.34 0.30 0.35 58.35 57.71
FeO   72.23 72.18 68.70 70.19 74.36 73.11 21.15 21.24
MnO   11.01 9.21 16.83 11.87 8.13 10.37 0.38 0.36
MgO   0.30 0.46 0.37 0.39 0.48 0.32 0.75 0.76
CaO   0.00 0.03 0.03 0.05 0.02 0.00 0.02 0.00
ZnO   10.12 9.48 10.08 10.97 9.62 9.65 20.45 20.76
Total 94.33 91.99 96.73 94.05 93.16 94.08 101.15 100.82

Sample G38-994_3 G38-994_4 G38-994_5 G38-994_6 G38-994_7 G38-994_8 G38-994_9 G38-994_10
Mineral Zn hercynite Zn hercynite Zn hercynite Zn hercynite Zn hercynite Zn hercynite Zn hercynite Zn hercynite

SiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO2  0.04 0.03 0.00 0.00 0.00 0.02 0.00 0.00
Al2O3 56.76 57.84 57.40 57.93 58.31 57.43 57.65 58.33
FeO   20.17 21.57 20.07 20.16 22.09 21.04 20.87 22.29
MnO   0.36 0.41 0.25 0.42 0.41 0.33 0.37 0.37
MgO   0.76 0.74 0.89 0.78 0.70 0.82 0.76 0.74
CaO   0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00
ZnO   20.29 20.12 21.70 20.94 18.74 19.91 20.01 18.56
Total 98.39 100.71 100.32 100.23 100.27 99.54 99.65 100.29
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Sample G38-994_11 G38-994_12 G38-994_13 G28-1495_1 G91-121_gah1 G91-121_gah2 G91-121_gah3 G91-121_gah4
Mineral Zn hercynite Zn hercynite Zn hercynite magnetite gahnite gahnite gahnite gahnite

SiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO2  0.00 0.00 0.00 0.18 0.00 0.00 0.00 0.00
Al2O3 58.13 57.36 57.99 0.00 55.32 55.50 55.98 55.17
FeO   20.66 20.47 21.10 92.25 10.79 10.76 10.10 10.94
MnO   0.31 0.29 0.41 0.21 1.07 1.03 1.36 1.21
MgO   0.77 0.77 0.78 0.00 0.70 0.74 0.78 0.73
CaO   0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.00
ZnO   20.19 21.157 20.151 0.01 31.94 31.77 31.94 31.18
Total 100.07 100.04 100.43 92.65 99.82 99.82 100.15 99.23

Sample G91-121_gah5 G91-121_gah6 G91-121_gah7 G91-121_gah8 G91-121_gah9 G91-121_gah10 G103-26_1 G103-26_2
Mineral gahnite gahnite gahnite gahnite gahnite gahnite gahnite gahnite

SiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 56.17 55.64 54.64 54.69 55.56 55.84 49.95 50.26
FeO   9.86 10.29 11.60 11.37 11.42 10.50 6.35 6.28
MnO   1.30 1.17 0.93 0.87 1.10 1.21 0.66 0.57
MgO   0.79 0.88 0.66 0.68 0.74 0.80 0.50 0.35
CaO   0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
ZnO   32.08 31.71 30.90 31.11 31.06 31.69 41.13 41.08
Total 100.20 99.70 98.73 98.72 99.86 100.03 98.59 98.54

Sample G103-26_3 G103-26_4 G103-26_5 G103-26_6 G103-26_7 G103-26_8 G103-26_9 G103-26_10
Mineral gahnite gahnite gahnite gahnite gahnite gahnite gahnite gahnite

SiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 50.39 49.73 50.60 48.60 50.24 50.36 50.28 50.64
FeO   6.34 6.39 6.33 6.15 6.40 6.44 6.27 6.46
MnO   0.62 0.65 0.62 0.63 0.64 0.59 0.57 0.70
MgO   0.40 0.47 0.37 0.44 0.44 0.55 0.38 0.41
CaO   0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00
ZnO   41.43 40.89 40.84 40.86 41.36 40.71 41.27 41.26
Total 99.18 98.12 98.76 96.69 99.08 98.66 98.78 99.47

Sample G103-26_11 RH-C2_1 RH-C2_2 RH-C2_3 RH-C2_4 RH-C2_5 RH-C2_6 RH-C2_7
Mineral gahnite pyrophanite pyrophanite pyrophanite pyrophanite pyrophanite pyrophanite pyrophanite

SiO2  0.00 0.05 0.02 0.00 0.03 0.03 0.00 0.00
TiO2  0.00 51.28 52.66 52.92 52.61 51.61 52.14 52.81
Al2O3 50.16 0.03 0.03 0.01 0.02 0.04 0.00 0.00
FeO   6.25 3.95 3.77 3.65 3.71 3.75 3.64 3.63
MnO   0.54 44.22 44.26 44.09 43.03 43.97 43.86 43.24
MgO   0.40 0.00 0.01 0.04 0.00 0.02 0.00 0.00
CaO   0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
ZnO   41.34 0.48 0.12 0.29 0.27 0.27 0.17 0.19
Total 98.69 100.01 100.87 101.01 99.68 99.69 99.83 99.87
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Sample RH-C2_8 G64-1135_1 G64-1135_2 G64-1135_3 G28-1495_1 G28-1495_2 G39-917_1 G39-917_2
Mineral pyrophanite ilmenite ilmenite ilmenite ilmenite ilmenite pyrophanite pyrophanite

SiO2  0.02 0.01 0.08 0.01 0.00 0.00 0.00 0.00
TiO2  51.56 53.21 52.33 52.62 53.90 54.00 53.02 53.40
Al2O3 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00
FeO   3.83 26.83 26.29 26.26 26.30 27.90 3.53 4.16
MnO   44.13 21.60 22.11 21.01 21.19 19.04 42.73 42.09
MgO   0.04 0.34 0.33 0.31 0.00 0.00 0.00 0.01
CaO   0.02 0.01 0.01 0.03 0.00 0.00 0.07 0.04
ZnO   0.31 0.41 0.26 0.59 0.00 0.04 0.12 0.04
Total 99.91 102.47 101.42 100.85 101.39 100.98 99.47 99.73

Sample G39-917_3 G39-917_4 G39-917_5 G45-1180_1 G45-1180_2 G64-1471_1 G64-1471_2 G54-1015
Mineral pyrophanite pyrophanite pyrophanite ilmenite ilmenite pyrophanite pyrophanite pyrophanite

SiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO2  52.97 53.46 53.24 53.33 53.50 54.68 54.71 49.99
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.24
FeO   4.45 4.31 4.37 26.78 28.60 16.28 16.04 14.04
MnO   42.39 42.03 42.28 20.02 18.73 31.16 31.03 33.81
MgO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
CaO   0.15 0.00 0.10 0.00 0.00 0.06 0.07 0.00
ZnO   0.11 0.08 0.11 0.00 0.00 0.00 0.02 0.12
Total 100.07 99.87 100.10 100.16 100.84 102.19 101.87 98.21

Sample G76-496_1 G76-496_2 G76-496_3 G76-496_4 G76-496_5 G76-496_6 G76-496_7 G76-496_8
Mineral pyrophanite pyrophanite pyrophanite pyrophanite pyrophanite pyrophanite pyrophanite pyrophanite

SiO2  0.00 0.05 0.07 0.30 0.06 0.01 0.00 0.04
TiO2  53.46 52.97 52.93 52.76 53.19 52.01 52.81 52.48
Al2O3 0.04 0.00 0.03 0.37 0.02 0.08 0.00 0.04
FeO   2.23 2.11 2.52 2.72 1.85 3.05 2.08 2.11
MnO   45.03 45.10 44.69 44.10 45.39 44.17 45.39 44.96
MgO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04
CaO   0.00 0.00 0.03 0.00 0.03 0.02 0.00 0.02
ZnO   0.23 0.29 0.36 0.52 0.37 0.35 0.31 0.32
Total 100.99 100.53 100.63 100.77 100.91 99.70 100.59 100.00

Sample G76-496_9 G23-1462_1 G23-1462_2 G23-1462_3 G23-1462_4 GR-65_1 GR-65_2 GR-65_3
Mineral pyrophanite ilmenite ilmenite ilmenite ilmenite Sr epidote Sr epidote Sr epidote

SiO2  0.02 0.00 0.00 0.00 0.00 33.77 33.24 33.36
TiO2  51.84 50.77 50.93 51.98 51.24 0.04 0.00 0.11
Al2O3 0.05 0.00 0.07 0.13 0.09 17.20 17.31 17.43
Fe2O3 - - - - - 15.22 14.61 14.85
FeO   4.58 25.55 26.38 27.21 27.20 - - -
MnO   42.72 21.66 22.45 20.93 20.05 1.66 1.74 1.72
MgO   0.03 0.00 0.00 0.00 0.00 0.00 0.03 0.05
CaO   0.01 0.00 0.00 0.00 0.00 10.87 11.44 11.67
ZnO   0.40 0.00 0.00 0.00 0.00 - - -
PbO - - - - - 0.98 1.37 1.68
BaO - - - - - 0.30 0.00 0.03
SrO - - - - - 16.36 15.83 15.09
Total 99.67 97.98 99.83 100.25 98.58 96.41 95.58 95.99
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Sample GR-65_4 GR-65_5 GR-65_6 GR-65_7 GR-65_8 GR-65_9 G38-1080_1 G38-1080_2
Mineral Sr epidote Sr epidote Sr epidote Sr epidote Sr epidote Sr epidote melanotekite melanotekite

SiO2 33.21 33.24 33.63 32.24 32.89 33.15 15.82 16.50
TiO2 0.13 0.16 0.09 0.00 0.09 0.09 1.16 1.16
Al2O3 15.40 15.79 21.51 17.10 16.91 17.14 0.27 0.43
Fe2O3 16.85 16.26 14.91 13.84 14.52 15.35 17.22 17.06
MnO 1.30 1.63 2.60 2.80 2.73 1.56 0.72 0.69
MgO 0.01 0.05 0.00 0.04 0.04 0.00 0.15 0.09
CaO 11.04 10.94 10.33 10.07 10.45 11.26 0.00 0.00
ZnO - - - - - - 0.12 0.07
PbO 2.26 1.49 1.07 1.08 1.60 1.13 63.99 64.72
BaO 0.13 0.00 0.14 0.04 0.00 0.00 0.10 0.13
SrO 16.58 16.41 16.12 15.53 16.42 16.19 - -
Total 96.90 95.97 100.40 92.74 95.64 95.85 99.54 100.85

Sample GR-118_1a GR-118_1b GR-118_1c GR-118_1d GR-118_2a GR-118_2b GR-118_3a GR-118_3b
Mineral Ba muscovite Ba muscovite Ba muscovite Ba muscovite Ba muscovite Ba muscovite Ba muscovite Ba muscovite

SiO2 43.31 43.90 43.36 42.47 43.27 42.65 42.94 42.13
TiO2 0.56 0.62 0.60 0.60 1.28 1.28 1.22 1.14
Al2O3 36.83 37.00 36.60 36.83 35.35 36.45 36.72 36.65
FeO 0.65 0.62 0.68 0.62 0.57 0.53 0.57 0.53
MnO 0.08 0.30 0.18 0.16 0.22 0.15 0.03 0.05
MgO 0.67 0.70 0.75 0.74 0.76 0.72 0.65 0.60
CaO 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Na2O 0.28 0.24 0.31 0.22 0.24 0.26 0.25 0.24
K2O 7.56 6.80 7.64 7.62 7.59 7.56 7.20 7.21
BaO 4.07 4.55 3.86 3.72 3.85 4.46 5.23 5.40
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 94.00 94.73 93.98 92.97 93.12 94.04 94.81 93.95

Sample GR-118_4a GR-118_4b GR-118_5a GR-118_5b GR-118_6b GR-118_7a GR-118_7b GR-118_8a
Mineral Ba muscovite Ba muscovite Ba muscovite Ba muscovite Ba muscovite Ba muscovite Ba muscovite Ba muscovite

SiO2 43.57 43.17 43.10 42.18 41.84 41.72 42.11 43.21
TiO2 1.17 1.42 1.34 1.46 1.18 1.46 1.40 1.30
Al2O3 36.38 36.12 36.53 36.14 36.72 36.78 37.05 36.41
FeO 0.58 0.52 0.52 0.51 0.48 0.43 0.48 0.54
MnO 0.12 0.09 0.07 0.00 0.02 0.00 0.00 0.00
MgO 0.73 0.73 0.69 0.63 0.68 0.53 0.58 0.73
CaO 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.01
Na2O 0.25 0.29 0.30 0.23 0.37 0.22 0.23 0.40
K2O 7.27 7.01 7.29 7.37 7.46 6.86 7.01 7.71
BaO 3.95 4.00 3.78 4.19 4.27 6.16 6.07 3.95
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 94.03 93.36 93.61 92.71 93.02 94.18 94.93 94.26

Sample GR-118_8b GR-118_9a GR-118_9b GR-118_10b
Mineral Ba muscovite Ba  muscovite Ba muscovite Ba muscovite

SiO2 42.21 41.28 41.48 41.37
TiO2 1.33 1.23 1.26 1.16
Al2O3 36.85 36.68 37.02 36.42
FeO 0.49 0.47 0.44 0.46
MnO 0.00 0.10 0.00 0.00
MgO 0.64 0.58 0.56 0.53
CaO 0.00 0.01 0.01 0.00
Na2O 0.25 0.30 0.31 0.34
K2O 7.27 7.23 7.11 7.31
BaO 4.66 6.13 6.16 5.84
F 0.00 0.00 0.00 0.00
Total 93.70 94.01 94.33 93.44
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Sample nodule_1a nodule_1b nodule_1c nodule_1d nodule_1e nodule_2a nodule_2b nodule_2c
Mineral apatite apatite apatite apatite apatite apatite apatite apatite

CaO   54.25 54.24 53.56 54.03 53.84 52.97 53.00 52.60
FeO   0.00 0.02 0.03 0.02 0.05 0.09 0.03 0.01
MnO   0.22 0.26 0.33 0.24 0.29 0.37 0.18 0.22
MgO 0.03 0.01 0.00 0.00 0.00 0.03 0.01 0.02
P2O5 41.89 42.07 42.14 41.75 42.11 43.16 42.57 42.68
F 2.96 3.87 3.68 3.42 3.65 3.12 2.94 3.79
Total 99.35 100.49 99.74 99.47 99.95 99.74 98.72 99.31

Sample nodule_2d nodule_2e nodule_3a nodule_3b nodule_3c nodule_3d nodule_3e nodule_4a
Mineral apatite apatite apatite apatite apatite apatite apatite apatite

CaO   52.74 53.59 53.62 53.46 53.91 53.46 53.45 53.72
FeO   0.04 0.05 0.07 0.02 0.01 0.11 0.01 0.01
MnO   0.20 0.14 0.21 0.21 0.24 0.26 0.38 0.36
MgO 0.02 0.01 0.03 0.00 0.01 0.01 0.00 0.00
P2O5 43.17 43.17 42.85 41.77 42.45 43.64 43.37 43.70
F 3.65 2.92 2.94 3.81 3.01 3.02 3.04 2.84
Total 99.83 99.87 99.72 99.27 99.63 100.51 100.25 100.63

Sample nodule_4b nodule_4c nodule_4d nodule_4e G38-1050_1 G38-1050_2 G38-1050_3 G38-1050_4
Mineral apatite apatite apatite apatite apatite apatite apatite apatite

CaO   53.12 53.35 52.81 53.56 45.14 40.35 44.52 43.71
FeO   0.02 0.05 0.09 0.04 1.11 1.12 1.04 1.45
MnO   0.29 0.27 0.33 0.19 5.41 5.20 5.57 5.08
MgO 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00
PbO - - - - 6.18 12.54 6.60 7.54
P2O5 43.30 42.06 43.10 43.07 40.77 36.27 39.20 41.18
F 2.98 2.72 3.68 3.44 3.01 2.83 3.10 2.79
Total 99.71 98.60 100.01 100.31 101.63 98.31 100.02 101.74

Sample G38-1050_5 G38-1050_6 G38-1050_7 G38-1050_8 G38-1050_9 G38-1050_10 G38-1050_11 G38-1050_12
Mineral apatite apatite apatite apatite apatite apatite apatite apatite

CaO   44.09 45.37 44.63 46.90 44.68 44.91 48.88 47.67
FeO   1.55 1.40 1.23 0.69 1.13 1.12 1.11 1.84
MnO   5.10 5.07 5.47 4.77 5.31 6.11 2.67 4.12
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PbO 7.76 5.75 6.94 3.88 5.54 5.72 2.75 1.48
P2O5 39.57 40.39 40.21 40.71 40.19 42.36 42.96 43.90
F 2.90 3.15 3.22 3.25 3.25 3.06 0.74 0.79
Total 100.97 101.12 101.70 100.19 100.10 103.27 99.10 99.81

Sample G38-1050_13 G38-1050_14 G38-1050_15 G38-1050_16 G38-1050_17 G38-1050_18 G38-1050_19 G38-1050_20
Mineral apatite apatite apatite apatite apatite apatite apatite apatite

CaO   41.64 41.41 46.63 47.55 37.81 38.21 45.54 47.35
FeO   1.38 1.65 0.80 0.87 1.75 1.85 1.71 1.65
MnO   7.18 6.20 5.12 5.58 6.46 5.84 4.37 3.94
MgO 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Na2O 0.17 0.08 0.03 0.11 0.08 0.02 0.00 0.41
PbO 9.25 9.14 5.61 5.00 14.61 14.48 7.31 4.32
P2O5 37.06 35.55 37.94 38.12 35.07 35.13 37.74 38.01
F 1.58 1.45 3.29 3.32 1.32 1.21 2.79 0.62
Cl 0.06 0.15 0.00 0.00 0.00 0.00 0.00 1.42
Total 98.33 95.64 99.43 100.55 97.12 96.76 99.47 97.71



APPENDIX F 

314

Sample G38-1050_21 G38-1050_22 G38-1050_23 G38-1050_24 G38-1050_25 G38-1050_26 G38-1050_27 G38-1050_28
Mineral apatite apatite apatite apatite apatite apatite apatite apatite

CaO   44.60 50.13 50.35 48.69 50.79 43.55 53.11 46.80
FeO   1.81 1.45 1.44 2.05 1.69 3.86 0.76 2.09
MnO   5.63 2.84 3.11 3.49 3.68 5.92 2.87 5.50
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2O 0.17 0.17 0.14 0.20 0.12 0.56 0.09 0.39
PbO 6.85 1.92 2.87 1.97 1.47 3.92 0.89 2.86
P2O5 37.06 38.73 38.53 38.66 39.68 37.31 39.76 38.55
F 3.03 0.61 0.64 0.54 0.86 0.60 0.72 0.70
Cl 0.00 1.11 1.35 1.50 1.37 1.97 1.03 1.93
Total 99.15 96.96 98.43 97.10 99.66 97.69 99.24 98.80

Sample G38-1050_29 G38-1050_30 G38-1050_31 G38-1050_32 G38-1050_33 G38-1050_34 G38-1050_35 G38-1050_36
Mineral apatite apatite apatite apatite apatite apatite apatite apatite

CaO   42.01 44.49 44.92 45.29 45.38 45.78 48.41 47.89
FeO   1.14 0.94 1.27 1.38 1.37 1.13 2.69 1.71
MnO   4.68 5.59 5.66 5.46 5.84 5.01 3.54 4.82
MgO 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.05
Na2O 0.00 0.11 0.01 0.07 0.11 0.13 0.27 0.00
PbO 11.11 7.73 6.79 5.92 4.61 5.35 1.21 2.83
P2O5 36.22 36.84 37.83 37.16 38.77 38.07 39.28 38.38
F 2.75 2.91 2.82 2.94 3.70 3.56 0.71 3.98
Cl 0.00 0.00 0.00 0.00 0.02 0.00 1.80 0.00
Total 97.91 98.62 99.31 98.23 99.81 99.04 97.91 99.66

Sample G38-1050_37 G38-1050_38 G103-26_1 G103-26_2 G103-26_3 G103-26_4 G103-26_5 G103-26_6
Mineral apatite apatite apatite apatite apatite apatite apatite apatite

CaO   43.95 45.22 50.90 51.19 52.55 52.06 52.74 53.17
FeO   1.27 0.85 0.61 0.69 0.75 0.82 0.72 0.66
MnO   5.66 5.96 2.29 2.48 2.47 2.56 2.58 2.65
MgO 0.00 0.00 - - - - - -
Na2O 0.06 0.05 - - - - - -
PbO 7.00 6.05 1.93 1.87 1.64 1.94 1.96 1.93
P2O5 37.43 37.50 39.55 40.15 40.31 40.06 40.25 40.35
F 2.89 2.12 3.46 3.32 3.44 3.74 3.64 3.04
Cl 0.00 0.00 - - - - - -
Total 98.24 97.76 98.75 99.70 101.16 101.17 101.89 101.80

Sample G103-26_7 G103-26_8 G103-26_9 G28-818_1 G28-818_2 G28-818_3 G28-818_4 G28-818_5
Mineral apatite apatite apatite apatite apatite apatite apatite apatite

CaO   51.54 52.30 52.34 53.94 53.03 53.86 54.42 53.25
FeO   0.72 0.67 0.59 0.17 0.32 0.45 0.17 0.23
MnO   2.95 2.83 2.95 2.20 2.27 1.94 1.91 2.68
PbO 1.87 1.70 1.99 0.35 0.31 0.31 0.00 0.00
P2O5 40.25 40.73 39.53 40.80 40.59 40.60 40.82 40.55
F 3.47 3.00 2.67 3.87 3.95 3.68 3.70 3.97
Total 100.80 101.22 100.07 101.33 100.46 100.85 101.02 100.69
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Sample G28-818_6 G28-818_7 G28-818_8 G28-818_9 G28-818_10 G38-1080_1a G38-1080_1b G38-1080_1c
Mineral apatite apatite apatite apatite apatite apatite apatite apatite

CaO   53.41 52.24 51.82 50.72 51.97 53.08 52.95 53.72
FeO   0.45 0.13 0.56 0.14 0.16 0.00 0.04 0.00
MnO   2.82 2.57 2.81 4.71 3.76 0.44 0.45 0.32
PbO 0.00 0.00 0.38 0.00 0.00 3.95 3.14 3.19
P2O5 40.64 40.57 39.24 39.23 40.46 38.00 38.82 38.26
F 3.85 3.79 3.81 3.71 3.78 3.54 3.63 3.68
Total 101.17 99.30 98.62 98.51 100.14 99.00 99.03 99.17

Sample G38-1080_1d G38-1080_2a G38-1080_2b G38-1080_2c G38-1080_2d G38-1080_3a G38-1080_3b G38-1080_3c
Mineral apatite apatite apatite apatite apatite apatite apatite apatite

CaO   53.24 52.98 53.58 53.02 52.65 53.18 52.87 52.99
FeO   0.07 0.05 0.00 0.00 0.00 0.04 0.07 0.10
MnO   0.44 0.33 0.36 0.42 0.37 0.34 0.36 0.34
PbO 3.80 2.74 2.91 3.24 3.17 2.95 2.88 3.08
P2O5 38.09 38.09 38.37 38.23 38.19 39.41 38.74 39.24
F 3.77 3.93 3.71 3.74 3.79 3.69 3.71 3.86
Total 99.41 98.12 98.93 98.64 98.17 99.63 98.62 99.60

Sample G45-1195_1 G45-1195_2 G45-1195_3 G45-1195_4 G45-1195_5 G45-1195_6 G45-1195_7 G54-1015_1
Mineral apatite apatite apatite apatite apatite apatite apatite apatite

CaO   55.82 55.28 56.24 55.40 55.73 55.46 55.33 54.57
FeO   0.00 0.04 0.04 0.06 0.00 0.00 0.00 0.11
MnO   0.20 0.37 0.32 0.67 0.47 0.29 0.39 0.43
PbO 0.43 2.51 3.74 0.07 1.31 0.26 3.04 1.97
P2O5 40.62 39.68 38.89 41.35 40.79 40.40 38.63 40.42
F 3.99 3.76 3.55 3.96 3.85 3.93 3.62 3.36
Total 101.06 101.63 102.77 101.49 102.14 100.33 101.02 100.86

Sample G54-1015_2 G64-1175_1 G64-1175_2 G-MB_1 G-MB_2 G-MB_3 G-MB_4 G-MB_5
Mineral apatite apatite apatite apatite apatite apatite apatite apatite

CaO   54.55 54.87 54.95 55.44 55.39 55.35 55.33 55.45
FeO   0.14 0.09 0.08 0.11 0.15 0.19 0.13 0.11
MnO   0.44 0.43 0.67 0.44 0.47 0.34 0.61 0.37
PbO 0.86 0.00 0.64 0.00 0.00 0.00 0.00 0.00
P2O5 41.35 41.72 41.69 41.33 41.04 41.03 41.34 40.77
F 3.66 3.54 3.51 3.70 3.89 3.78 4.03 3.85
Total 101.00 100.66 101.53 101.00 100.93 100.68 101.44 101.44

Sample G-MB_6 G-MB_7 G-MB_8 G-MB_9 G-MB_10 G38-1050_1a G38-1050_1b G38-1050_1c
Mineral apatite apatite apatite apatite apatite graftonite graftonite graftonite

CaO   53.12 53.54 54.52 55.33 52.67 6.34 6.20 6.00
FeO   0.11 0.10 0.17 0.18 0.19 33.16 33.71 35.11
MnO   0.35 0.39 0.45 0.36 0.37 16.99 17.10 16.30
MgO - - - - - 0.54 0.49 0.51
Na2O - - - - - 0.00 0.02 0.00
PbO 0.00 0.00 0.00 0.00 0.00 - - -
P2O5 41.53 41.14 40.61 40.54 40.18 41.68 41.81 41.08
F 3.78 3.82 3.96 3.97 3.84 - - -
Cl - - - - - - 0.00 0.04
Total 98.90 98.99 99.71 100.38 97.25 98.71 99.33 99.04
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Sample G38-1050_1d G38-1050_1e G38-1050_2a G38-1050_2b G38-1050_2c G38-1050_2d G38-1050_2e G38-1050_3a
Mineral graftonite graftonite graftonite graftonite graftonite graftonite graftonite graftonite

CaO 6.28 6.34 6.33 6.52 6.60 6.60 6.73 6.17
FeO 33.12 34.46 32.91 33.71 33.54 33.63 33.96 35.09
MnO 16.53 17.60 16.91 17.41 17.17 17.42 16.79 16.17
MgO 0.44 0.52 0.52 0.53 0.52 0.48 0.51 0.46
Na2O 0.03 0.00 0.02 0.01 0.03 0.06 0.00 0.03
P2O5 41.89 41.00 41.02 41.43 41.10 41.16 41.13 41.35
Cl 0.05 0.03 0.02 0.03 0.00 0.00 0.07 0.00
Total 98.33 99.95 97.73 99.64 98.96 99.35 99.19 99.27

Sample G38-1050_3b G38-1050_3c G38-1050_3d G38-1050_3e G38-1050_3f G38-1050_3g G38-1050_3h G38-1050_3i
Mineral graftonite graftonite graftonite graftonite graftonite graftonite graftonite graftonite

CaO 6.27 6.17 6.18 6.20 5.89 6.43 6.46 6.17
FeO 35.48 34.52 35.34 34.87 36.30 35.95 33.86 35.13
MnO 17.01 16.33 15.85 16.43 16.32 13.45 16.05 16.95
MgO 0.49 0.48 0.52 0.53 0.48 0.70 0.46 0.50
Na2O 0.04 0.00 0.00 0.01 0.02 0.08 0.04 0.00
P2O5 41.88 41.02 41.82 41.46 40.85 41.05 40.96 42.29
Cl 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Total 101.17 98.52 99.71 99.50 99.86 97.67 97.83 101.04

Sample G38-1050_4a G38-1050_4b G38-1050_4c G38-1050_4d G38-1050_4e G38-1050_4f G38-1050_4g G38-1050_4h
Mineral graftonite graftonite graftonite graftonite graftonite graftonite graftonite graftonite

CaO 6.14 6.14 6.20 6.34 6.29 6.20 6.21 6.31
FeO 35.07 35.95 36.06 35.88 34.23 35.37 35.63 35.07
MnO 14.20 16.42 15.53 16.06 15.55 15.15 16.18 15.59
MgO 0.46 0.49 0.45 0.48 0.50 0.46 0.48 0.44
Na2O 0.04 0.01 0.03 0.02 0.04 0.00 0.03 0.04
P2O5 41.03 41.66 40.54 41.38 41.33 41.61 40.47 39.00
Cl 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00
Total 96.94 100.67 98.81 100.18 97.94 98.79 99.00 96.45

Sample G38-1050_5a G38-1050_5b G38-1050_5c G38-1050_5d G38-1050_5e G38-1050_5f G38-1050_6a G38-1050_6b
Mineral graftonite graftonite graftonite graftonite graftonite graftonite graftonite graftonite

CaO 6.35 6.85 7.16 9.40 8.54 8.14 6.17 6.19
FeO 34.19 33.28 32.20 31.35 31.98 32.98 35.69 35.95
MnO 17.13 17.02 16.92 16.08 16.76 15.95 15.63 15.66
MgO 0.44 0.40 0.36 0.35 0.36 0.35 0.48 0.46
Na2O 0.03 0.02 0.03 0.02 0.01 0.07 0.05 0.06
P2O5 42.01 41.39 40.68 41.52 41.76 41.45 41.43 41.89
Cl 0.00 0.01 0.00 0.01 0.01 0.01 0.03 0.00
Total 100.15 98.97 97.35 98.73 99.42 98.95 99.48 100.21

Sample G38-1050_6c G38-1050_6d G38-1050_6e G38-1050_6f G38-1050_7a G38-1050_7b G38-1050_7c G38-1050_8a
Mineral graftonite graftonite graftonite graftonite graftonite graftonite graftonite graftonite

CaO 6.22 6.34 6.08 6.14 6.39 6.72 6.38 6.14
FeO 35.58 35.65 36.36 35.00 34.63 33.17 35.23 34.80
MnO 14.78 15.20 16.51 15.62 16.42 17.97 16.70 16.41
MgO 0.52 0.51 0.43 0.45 0.50 0.40 0.47 0.49
Na2O 0.00 0.04 0.01 0.01 0.06 0.06 0.03 0.01
P2O5 40.95 41.38 41.65 40.71 41.36 41.30 41.94 41.52
Cl 0.01 0.02 0.01 0.04 0.01 0.00 0.00 0.00
Total 98.06 99.14 101.05 97.97 99.37 99.62 100.75 99.37
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Sample G38-1050_8b G38-1050_8c G38-1050_8d G38-1050_8e G38-1050_8f G38-1050_8g G38-1050_8h G38-1050_8i
mineral graftonite graftonite graftonite graftonite graftonite graftonite graftonite graftonite

CaO 5.92 6.08 6.08 6.40 6.28 6.23 6.13 6.22
FeO 34.95 33.98 34.19 32.83 34.38 34.34 35.04 35.86
MnO 16.98 16.63 17.19 16.44 17.28 16.84 16.18 15.51
MgO 0.50 0.46 0.42 0.46 0.43 0.44 0.46 0.50
Na2O 0.00 0.02 0.06 0.03 0.06 0.01 0.00 0.02
P2O5 41.32 39.74 40.03 40.39 41.39 39.85 40.31 41.10
Cl 0.00 0.00 0.00 0.03 0.01 0.00 0.01 0.02
Total 99.67 96.91 97.97 96.58 99.83 97.71 98.13 99.23

Sample G38-1050_8i G38-1050_8j G38-1050_27 G38-1050_28 G38-1050_30 G38-1050_31 G38-1050_45 G38-1050_46
mineral graftonite graftonite graftonite graftonite graftonite graftonite graftonite graftonite

CaO 6.22 6.20 17.37 10.71 8.34 6.49 6.83 6.31
FeO 35.86 34.69 30.49 33.98 32.34 34.50 33.53 33.68
MnO 15.51 15.15 15.64 10.51 17.60 17.52 18.00 16.94
MgO 0.50 0.47 0.19 0.35 0.44 0.45 0.45 0.47
Na2O 0.02 0.04 0.02 2.46 0.07 0.00 0.00 0.00
PbO - - 0.23 0.76 0.13 0.27 0.05 0.00
ZnO - - - - 0.50 0.35 0.07 0.26
P2O5 41.10 41.51 34.76 40.27 39.86 39.73 39.58 39.93
F - - 0.48 0.47 - - - -
Cl 0.02 0.00 0.27 0.03 0.00 0.05 0.00 0.04
Total 99.23 98.06 99.48 99.53 99.26 99.36 98.52 97.63

Sample G38-1050_47 G38-1050_48 G38-1050_50 G38-1050_49 G38-1050_51 G38-1050_9 G38-1050_52 G38-1050_53
mineral graftonite graftonite graftonite wolfeite wolfeite wolfeite wolfeite wolfeite

CaO 10.24 4.38 5.54 0.77 0.27 0.42 0.11 0.16
FeO 30.31 39.30 32.66 40.89 43.71 44.95 51.24 50.42
MnO 17.33 14.93 17.89 18.84 17.41 16.10 11.86 12.48
MgO 0.33 0.80 0.33 0.52 0.42 0.22 0.70 0.75
Na2O 0.06 0.11 0.26 0.08 0.00 0.13 0.10 0.00
PbO 0.16 0.32 0.00 0.20 0.00 - 0.00 0.05
ZnO 0.59 1.15 0.06 1.16 1.61 - 0.37 0.37
Al2O3 - - - - - - - -
P2O5 39.18 35.48 38.48 32.15 31.50 33.71 31.42 31.34
F - - - - - - - -
Cl 0.10 0.00 0.05 0.00 0.01 0.00 0.03 0.00
Total 98.29 96.47 95.28 94.61 94.95 95.53 95.83 95.58

Sample G38-1050_54 G38-1050_55 G38-1050_63 G38-1050_10 G38-1050_11 G38-1050_12 G38-1050_13 G38-1050_14
mineral wolfeite wolfeite wolfeite unidentified unidentified unidentified unidentified unidentified

CaO 0.16 0.34 0.07 1.24 1.13 0.03 0.13 0.05
FeO 45.54 40.12 44.43 28.78 28.64 19.01 17.13 17.74
MnO 11.31 20.88 17.78 10.13 9.46 6.36 7.47 6.97
MgO 0.41 0.58 0.39 2.07 1.94 0.37 0.32 0.40
Na2O 0.00 0.08 0.03 - - - - -
PbO 0.05 0.00 0.16 12.78 13.45 31.45 32.10 33.01
ZnO 0.04 0.94 1.32 - - - - -
Al2O3 - - - 2.24 2.67 10.20 10.68 10.01
P2O5 37.18 31.09 31.23 35.56 33.12 28.63 28.32 30.74
F - - - 0.84 0.73 0.29 0.38 0.29
Cl 0.03 0.00 0.01 - - - - -
Total 94.73 94.04 95.42 93.63 91.12 96.34 96.53 99.21
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Sample G38-1050_15 G38-1050_16 G38-1050_17 G38-1050_18 G38-1050_32 G38-1050_33 G38-1050_34 G38-1050_35
Mineral unidentified unidentified unidentified unidentified unidentified unidentified unidentified unidentified

CaO 0.32 0.07 0.34 0.91 0.17 0.11 2.38 1.18
FeO 17.15 18.14 18.35 18.30 17.32 17.13 16.00 19.14
MnO 6.50 6.86 6.46 6.84 6.29 7.13 6.94 8.57
MgO 0.38 0.36 0.34 0.43 0.43 0.48 0.49 0.32
PbO 32.13 32.71 33.42 29.83 32.21 32.74 31.93 30.15
Al2O3 11.80 10.70 10.43 10.42 10.30 10.64 10.54 7.54
P2O5 28.98 29.32 33.03 29.55 28.21 28.75 29.65 29.33
F 0.35 0.32 0.43 0.40 - - - -
Total 97.60 98.48 102.81 96.68 94.93 97.12 98.12 96.47

Sample G38-1050_36 G38-1050_37 G38-1050_38 G38-1050_19 G38-1050_20 G38-1050_21 G38-1050_22 G38-1050_23
Mineral unidentified unidentified unidentified pyromorphite pyromorphite pyromorphite pyromorphite pyromorphite

CaO 0.11 0.05 0.04 10.34 10.39 16.82 9.44 10.29
FeO 14.97 16.00 14.95 0.22 0.17 0.31 0.84 1.02
MnO 8.30 8.44 8.14 0.53 0.41 1.48 0.42 0.79
MgO 0.41 0.42 0.50 0.00 0.00 0.00 0.00 0.00
Na2O 0.06 0.01 0.06 - - - - 0.03
PbO 32.74 32.66 32.82 67.32 68.43 56.16 67.96 69.27
ZnO 0.00 0.00 0.03
Al2O3 10.74 10.50 10.88 0.10 0.06 0.06 3.03 0.00
P2O5 27.58 28.22 28.37 20.83 20.89 24.32 19.81 19.83
F - - - 1.39 1.04 1.40 1.18 1.14
Cl 0.03 0.00 0.00 - - - - 0.18
Total 94.95 96.32 95.78 100.72 101.39 100.56 102.68 102.57

Sample G38-1050_24 G38-1050_25 G38-1050_26 G38-1050_29 G38-1050_40 G38-1050_41 G38-1050_42 G38-1050_43
Mineral pyromorphite pyromorphite pyromorphite pyromorphite pyromorphite pyromorphite pyromorphite pyromorphite

CaO 5.79 10.26 9.94 9.65 9.30 9.43 10.14 6.46
FeO 0.85 0.34 0.33 0.00 2.34 1.48 0.00 0.28
MnO 0.85 0.43 0.70 0.70 0.55 0.35 0.21 0.23
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2O 0.09 0.02 0.00 0.11 0.22 0.20 0.00 0.00
PbO 73.76 68.73 68.26 69.98 66.63 66.41 68.06 74.60
Al2O3 0.06 0.00 0.00 0.00 0.17 0.19 0.00 0.00
P2O5 18.09 19.07 20.71 20.06 18.68 18.64 19.83 17.94
F 0.36 0.98 0.77 0.93 - - - -
Cl 1.81 0.11 0.14 0.58 0.45 0.56 0.16 1.83
Total 101.66 99.94 100.84 102.03 98.35 97.27 98.40 101.35

Sample G38-1050_44 G38-1050_56 G38-1050_57 G38-1050_58 G38-1050_59 G38-1050_60 G38-1050_61 G38-1050_62
Mineral pyromorphite pyromorphite pyromorphite pyromorphite pyromorphite pyromorphite pyromorphite pyromorphite

CaO 6.25 6.38 6.81 10.38 12.56 10.68 9.66 9.81
FeO 0.21 0.15 0.10 0.00 0.27 0.05 0.33 0.00
MnO 0.22 0.12 0.08 0.24 0.81 0.40 0.45 0.56
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2O 0.00 0.00 0.00 0.02 0.06 0.00 0.03 0.10
PbO 74.20 75.19 74.22 70.62 65.10 68.58 70.41 70.94
ZnO 0.26 0.04 0.12 0.00 0.12 0.31 0.00 0.02
Al2O3 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
P2O5 17.57 18.57 18.54 20.25 21.16 20.43 20.17 19.73
Cl 2.09 2.13 1.87 0.18 0.13 0.13 0.35 0.23
Total 100.80 102.59 101.74 101.69 100.21 100.59 101.40 101.40
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Sample G64-1120_1 G64-1120_2 G64-1120_3 G64-1120_4 G64-1120_5 G64-1120_6 G64-1120_7 G64-1120_8
Mineral calcite calcite calcite calcite calcite calcite calcite calcite

FeO 0.67 0.65 0.62 0.66 0.71 0.77 0.74 0.80
MnO 4.28 4.36 4.49 4.77 5.02 4.80 4.86 5.02
MgO 0.15 0.13 0.13 0.15 0.17 0.15 0.18 0.17
CaO 48.44 48.28 47.56 49.15 48.53 49.21 48.41 49.32
ZnO 0.04 0.03 0.10 0.00 0.02 0.14 0.00 0.00
Total 53.57 53.44 52.90 54.72 54.46 55.06 54.19 55.32

Sample G64-1120_9 G64-1120_10 G64-1120_11 G64-1120_12 G64-1120_13 G64-1120_14 G64-1120_15 G64-1120_16
Mineral calcite calcite calcite calcite calcite calcite calcite calcite

FeO 0.81 0.81 0.78 0.70 0.81 0.63 0.71 0.78
MnO 4.90 5.38 5.28 5.52 5.89 4.91 5.45 5.76
MgO 0.16 - - - - - - -
CaO 49.38 52.97 52.41 51.74 51.53 52.45 51.79 52.45
ZnO 0.00 - - - - - - -
Total 55.26 59.15 58.46 57.95 58.23 57.99 57.96 58.99

Sample G64-1120_17 G64-1120_18 G64-1120_19 G38-1080_1 G38-1080_2 G38-1080_3 G38-1080_4 G38-1080_5
Mineral calcite calcite calcite calcite calcite calcite calcite calcite

FeO 0.80 0.78 0.79 0.08 0.14 0.10 0.08 0.03
MnO 5.48 5.13 5.04 9.82 10.69 10.28 9.01 10.38
CaO 52.15 52.33 52.29 44.44 43.72 44.54 45.33 47.27
Total 58.44 58.24 58.12 54.34 54.55 54.93 54.42 57.68

Sample G38-1080_6 G38-1080_7 G38-1080_8 G38-1080_9 G38-1080_10 G63-1145_1 G63-1145_2 G63-1145_3
Mineral calcite calcite calcite calcite calcite calcite calcite calcite

FeO 0.11 0.16 0.10 0.11 0.13 0.55 0.59 0.62
MnO 9.84 11.55 5.98 7.96 8.56 4.87 5.83 5.66
CaO 45.33 43.70 47.88 47.77 46.53 51.54 51.63 50.95
Total 55.28 55.42 53.96 55.84 55.23 56.96 58.04 57.23

Sample G63-1145_4 G63-1145_5 G63-1145_6 G63-1145_7 G63-1145_8 G63-1145_9 G63-1145_10 G63-1145_11
Mineral calcite calcite calcite calcite calcite calcite calcite calcite

FeO 0.64 0.71 0.58 0.61 0.54 0.70 0.56 0.50
MnO 5.32 5.79 6.34 6.13 6.40 5.53 6.48 5.63
MgO - - - - - - - 0.16
CaO 51.52 52.34 51.85 51.53 51.87 52.15 51.76 54.09
ZnO - - - - - - - 0.00
Total 57.48 58.84 58.76 58.26 58.80 58.38 58.80 60.38

Sample G63-1145_12 G63-1145_13 G63-1145_14 G64-1135_1 G64-1135_2 G64-1135_3 G64-1135_4 G64-1135_5
Mineral calcite calcite calcite calcite calcite calcite calcite calcite

FeO 0.61 0.51 0.41 1.56 1.70 1.57 1.65 1.57
MnO 5.57 5.35 5.76 7.60 7.28 7.13 7.01 6.85
MgO 0.17 0.18 0.22 1.13 1.10 1.08 1.06 0.96
CaO 53.72 53.54 52.15 45.25 44.19 44.11 44.25 44.80
ZnO 0.00 0.05 0.00 0.11 0.00 0.07 0.05 0.02
Total 60.08 59.63 58.55 55.65 54.27 53.95 54.01 54.20
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Sample G64-1135_6 G64-1135_7 G64-1135_8 G64-1135_9 G64-1135_10 G64-1135_11 G64-1135_12 G64-1135_13
Mineral calcite calcite calcite calcite calcite calcite calcite calcite

FeO 1.59 1.46 1.57 1.54 1.46 1.91 1.72 1.72
MnO 7.16 7.18 6.90 7.23 7.08 8.65 8.70 8.26
MgO 1.05 1.04 1.04 1.05 0.96 - - -
CaO 44.10 44.01 43.44 44.39 44.57 48.33 47.75 48.30
ZnO 0.09 0.03 0.04 0.00 0.00 - - -
Total 53.99 53.71 52.98 54.19 54.08 58.89 58.17 58.28

Sample G64-1135_14 G64-1135_15 G64-1135_16 G64-1135_17 G64-1135_18 G64-1135_19 G64-1135_20 G64-1471_1
Mineral calcite calcite calcite calcite calcite calcite calcite calcite

FeO 1.66 1.76 1.70 1.68 1.83 1.80 1.80 1.03
MnO 8.43 8.86 8.20 8.43 8.93 8.85 8.54 4.97
MgO - - - - - - - 0.19
CaO 48.03 47.82 47.85 48.58 48.43 47.99 48.78 49.30
Total 58.12 58.44 57.74 58.69 59.19 58.64 59.12 55.50

Sample G64-1471_2 Gu200-23.0_1 Gu200-23.0_2 Gu200-23.0_3 Gu200-23.0_4 Gu200-23.0_5 Gu200-23.0_6 Gu200-23.0_7
Mineral calcite rhodochrosite rhodochrosite rhodochrosite rhodochrosite rhodochrosite rhodochrosite rhodochrosite

FeO 0.82 1.43 1.49 1.29 1.38 1.54 1.37 1.44
MnO 4.51 53.53 53.55 53.90 55.43 53.95 53.36 54.27
MgO 0.10 0.54 0.59 0.67 0.42 0.58 0.51 0.45
CaO 48.92 1.84 2.15 2.19 1.54 2.09 1.93 1.61
ZnO - 0.09 0.00 0.09 0.04 0.00 0.00 0.05
Total 54.35 57.43 57.78 58.14 58.80 58.16 57.17 57.83

Sample Gu200-23.0_8 Gu200-23.0_9 Gu200-23.0_10 Gu200-23.0_11 Gu200-23.0_12 Gu200-23.0_13 Gu200-23.0_14 Gu200-23.0_15
Mineral rhodochrosite rhodochrosite rhodochrosite rhodochrosite rhodochrosite rhodochrosite rhodochrosite rhodochrosite

FeO 1.59 1.36 1.30 1.39 1.53 1.32 1.56 1.57
MnO 54.20 54.72 53.68 52.98 52.87 53.03 53.79 52.77
MgO 0.45 0.50 0.49 0.59 0.69 0.61 0.51 0.57
CaO 1.71 1.86 2.32 1.68 1.81 2.74 1.44 1.88
ZnO 0.05 0.00 0.05 0.06 0.00 0.04 0.07 0.01
Total 57.99 58.44 57.83 56.69 56.90 57.73 57.36 56.79

Sample Gu200-23.0_16 Gu200-23.0_17 Gu200-23.0_18 Gu201-79.5_1 Gu201-79.5_2 Gu201-79.5_3 Gu201-79.5_4 Gu201-79.5_5
Mineral rhodochrosite rhodochrosite rhodochrosite calcite calcite calcite calcite calcite

FeO 1.52 1.51 1.48 0.85 0.92 0.90 0.79 0.79
MnO 52.64 53.21 53.05 9.04 8.79 8.29 9.46 8.58
MgO 0.52 0.66 0.74 0.72 0.69 0.74 0.84 0.85
CaO 2.20 2.84 2.10 45.94 46.23 46.29 45.77 44.23
ZnO 0.05 0.01 0.01 0.02 0.00 0.10 0.05 0.15
Total 56.92 58.22 57.37 56.56 56.63 56.31 56.91 54.59

Sample Gu201-79.5_6 Gu201-79.5_7 G28-1436_1 G28-1436_2 G28-1436_3 G28-1436_4 G28-1436_5 G39-917_1
Mineral calcite calcite calcite calcite calcite calcite calcite calcite

FeO 0.85 0.81 0.03 0.04 0.00 0.02 0.00 0.34
MnO 8.64 8.81 0.56 0.73 0.82 0.91 0.78 7.29
MgO 0.83 0.77 0.23 0.26 0.30 0.33 0.27 0.18
CaO 44.04 44.23 60.11 56.35 56.75 55.32 56.18 52.09
ZnO 0.11 0.01 0.03 0.01 0.00 0.00 0.00 0.00
Total 54.47 54.63 60.94 57.40 57.88 56.58 57.23 59.90
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Sample G39-917_2 G39-917_3 G39-917_4 G39-917_5 G84-436_1 G84-436_2 G84-436_3 G84-436_4
Mineral calcite calcite calcite calcite rhodochrosite rhodochrosite rhodochrosite rhodochrosite

FeO 0.37 0.41 0.26 0.30 16.21 6.47 18.22 11.34
MnO 7.00 7.18 6.56 6.77 40.61 48.25 39.66 44.20
MgO 0.26 0.19 0.22 0.28 0.32 1.08 0.48 0.51
CaO 51.35 51.33 51.10 51.60 0.51 1.03 0.39 0.90
ZnO 0.05 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Total 59.03 59.11 58.13 58.96 57.67 56.83 58.75 56.95

Sample G28-1495_1 G28-1495_2 G28-1495_3 G45-1180_1 G45-1180_2 G45-1180_3 G45-1195_1 G45-1195_2
Mineral sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite

Fe 2.61 2.53 2.64 8.43 8.90 8.54 1.41 1.62
Mn 0.10 0.12 0.19 0.36 0.39 0.22 0.33 0.30
Zn 64.33 64.44 64.26 56.20 56.10 56.49 64.86 64.74
S 31.61 31.34 31.05 32.96 32.58 32.50 32.66 32.75
Total 98.64 98.43 98.14 97.94 97.96 97.75 99.26 99.41

Sample G45-1195_3 G45-1195_4 G45-1195_5 G45-1195_6 G45-1195_7 G54-1015_1 G54-1015_2 G54-1015_3
Mineral sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite

Fe 1.41 0.91 1.02 0.75 0.80 8.34 8.98 9.10
Mn 0.29 0.07 0.10 0.10 0.13 0.85 0.94 0.93
Zn 65.17 65.88 66.23 66.04 66.01 56.01 55.72 55.78
S 32.72 32.29 32.84 32.88 33.20 33.47 33.44 33.59
Total 99.58 99.13 100.19 99.78 100.14 98.66 99.09 99.40

Sample G54-1015_4 G54-1015_5 G54-1015_6 G54-1015_7 G54-1015_8 G64-1175_1 G64-1175_2 G64-1175_3
Mineral sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite

Fe 8.49 9.27 7.53 7.66 7.82 9.58 9.42 9.17
Mn 0.88 1.00 0.73 0.89 0.92 0.71 0.59 0.58
Zn 56.41 55.49 57.56 57.15 56.48 56.63 56.39 56.44
S 33.86 33.74 33.73 33.02 33.01 34.78 34.67 33.99
Total 99.63 99.49 99.55 98.71 98.23 101.70 101.07 100.17

Sample G64-1175_4 G64-1175_5 G64-1175_6 G64-1175_7 G64-1175_8 G64-1175_9 G84-436_1 G84-436_2
Mineral sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite

Fe 9.51 9.52 9.44 9.83 9.56 9.27 2.24 2.25
Mn 0.57 0.67 0.57 0.79 0.64 0.63 0.45 0.48
Zn 56.02 55.62 56.38 55.39 56.12 56.02 63.96 63.14
S 34.41 34.10 34.63 34.49 34.45 34.16 33.25 32.49
Total 100.51 99.91 101.01 100.49 100.78 100.08 99.90 98.36

Sample G84-436_3 G-MB_1 G-MB_2 G-MB_3 G-MB_4 G-MB_5 G-MB_6 G-MB_7
Mineral sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite

Fe 2.51 11.11 11.18 10.72 11.46 11.47 11.62 11.13
Mn 0.30 0.33 0.33 0.26 0.32 0.34 0.33 0.30
Zn 62.63 53.52 53.51 53.96 53.56 53.81 53.32 53.44
S 32.38 33.60 33.60 33.29 33.54 33.33 33.40 33.25
Total 97.81 98.55 98.61 98.23 98.88 98.94 98.68 98.12
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Sample G77-632_1 G77-632_2 G77-632_3 G77-632_4 G77-632_5 G77-632_6 G77-632_7 G77-632_8
Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.48 36.10 36.02 36.53 36.48 36.78 36.50 36.54

Al2O3 13.77 14.22 14.29 14.20 15.94 16.83 16.61 14.55
FeO 13.66 13.02 13.15 13.12 11.19 9.72 9.98 12.61
MnO 28.76 28.90 29.55 28.81 29.83 30.40 30.53 28.99
MgO 0.27 0.34 0.24 0.10 0.34 0.43 0.46 0.24
CaO 7.06 7.42 6.75 7.24 6.21 5.84 5.92 7.07
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G77-632_9 G77-632_10 RH-C2_1 RH-C2_2 RH-C2_3 RH-C2_4 RH-C2_5 RH-C2_6
Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.81 36.59 35.94 36.00 35.99 35.86 36.04 36.31

Al2O3 16.33 16.62 15.18 16.99 15.22 15.10 14.99 16.86
FeO 9.92 10.02 12.26 10.03 12.13 12.04 11.87 10.11
MnO 30.24 30.53 30.43 31.61 30.64 31.03 31.35 31.40
MgO 0.36 0.28 0.00 0.00 0.00 0.00 0.00 0.00
CaO 6.34 5.96 6.18 5.37 6.02 5.96 5.75 5.32
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample RH-C2_7 RH-C2_8 RH-C2_9 RH-C2_10 G64-1175_1 G64-1175_2 G64-1175_3 G64-1175_4
Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 35.86 36.38 36.23 36.12 36.33 36.37 36.49 36.19

Al2O3 16.36 17.24 17.11 15.71 19.77 19.74 19.83 19.71
FeO 10.69 9.53 9.81 11.73 15.34 16.59 17.52 17.29
MnO 31.54 31.62 31.58 30.26 24.22 23.15 22.18 22.88
MgO 0.00 0.00 0.00 0.00 0.36 0.20 0.21 0.20
CaO 5.54 5.23 5.27 6.17 3.97 3.94 3.77 3.74
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G64-1175_5 G64-1175_6 G64-1175_7 G64-1175_8 G64-1175_9 G64-1175_10 G28-840_1 G28-840_2
Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.53 36.11 36.04 36.29 36.42 36.23 36.59 36.55

Al2O3 20.43 20.11 19.35 19.96 20.01 19.86 15.14 15.94
FeO 14.96 15.43 17.52 15.66 14.87 15.46 11.49 10.19
MnO 24.32 24.23 22.95 23.88 24.67 24.24 30.74 31.57
MgO 0.39 0.24 0.09 0.37 0.28 0.35 0.37 0.29
CaO 3.37 3.88 4.05 3.85 3.75 3.87 5.68 5.46
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G28-840_3 G28-840_4 G28-840_5 G28-840_6 G28-840_7 G28-840_8 G28-840_9 G28-840_10
Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.63 36.33 36.47 36.44 35.96 36.57 36.45 36.34

Al2O3 15.49 15.76 15.50 17.93 15.63 16.30 16.35 16.13
FeO 10.60 10.69 11.15 8.77 11.40 10.12 9.96 10.91
MnO 31.14 31.33 30.70 31.87 31.05 31.27 31.35 30.86
MgO 0.33 0.10 0.36 0.15 0.25 0.08 0.36 0.32
CaO 5.81 5.78 5.82 4.85 5.71 5.66 5.53 5.43
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Sample Gu201-79.5_1 Gu201-79.5_2 Gu201-79.5_3 Gu201-79.5_4 Gu201-79.5_5 Gu201-79.5_6 Gu201-79.5_7 Gu201-79.5_8

Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.99 36.33 36.70 36.38 36.52 36.43 36.61 36.63

Al2O3 19.32 19.37 19.07 19.34 19.39 19.60 19.45 19.31

FeO 10.70 12.18 12.48 13.24 12.52 13.27 10.14 11.50

MnO 26.65 26.54 26.02 25.45 25.61 25.25 28.14 26.29

MgO 0.28 0.30 0.22 0.13 0.14 0.08 0.19 0.34

CaO 6.06 5.28 5.51 5.46 5.82 5.37 5.46 5.93

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample Gu201-79.5_9 Gu201-79.5_10 Gu201-79.5_11 G54-1015_1 G54-1015_2 G54-1015_3 G54-1015_4 G54-1015_5

Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.60 36.65 36.37 36.47 36.55 36.83 36.66 36.62

Al2O3 19.48 19.48 19.44 20.43 20.78 20.79 20.87 19.43

FeO 10.82 11.61 12.27 15.29 12.61 13.35 13.71 16.29

MnO 27.22 26.32 26.13 22.06 24.72 23.56 23.57 22.54

MgO 0.44 0.36 0.09 0.28 0.12 0.00 0.18 0.10

CaO 5.43 5.58 5.71 5.47 5.21 5.46 5.02 5.02

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G54-1015_6 G54-1015_7 G54-1015_8 G54-1015_9 G54-1015_10 G23-1462_1 G23-1462_2 G23-1462_3

Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.56 36.12 29.19 36.36 36.46 35.92 36.59 36.16

Al2O3 19.54 19.48 18.21 20.57 20.16 20.71 20.22 20.30

FeO 15.63 16.11 26.06 17.22 14.21 17.10 17.19 18.04

MnO 23.01 22.99 21.69 20.09 24.22 21.11 20.62 20.10

MgO 0.00 0.34 0.13 0.31 0.13 0.13 0.12 0.26

CaO 5.26 4.96 4.71 5.44 4.82 5.02 5.26 5.14

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G23-1462_4 G23-1462_5 G23-1462_6 G23-1462_7 G23-1462_8 G23-1462_9 G23-1462_10 G64-1135_1

Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.50 36.22 36.30 36.45 36.40 36.31 36.29 36.45

Al2O3 20.43 20.44 20.11 19.89 20.28 21.08 19.32 20.87

FeO 17.39 17.77 18.41 17.80 17.75 16.22 18.18 13.76

MnO 20.44 20.45 20.12 20.63 20.04 21.77 20.60 23.00

MgO 0.06 0.19 0.00 0.00 0.23 0.00 0.00 0.49

CaO 5.18 4.92 5.07 5.23 5.30 4.62 5.60 5.42

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G64-1135_2 G64-1135_3 G64-1135_4 G64-1135_5 G64-1135_6 G64-1135_7 G64-1135_8 G64-1135_9

Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.60 36.54 36.57 36.63 36.47 38.73 36.48 36.73

Al2O3 20.76 20.71 20.42 20.27 20.49 15.52 20.57 20.79

FeO 13.62 13.72 14.21 14.42 14.13 17.96 14.60 14.30

MnO 23.01 22.88 23.63 23.24 23.31 21.47 24.28 22.70

MgO 0.37 0.66 0.44 0.53 0.26 2.50 0.36 0.45

CaO 5.64 5.48 4.73 4.91 5.34 3.82 3.72 5.02

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Sample G64-1135_10 G64-1135_11 G39-917_1 G39-917_2 G39-917_3 G39-917_4 G39-917_5 G39-917_6

Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.58 36.79 35.82 36.08 35.97 35.78 35.61 35.98
Al2O3 20.76 20.42 5.56 7.22 6.86 5.44 6.27 6.54
FeO 13.68 14.09 24.12 21.67 22.14 24.22 23.05 22.64
MnO 23.67 23.38 16.72 18.65 17.01 16.62 17.64 17.05
MgO 0.56 0.50 0.00 0.00 0.00 0.00 0.00 0.00
CaO 4.75 4.83 17.78 16.38 18.03 17.93 17.43 17.78
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G39-917_7 G39-917_8 G64-1120_1 G64-1120_2 G64-1120_3 G64-1120_4 G64-1120_5 G64-1120_6
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 36.19 35.79 36.89 36.59 36.65 36.71 36.74 37.03
Al2O3 6.45 5.53 18.69 17.88 18.18 17.95 17.51 17.56
FeO 23.06 24.39 11.90 12.86 12.60 12.97 13.75 13.45
MnO 16.25 16.56 23.62 24.46 22.69 22.40 23.03 22.35
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 18.05 17.72 8.90 8.21 9.87 9.98 8.98 9.61
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G64-1120_7 G64-1120_8 G64-1120_9 G64-1120_10 G73-1185_1 G73-1185_2 G73-1185_3 G73-1185_4
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 36.64 36.87 36.41 36.79 36.91 37.19 37.15 37.00
Al2O3 17.00 17.81 17.34 17.10 21.11 20.51 20.67 20.97
FeO 14.02 13.20 13.99 13.98 15.01 15.06 15.13 14.83
MnO 23.16 22.34 23.09 23.10 23.08 22.29 22.49 22.96
MgO 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.00
CaO 9.19 9.78 9.18 9.03 3.89 4.84 4.56 4.24
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G73-1185_5 G73-1185_6 G73-1185_7 G73-1185_8 G73-1185_9 G73-1185_10 G37-1846_1 G37-1846_2
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 36.75 36.82 36.97 36.76 36.98 36.84 38.54 38.72
Al2O3 20.57 20.48 20.45 20.23 20.73 20.98 21.87 21.66
FeO 15.29 15.27 15.10 15.29 14.75 15.21 2.55 2.46
MnO 22.90 22.51 22.79 22.79 22.95 23.58 19.45 20.29
MgO 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00
CaO 4.50 4.92 4.68 4.94 4.49 3.39 17.59 16.86
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G37-1846_3 G37-1846_4 G37-1846_5 G37-1846_6 G37-1846_7 G37-1846_8 G37-1846_9 G37-1846_10
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 38.72 38.77 38.41 38.56 38.48 38.51 39.21 38.40
Al2O3 21.87 21.97 21.99 21.46 22.22 22.20 22.00 22.06
FeO 2.41 2.30 2.37 2.59 2.14 2.18 1.89 2.66
MnO 20.70 19.78 19.89 20.81 20.16 20.33 18.04 20.26
MgO 0.03 0.00 0.00 0.00 0.13 0.10 0.00 0.00
CaO 16.28 17.19 17.35 16.58 16.88 16.69 18.85 16.62
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Sample G63-1145_1 G63-1145_2 G63-1145_3 G63-1145_4 G63-1145_5 G63-1145_6 G63-1145_7 G63-1145_8

Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.76 36.64 35.71 36.64 36.80 36.75 36.99 36.81

Al2O3 16.68 16.92 14.70 16.45 16.11 15.31 16.34 16.29

FeO 13.24 13.10 14.84 13.85 14.17 14.70 14.06 14.01

MnO 23.58 23.83 23.25 23.30 22.47 22.94 22.73 22.71

MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CaO 9.75 9.51 11.50 9.77 10.45 10.30 9.88 10.18

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G63-1145_9 G63-1145_10 G45-1140_1 G45-1140_2 G45-1140_3 G45-1140_4 G45-1140_5 G45-1140_6

Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.73 36.86 36.33 36.30 36.32 36.05 36.47 36.24

Al2O3 16.41 16.11 14.97 12.72 13.38 12.26 12.74 12.04

FeO 13.95 14.30 15.10 16.92 16.47 17.47 16.65 17.99

MnO 22.88 22.73 22.57 21.09 21.37 21.26 21.26 20.28

MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CaO 10.03 10.00 11.03 12.97 12.47 12.96 12.89 13.45

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G45-1140_7 G45-1140_8 G45-1140_9 G45-1140_10 Gu200-23.0_1 Gu200-23.0_2 Gu200-23.0_3 Gu200-23.0_4

Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.24 36.27 36.21 36.23 36.86 36.92 36.60 37.10

Al2O3 13.06 13.31 13.51 13.02 19.92 20.33 19.76 20.09

FeO 16.79 16.62 16.88 16.64 11.55 11.09 11.65 11.09

MnO 21.30 21.04 21.72 21.17 26.82 27.79 27.25 26.87

MgO 0.00 0.00 0.00 0.00 0.49 0.58 0.48 0.49

CaO 12.61 12.77 11.68 12.95 4.36 3.28 4.26 4.36

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample Gu200-23.0_5 Gu200-23.0_6 Gu200-23.0_7 Gu200-23.0_8 Gu200-23.0_9 Gu200-23.0_10 G64-1471_1 G64-1471_2

Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.82 36.64 36.23 36.34 36.31 36.37 36.50 36.45

Al2O3 20.12 20.12 19.83 19.94 19.89 19.63 18.13 18.38

FeO 11.31 11.34 11.57 11.53 11.39 11.94 16.78 16.18

MnO 26.71 26.91 27.42 27.94 27.39 27.00 20.95 21.28

MgO 0.53 0.49 0.34 0.52 0.49 0.50 0.00 0.00

CaO 4.51 4.51 4.61 3.73 4.53 4.56 7.64 7.71

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G64-1471_3 G64-1471_4 G64-1471_5 G64-1471_6 G64-1471_7 G64-1471_8 G64-1471_9 G64-1471_10

Mineral garnet garnet garnet garnet garnet garnet garnet garnet

SiO2 36.54 36.58 36.51 36.51 35.82 36.26 36.22 36.46

Al2O3 18.27 18.25 18.03 18.24 18.44 18.04 18.19 17.95

FeO 16.84 16.50 16.79 16.35 16.42 16.78 16.32 16.51

MnO 20.78 21.22 20.94 21.42 21.62 21.52 21.61 21.47

MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CaO 7.57 7.45 7.72 7.48 7.69 7.40 7.66 7.61

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Sample G45-1195_1 G45-1195_2 G45-1195_3 G45-1195_4 G45-1195_5 G45-1195_6 G45-1195_7 G45-1195_8
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 36.27 36.68 36.61 36.44 36.66 36.60 36.16 36.43
Al2O3 18.60 19.46 18.75 19.21 19.05 18.89 18.51 19.29
FeO 11.36 13.15 11.70 12.01 11.49 12.63 12.49 11.88
MnO 29.57 24.41 29.27 28.76 29.11 28.60 29.03 29.36
MgO 0.00 0.00 0.00 0.11 0.00 0.15 0.00 0.00
CaO 4.20 6.30 3.67 3.48 3.69 3.13 3.80 3.04
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G45-1195_9 G45-1195_10 G-MB_1 G-MB_2 G-MB_3 G-MB_4 G-MB_5 G-MB_6
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 36.38 36.46 35.34 35.43 35.52 35.42 35.13 35.32
Al2O3 18.64 18.70 20.16 19.98 19.90 20.13 20.13 20.10
FeO 13.38 11.91 30.28 30.93 30.01 29.06 30.50 30.56
MnO 27.66 29.46 12.81 12.52 13.13 14.13 12.97 12.76
MgO 0.13 0.11 0.00 0.00 0.00 0.00 0.00 0.00
CaO 3.81 3.36 1.41 1.14 1.44 1.27 1.27 1.27
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G-MB_7 G-MB_8 G103-26_1 G103-26_2 G103-26_3 G103-26_4 G103-26_5 G103-26_6
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 35.05 35.26 36.43 37.06 36.59 36.78 36.57 37.05
Al2O3 19.97 19.88 20.13 20.01 20.22 20.34 20.22 20.23
FeO 30.68 30.00 6.66 6.35 6.53 6.44 6.83 5.92
MnO 12.96 13.62 34.92 34.73 34.80 34.85 34.81 34.94
MgO 0.00 0.00 0.51 0.52 0.53 0.46 0.48 0.53
CaO 1.34 1.24 1.35 1.33 1.33 1.12 1.10 1.33
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G103-26_7 G103-26_8 G28-1495_1 G28-1495_2 G28-1495_3 G28-1495_4 G28-1495_5 G28-1495_6
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 35.97 36.63 36.19 36.20 36.18 36.40 35.99 36.17
Al2O3 20.14 19.97 20.40 20.13 20.12 20.45 19.97 20.31
FeO 7.64 7.44 20.59 20.32 20.85 20.05 20.95 20.78
MnO 34.53 34.49 17.10 17.68 17.84 17.82 17.90 18.17
MgO 0.57 0.42 0.14 0.00 0.00 0.00 0.00 0.00
CaO 1.16 1.06 5.58 5.67 5.01 5.29 5.19 4.56
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G28-1495_7 G28-1495_8 G28-1495_9 G28-1495_10 G28-1495_11 G28-1495_12 G28-1495_13 G118-188_1
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 36.08 36.48 36.20 36.29 36.04 36.05 36.19 36.39
Al2O3 19.95 20.11 20.08 19.99 20.08 20.15 19.87 18.00
FeO 20.77 19.63 20.43 20.51 21.63 19.86 20.58 12.76
MnO 17.63 18.74 18.31 18.30 17.29 19.08 17.99 26.50
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 5.56 5.04 4.98 4.91 4.96 4.86 5.37 6.34
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Sample G118-188_2 G118-188_3 G118-188_4 G118-188_5 G118-188_6 G118-188_7 G118-188_8 G118-188_9
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 36.41 35.92 36.08 36.30 36.32 36.16 36.05 36.14
Al2O3 14.05 14.88 13.97 14.31 14.01 14.67 16.49 14.26
FeO 16.10 15.62 16.59 16.03 16.31 15.59 14.30 16.13
MnO 22.60 22.99 22.55 22.88 22.19 22.69 24.76 22.64
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 10.84 10.59 10.81 10.49 11.17 10.89 8.40 10.84
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G109-88_1 G109-88_2 G109-88_3 G109-88_4 G109-88_5 G109-88_6 G109-88_7 G109-88_8
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 35.85 35.88 36.18 36.10 40.44 35.91 36.26 33.38
Al2O3 12.95 12.40 12.87 13.20 10.33 13.03 13.94 12.60
FeO 13.57 14.12 13.52 12.91 8.31 13.09 12.33 13.63
MnO 31.36 30.91 33.51 30.94 34.34 32.30 33.20 36.73
MgO 0.00 0.00 0.00 0.00 0.16 0.00 0.00 0.00
CaO 6.28 6.69 3.93 6.84 6.42 5.66 4.26 3.67
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G109-88_9 G111-284_1 G111-284_2 G111-284_3 G111-284_4 G111-284_5 G111-284_6 G111-284_7
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 35.84 35.84 35.33 36.24 36.37 35.78 36.07 35.34
Al2O3 13.30 9.51 8.88 9.47 12.11 8.93 10.33 10.09
FeO 13.23 17.48 18.89 17.58 14.25 18.32 16.71 17.07
MnO 32.82 28.02 27.52 27.89 29.16 28.11 28.09 28.43
MgO 0.00 0.00 0.11 0.00 0.00 0.13 0.09 0.05
CaO 4.81 9.15 9.27 8.81 8.11 8.73 8.71 9.02
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G111-284_8 G111-284_9 G38-1080_1 G38-1080_2 G38-1080_3 G38-1080_4 G38-1080_5 G38-1080_6
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 35.62 35.82 35.92 36.23 36.08 36.38 36.01 35.86
Al2O3 9.77 10.05 8.42 8.65 8.53 13.21 8.65 8.71
FeO 17.37 16.76 19.55 19.31 19.40 13.51 19.15 19.16
MnO 27.98 27.83 20.19 19.95 19.95 26.06 20.31 20.59
MgO 0.00 0.00 0.07 0.00 0.00 0.08 0.06 0.14
CaO 9.25 9.54 15.86 15.86 16.05 10.77 15.81 15.53
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G38-1080_7 G38-1080_8 G38-1080_9 G38-1080_10 G64-740_1 G64-740_2 G64-740_3 G64-740_4
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 36.02 36.19 36.36 35.84 35.89 35.78 36.04 35.76
Al2O3 8.02 8.74 13.72 8.74 6.60 6.77 6.60 7.27
FeO 20.20 18.85 12.83 19.15 21.01 21.28 21.23 20.80
MnO 19.92 20.58 27.51 20.38 24.95 24.69 24.99 25.69
MgO 0.04 0.16 0.00 0.14 0.14 0.00 0.03 0.00
CaO 15.80 15.48 9.59 15.75 11.41 11.48 11.12 10.49
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Sample G64-740_5 G64-740_6 G64-740_7 G64-740_8 G64-740_9 G64-740_10 G64-740_11 G64-740_12
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 35.68 35.97 35.48 35.47 35.38 35.80 35.52 35.68
Al2O3 6.79 8.58 6.69 6.03 5.81 5.26 6.28 5.90
FeO 21.35 18.96 21.55 22.41 22.71 23.22 22.08 22.13
MnO 25.38 26.30 24.94 24.13 23.87 23.20 24.43 23.91
MgO 0.00 0.00 0.07 0.00 0.08 0.00 0.07 0.00
CaO 10.80 10.18 11.28 11.97 12.15 12.53 11.63 12.37
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G74-680_1 G74-680_2 G74-680_3 G74-680_4 G74-680_5 G74-680_6 G74-680_7 G74-680_8
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 35.60 35.79 35.20 35.52 35.53 35.61 35.94 36.18
Al2O3 6.86 5.67 6.92 8.08 5.84 7.13 6.81 7.81
FeO 21.08 22.66 21.61 19.40 22.34 20.88 21.12 19.94
MnO 24.96 22.09 24.56 26.19 24.59 25.62 25.04 25.40
MgO 0.06 0.08 0.12 0.18 0.05 0.04 0.00 0.01
CaO 11.45 13.71 11.59 10.63 11.65 10.72 11.09 10.66
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G74-680_9 G74-680_10 G74-680_11 G74-680_12 G76-496_1 G76-496_2 G76-496_3 G76-496_4
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 35.54 35.66 35.95 35.67 35.96 36.24 36.00 35.87
Al2O3 6.00 6.36 7.54 6.70 12.99 15.65 13.90 13.76
FeO 22.00 21.86 19.95 21.43 14.12 11.17 13.52 13.52
MnO 24.24 24.09 25.75 24.50 34.04 34.47 33.98 34.26
MgO 0.09 0.04 0.09 0.12 0.00 0.05 0.00 0.00
CaO 12.13 12.00 10.73 11.57 2.89 2.42 2.61 2.58
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G76-496_5 G76-496_6 G76-496_7 G76-496_8 G76-496_9 G76-496_10 G76-496_11 G76-496_12
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 35.89 35.83 35.84 36.27 36.20 35.96 35.91 36.15
Al2O3 14.62 14.08 13.85 16.04 14.37 14.73 13.74 14.78
FeO 12.19 13.00 13.11 10.37 12.33 12.10 13.65 11.94
MnO 34.67 34.56 34.63 34.96 34.59 34.77 33.96 34.74
MgO 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00
CaO 2.63 2.53 2.56 2.36 2.52 2.41 2.73 2.38
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample GR-65_1 GR-65_2 GR-65_3 GR-65_4 GR-65_5 GR-65_6 GR-65_7 GR-65_8
Mineral garnet garnet garnet garnet garnet garnet garnet garnet
SiO2 36.10 36.64 36.22 36.19 36.61 36.24 36.18 36.72
Al2O3 9.05 15.00 10.85 9.47 13.12 8.70 11.10 13.12
FeO 17.22 10.45 14.65 16.54 11.84 17.93 15.48 12.59
MnO 27.58 29.75 29.36 28.32 29.20 25.65 26.61 28.16
MgO 0.06 0.03 0.21 0.19 0.18 0.11 0.00 0.10
CaO 9.99 8.12 8.71 9.30 9.04 11.37 10.64 9.30
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Sample G118-188_1 G118-188_2 G118-188_3 G118-188_4 G118-188_5 G118-188_6 G118-188_7 G118-188_8

Mineral cpx cpx cpx cpx cpx cpx cpx cpx

SiO2 50.41 50.42 50.65 50.76 50.21 50.26 50.40 50.02

Al2O3 0.10 0.07 0.03 0.00 0.00 0.00 0.00 0.00

FeO 17.25 16.50 17.41 17.57 17.84 18.16 18.03 18.28

MnO 7.31 7.48 7.28 8.06 7.92 7.94 7.99 8.19

MgO 5.73 6.14 5.64 5.34 5.16 5.04 4.95 4.91

CaO 18.54 18.90 18.78 17.58 18.06 17.73 18.04 17.88

ZnO 0.19 0.14 0.00 0.50 0.27 0.28 0.31 0.35

Na2O 0.47 0.35 0.20 0.19 0.54 0.58 0.28 0.36

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G118-188_9 G118-188_10 G118-188_11 G118-188_12 G118-188_13 G118-188_14 G118-188_15 G109-88_1

Mineral cpx cpx cpx cpx cpx cpx cpx cpx

SiO2 50.80 50.23 49.91 49.78 49.72 50.61 50.25 53.52

Al2O3 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FeO 16.49 17.16 17.23 18.54 18.46 17.89 17.28 13.97

MnO 8.02 8.11 8.19 8.19 8.50 6.65 8.38 8.64

MgO 5.74 5.38 5.23 4.57 4.67 5.19 5.07 7.36

CaO 18.76 18.40 18.26 18.27 18.04 18.77 18.45 14.73

ZnO 0.13 0.19 0.49 0.32 0.32 0.56 0.26 0.06

Na2O 0.00 0.52 0.69 0.33 0.29 0.33 0.31 1.73

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G109-88_2 G109-88_3 G109-88_4 G109-88_5 G109-88_6 G109-88_7 G109-88_8 G109-88_9

Mineral cpx cpx cpx cpx cpx cpx cpx cpx

SiO2 53.34 53.06 53.44 53.27 53.31 52.94 53.25 52.31

Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FeO 13.38 13.62 13.69 13.68 13.42 13.94 13.47 14.88

MnO 8.73 8.79 8.89 8.58 8.88 8.82 8.83 8.99

MgO 7.48 7.66 7.35 7.29 7.40 7.55 7.50 7.07

CaO 14.93 14.78 14.86 15.09 15.00 14.73 15.18 14.52

ZnO 0.10 0.23 0.03 0.09 0.19 0.17 0.00 0.19

Na2O 2.04 1.86 1.75 1.99 1.81 1.85 1.78 2.04

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G109-88_10 G109-88_11 G109-88_12 G111-284_1 G111-284_2 G111-284_3 G111-284_4 G111-284_5

Mineral cpx cpx cpx cpx cpx cpx cpx cpx

SiO2 53.40 53.26 53.05 53.69 53.67 53.91 53.62 53.69

Al2O3 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00

FeO 13.67 14.00 14.11 7.36 7.05 7.10 7.06 6.93

MnO 8.68 8.67 9.11 9.86 9.73 9.21 9.83 9.87

MgO 7.43 7.51 7.30 11.49 11.74 11.75 11.74 11.89

CaO 15.03 14.67 14.45 16.60 16.70 17.15 16.97 16.51

ZnO 0.12 0.07 0.18 0.91 1.12 0.83 0.78 1.10

Na2O 1.67 1.82 1.80 0.09 0.00 0.00 0.00 0.00

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Sample G111-284_6 G111-284_7 G111-284_8 G111-284_9 G111-284_10 G23-1462_1 G23-1462_2 G23-1462_3
Mineral cpx cpx cpx cpx cpx cpx cpx cpx
SiO2 53.40 53.61 53.50 53.40 53.49 49.81 49.94 50.02
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 7.56 7.32 7.19 6.79 7.49 18.41 18.60 18.61
MnO 10.51 10.11 10.30 10.13 10.42 6.32 6.27 6.25
MgO 11.52 11.53 11.82 12.12 11.55 7.14 7.29 7.27
CaO 16.31 16.46 16.40 16.53 16.35 18.32 17.90 17.85
ZnO 0.70 0.96 0.79 1.02 0.71 - - -
Na2O 0.00 0.00 0.00 0.00 0.00 - - -
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G23-1462_4 G23-1462_5 G23-1462_6 G23-1462_7 G23-1462_8 G64-1135_1 G64-1135_2 G64-1135_3
Mineral cpx cpx cpx cpx cpx cpx cpx cpx
SiO2 50.03 49.78 50.25 49.85 50.10 50.86 50.65 51.13
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 18.64 18.09 18.65 18.20 18.26 14.14 14.50 14.17
MnO 6.14 6.55 6.57 6.30 6.08 7.50 7.55 7.55
MgO 7.30 7.28 7.08 7.37 7.25 10.02 10.24 9.93
CaO 17.88 18.30 17.44 18.29 18.32 17.49 17.06 17.22
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G64-1471_1 G64-1471_2 G64-1471_3 G64-1471_4 G64-1471_5 G28-1495_1 G28-1495_2 G28-1495_3
Mineral cpx cpx cpx cpx cpx pyroxferroite pyroxferroite pyroxferroite
SiO2 49.25 49.55 49.57 49.40 49.39 48.84 49.14 49.82
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 19.37 18.88 19.21 19.49 19.52 37.56 36.22 35.27
MnO 6.25 6.34 6.41 6.31 6.27 9.56 9.91 8.69
MgO 5.38 5.15 5.65 5.58 5.27 3.99 4.56 5.86
CaO 19.75 20.08 19.15 19.22 19.54 0.04 0.17 0.37
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G28-1495_4 G28-1495_5 G28-1495_6 G28-1495_7 G28-1495_8 G28-1495_9 G28-1495_10 G23-1462_1
Mineral pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite
SiO2 49.24 49.30 49.29 49.41 49.35 49.99 49.70 47.25
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 36.36 36.34 35.76 36.08 36.20 34.70 35.15 30.52
MnO 9.80 9.63 9.25 9.26 9.70 9.12 9.65 13.84
MgO 4.46 4.56 5.48 5.07 4.61 5.88 5.28 7.23
CaO 0.14 0.17 0.22 0.18 0.15 0.31 0.23 1.16
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G23-1462_2 G23-1462_3 G23-1462_4 G23-1462_5 G23-1462_6 G23-1462_7 G23-1462_8 G23-1462_9
Mineral pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite
SiO2 46.69 47.26 46.83 47.32 46.98 51.49 47.25 47.35
Al2O3 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00
FeO 31.34 30.83 31.31 31.18 31.27 28.79 31.63 31.48
MnO 13.42 13.54 13.23 13.05 12.93 8.48 12.84 12.58
MgO 7.38 7.18 7.43 7.26 7.63 10.06 7.03 7.35
CaO 1.18 1.20 1.20 1.19 1.10 1.18 1.25 1.23
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Sample G23-1462_10 G23-1462_11 G64-1135_1 G64-1135_2 G64-1135_3 G64-1135_4 G64-1135_5 G64-1135_6
Mineral pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite pyroxferroite
SiO2 51.39 47.14 48.38 48.63 48.34 48.31 48.56 48.52
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 30.13 31.56 25.16 25.26 25.31 25.59 25.15 25.32
MnO 8.45 12.87 13.88 14.45 14.56 14.43 14.37 14.30
MgO 9.00 7.18 10.69 10.36 10.47 10.45 10.65 10.66
CaO 1.03 1.25 1.88 1.30 1.33 1.22 1.26 1.19
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G64-1135_7 G64-1135_8 G64-1135_9 G109-88_1 G109-88_2 G109-88_3 G109-88_4 G109-88_5
Mineral pyroxferroite pyroxferroite pyroxferroite rhodonite rhodonite rhodonite rhodonite rhodonite
SiO2 48.64 48.41 48.08 47.86 47.69 47.57 47.84 48.00
Al2O3 0.00 0.00 0.46 0.00 0.00 0.00 0.00 0.00
FeO 24.78 25.14 25.42 2.67 2.93 2.58 3.06 3.03
MnO 14.57 14.46 14.58 41.40 41.20 41.85 40.59 40.61
MgO 10.55 10.64 10.33 2.16 2.22 2.05 2.43 2.32
CaO 1.45 1.35 1.12 5.91 5.96 5.94 6.08 6.04
Total 100.00 100.00 100.00 100.00 100.00 99.99 100.00 100.00

Sample G109-88_6 G109-88_7 G109-88_8 G109-88_9 G109-88_10 G23-1462_1 G23-1462_2 G23-1462_3
Mineral rhodonite rhodonite rhodonite rhodonite rhodonite pyroxmangite pyroxmangite pyroxmangite
SiO2 47.30 47.92 47.77 48.24 48.08 46.96 46.22 46.41
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 2.61 3.23 3.19 3.48 3.09 25.52 25.85 24.99
MnO 42.22 40.22 40.44 39.56 40.48 20.76 21.83 22.78
MgO 1.97 2.58 2.62 2.66 2.36 3.19 2.69 2.61
CaO 5.91 6.06 5.99 6.06 5.98 3.57 3.41 3.21
Total 100.01 100.01 100.01 100.00 99.99 100.00 100.00 100.00

Sample G23-1462_4 G23-1462_5 G63-1145_1 G63-1145_2 G63-1145_3 G63-1145_4 G63-1145_5 G45-1140_1
Mineral pyroxmangite pyroxmangite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite
SiO2 46.19 46.36 47.16 47.46 47.11 46.98 47.09 47.13
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 26.07 26.15 13.85 13.56 13.32 14.23 13.71 11.85
MnO 21.91 21.51 30.01 30.17 30.66 29.66 30.35 32.40
MgO 2.82 2.88 1.61 1.54 1.49 1.60 1.55 1.74
CaO 3.01 3.11 7.37 7.27 7.40 7.53 7.29 6.87
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G45-1140_2 G45-1140_3 G45-1140_4 G45-1140_5 G64-1471_1 G64-1471_2 G64-1471_3 G64-1471_4
Mineral rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite
SiO2 47.63 47.41 47.24 46.92 45.95 46.50 46.22 46.23
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 10.45 11.98 12.72 12.36 20.30 20.58 21.58 20.42
MnO 33.31 31.85 31.01 32.15 27.42 26.82 26.03 27.06
MgO 1.70 1.64 1.69 1.58 1.21 1.24 1.36 1.27
CaO 6.91 7.11 7.34 6.98 5.12 4.86 4.81 5.02
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Sample G64-1471_5 G39-917_1 G39-917_2 G39-917_3 G39-917_4 G39-917_5 G39-917_6 G39-917_7
Mineral rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite
SiO2 46.72 47.22 47.75 47.65 47.71 47.63 47.80 47.38
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 15.40 7.60 7.32 7.39 7.46 7.16 7.17 7.24
MnO 30.15 36.13 35.98 35.92 35.75 36.42 35.84 36.15
MgO 0.62 1.72 1.72 1.75 1.76 1.55 1.78 1.83
CaO 7.12 7.33 7.23 7.28 7.31 7.25 7.42 7.40
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G39-917_8 G39-917_9 G39-917_10 G64-1120_1 G64-1120_2 G64-1120_3 G64-1120_4 G64-1120_5
Mineral rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite rhodonite
SiO2 47.36 47.57 47.54 46.70 47.04 46.45 46.84 46.76
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 7.41 7.35 7.47 17.52 17.61 18.21 18.33 17.75
MnO 36.07 35.98 36.08 27.22 26.76 26.72 26.39 27.02
MgO 1.75 1.82 1.67 1.19 1.41 1.45 1.21 1.66
CaO 7.40 7.28 7.24 7.37 7.18 7.18 7.22 6.81
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G64-1120_6 G64-1120_7 G64-1120_8 G64-1120_9 G64-1120_10 G28-1495_1 G28-1495_2 G28-1495_3
Mineral rhodonite rhodonite rhodonite rhodonite rhodonite olivine olivine olivine
SiO2 46.45 46.67 46.69 46.85 46.47 28.36 27.87 28.04
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 18.11 18.28 18.22 18.20 18.32 49.38 50.91 50.50
MnO 26.65 26.46 26.69 26.51 26.76 21.76 20.56 20.94
MgO 1.33 1.40 1.21 1.27 1.31 0.43 0.60 0.49
CaO 7.46 7.19 7.19 7.18 7.14 0.07 0.06 0.04
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G28-1495_4 G28-1495_5 G28-1495_6 G28-1495_7 G28-1495_8 G28-1495_9 G64-1135_1 G64-1135_2
Mineral olivine olivine olivine olivine olivine olivine olivine olivine
SiO2 28.55 29.51 28.30 27.99 28.35 28.38 29.71 29.38
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 50.34 49.66 50.53 50.69 50.82 50.40 45.79 46.01
MnO 20.57 20.31 20.65 20.89 20.24 20.43 19.11 19.26
MgO 0.49 0.52 0.52 0.43 0.49 0.67 5.26 5.29
CaO 0.04 0.00 0.00 0.00 0.11 0.13 0.13 0.06
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G64-1135_3 G64-1135_4 G64-1135_5
Mineral olivine olivine olivine
SiO2 29.70 30.39 29.76
Al2O3 0.00 0.00 0.00
FeO 45.93 45.46 45.55
MnO 19.12 18.87 19.27
MgO 5.12 5.23 5.23
CaO 0.13 0.06 0.19
Total 100.00 100.00 100.00
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Sample G111-284_1 G111-284_2 G111-284_3 G111-284_4 G111-284_5 G111-284_6 G111-284_7 G111-284_8
Mineral feldspar feldspar feldspar feldspar feldspar feldspar feldspar feldspar
SiO2 57.39 57.77 55.49 55.98 57.87 56.35 56.56 56.96
Al2O3 19.76 19.33 20.21 20.24 19.66 20.08 19.94 19.60
FeO 0.25 0.27 0.04 0.14 0.19 0.23 0.11 0.27
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2O 3.62 3.58 1.92 3.05 3.74 3.67 3.27 3.64
K2O 7.04 7.35 8.89 7.24 7.09 6.62 7.23 7.24
PbO 2.88 3.22 0.00 3.34 2.99 3.19 3.14 3.81
BaO 9.06 8.48 13.46 10.01 8.46 9.86 9.75 8.48
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G111-284_9 G111-284_10 G39-917_1 G39-917_2 G39-917_3 G39-917_4 G39-917_5 G39-917_6
Mineral feldspar feldspar feldspar feldspar feldspar feldspar feldspar feldspar
SiO2 55.86 57.54 65.74 65.66 65.04 66.42 66.26 66.31
Al2O3 20.07 20.07 17.04 17.21 17.19 17.05 17.16 17.11
FeO 0.15 0.19 0.11 0.14 0.10 0.10 0.13 0.07
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2O 3.22 3.83 1.16 1.53 1.43 1.44 1.16 1.04
K2O 6.85 6.62 14.78 14.19 14.07 14.29 14.55 14.75
PbO 3.84 1.82 0.39 0.00 0.90 0.00 0.00 0.00
BaO 10.01 9.93 0.78 1.27 1.28 0.70 0.75 0.72
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G39-917_7 G39-917_8 G39-917_9 G109-88_1 G109-88_2 G109-88_3 G109-88_4 G109-88_5
Mineral feldspar feldspar feldspar feldspar feldspar feldspar feldspar feldspar
SiO2 66.27 66.37 66.45 65.92 65.92 65.70 66.17 66.01
Al2O3 17.17 16.95 17.11 17.28 17.47 17.36 17.11 17.25
FeO 0.18 0.18 0.14 0.09 0.19 0.16 0.13 0.07
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2O 1.26 0.88 1.32 1.36 1.43 1.38 1.50 1.33
K2O 14.58 14.98 14.06 14.61 14.40 14.42 14.41 14.67
PbO 0.00 0.00 0.19 0.03 0.00 0.16 0.23 0.14
BaO 0.55 0.64 0.73 0.70 0.59 0.82 0.45 0.54
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample G109-88_6 G109-88_7 G109-88_8 G109-88_9 G109-88_10
Mineral feldspar feldspar feldspar feldspar feldspar
SiO2 66.37 63.53 66.05 66.15 66.40
Al2O3 17.16 19.89 17.04 17.05 16.90
FeO 0.12 0.17 0.14 0.21 0.10
CaO 0.00 0.00 0.00 0.00 0.00
Na2O 1.45 1.50 1.74 1.52 1.42
K2O 14.25 14.01 14.33 14.50 14.66
PbO 0.17 0.27 0.00 0.00 0.13
BaO 0.48 0.63 0.69 0.57 0.39
Total 100.00 100.00 100.00 100.00 100.00
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Sample G111-284_1 G111-284_2 G111-284_3 G111-284_4 G111-284_5 G111-284_6 G111-284_7 G111-284_8

Mineral Fe spinel Fe spinel Fe spinel Fe spinel Fe spinel Fe spinel Fe spinel Fe spinel

SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TiO2 0.49 0.32 0.25 0.36 0.21 0.41 0.50 0.42

Al2O3 2.70 1.32 1.80 1.86 1.68 1.05 1.72 1.89

FeO 75.24 71.52 73.00 73.84 70.68 71.09 75.39 75.15

MnO 10.76 12.17 10.99 12.50 15.55 15.44 12.44 12.04

ZnO 10.82 14.67 13.97 11.43 11.87 12.01 9.95 10.50

Total 100.01 100.00 100.01 99.99 99.99 100.00 100.00 100.00

Sample G111-284_9 G111-284_10 G111-284_11 G111-284_12 G111-284_13 G111-284_14 G111-284_15 G111-284_16

Mineral Fe spinel Fe spinel Fe spinel Fe spinel Fe spinel Fe spinel Fe spinel Fe spinel

SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TiO2 0.33 0.30 0.25 0.33 0.40 0.26 0.18 0.31

Al2O3 1.75 1.64 1.80 1.57 1.92 1.74 1.76 1.20

FeO 70.43 73.85 71.91 74.23 72.00 71.29 73.05 71.32

MnO 15.23 13.40 14.02 12.81 14.67 14.72 14.17 13.10

ZnO 12.28 10.81 12.02 11.07 11.01 11.99 10.84 14.07

Total 100.02 100.00 100.00 100.01 100.00 100.00 100.00 100.00
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APPENDIX G

RARE EARTH AND TRACE ELEMENT DATA



APPENDIX G 

336

1. WHOLE ROCKS

Sample Unit Rock Type La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

G-MB B2 GAO 23 32 5.0 14 2.8 2.3 4.1 - 2.7 0.53 1.67 - 1.0 -

GMB-Gn1 B2 Grt-MB 18 25 2.3 9.3 1.9 2.6 2.5 0.32 2.0 0.39 1.12 0.15 0.91 0.12

GMB-Gn2 B2 Grt-MB 9.1 12 1.1 4.6 0.96 1.2 1.5 0.19 1.3 0.28 0.87 0.13 0.83 0.11

GMB-AM1 B2 Am-MB 9.8 14 1.4 5.8 1.1 1.3 1.6 0.20 1.4 0.31 1.00 0.15 1.0 0.14

GMB-AM2 B2 Am-MB 11 16 1.6 6.6 1.3 1.5 1.8 0.22 1.5 0.33 1.04 0.15 1.0 0.15

G64-1175 B2 GAO 37 47 9.5 28 6 4.5 9.0 - 6.9 1.3 4.40 - 2.8 -

G109-99 B2 GAO 21 35 3.7 15 3 1.7 3.3 0.45 2.9 0.56 1.67 0.23 1.5 0.22

GD2-307 B2 GAO 41 70 7.5 30 5 2.8 4.6 0.54 3.4 0.70 2.09 0.28 1.8 0.24

M3-734 AMU PHO 73 120 17 61 15 8.5 15 - 11 2.0 5.71 - 3.6 -

G25 B1 MPHO 19 33 6.6 18 4.1 1.2 5.3 - 3.6 0.76 2.1 - 1.8 -

M2-428 B1 MPHO 12 21 3.2 10 1.7 0.41 1.7 - 1.7 0.36 1.1 - 0.73 -

G45-1200 B1 MPHO 16 29 4.8 16 3.3 0.89 3.9 - 3.7 0.77 2.5 - 2.1 -

G45-1240 B1 MPHO 16 29 6.1 15 3.5 0.84 5.0 - 3.6 0.77 2.6 - 2.2 -

GR77 B1 OES 32 47 6.4 16 2.0 0.83 1.6 - 1.3 0.29 0.89 - 0.54 -

G77-690 B1 OES 21 38 7.1 20 4.2 0.91 6.4 - 8.9 1.9 4.9 - 3.5 -

G63-1120 A4 COT 36 81 9.9 36 7.3 1.3 6.1 - 6.5 1.3 4.0 - 3.3 -

G73-1185 A4 COT 26 66 6.4 25 5.0 1.0 4.7 0.71 4.5 0.92 2.6 0.42 2.8 0.43

GR-65 C2 COT 22 36 5.3 20 3.8 0.72 3.9 0.60 3.9 0.82 2.4 0.36 2.3 0.35

G77-632 C2 COT 35 64 10 39 12 2.9 13 - 12 2.3 6.6 - 4.7 -

G38-1050 C1 IF 11 14 4.6 9.7 3.2 1.6 4.1 - 4.1 0.80 2.5 - 1.3 -

G38-997 C1 IF 46 56 11 27 6.6 1.6 6.7 - 4.3 0.81 2.6 - 1.5 -

G28-818 C1 IF 11 15 1.6 6.9 1.8 1.3 2.1 0.27 1.6 0.30 0.80 0.12 0.70 0.10

G28-820 C1 IF 9.3 17 2.1 8.4 1.9 0.57 2.0 0.32 2.0 0.42 1.2 0.18 1.1 0.16

G37-980 C1 IF 2.8 4.2 0.49 1.9 0.00 0.00 0.40 0.07 0.43 0.08 0.21 0.03 0.13 0.02

G103-26 C1 IF 9.8 21 2.9 12 2.2 0.98 2.6 0.39 2.5 0.49 1.3 0.16 0.90 0.12

Gr-14 C1 IF 5.0 5.7 1.4 3.5 0.80 0.34 0.83 - 1.0 0.27 0.96 - 0.99 -

Gr-17 C1 IF 4.2 4.6 2.0 4.8 1.1 0.31 1.4 - 1.2 0.31 0.95 - 0.76 -

G23-1462 C1 SIL 18 28 6.4 18 3.8 0.81 6 - 4.5 0.71 2.5 - 1.5 -

G64-1471 A2 SIL 68 112 16 58 11 2.5 10 - 9.0 1.8 6.2 - 5.1 -

G38-1080 C2 SIL 18 33 3.5 13 3.0 0.69 4 0.63 4.1 0.88 2.5 0.35 2.0 0.28

G74-680 C2 SIL 8.7 19 2.2 9.2 1.6 0.25 2 0.29 1.9 0.39 1.1 0.17 1.1 0.16

G64-1120 C2 IM 65 89 12 43 9.5 2.6 10 - 12 2.5 7.2 - 4.7 -

G64-1138 C2a IM 19 26 4.4 14 3.1 0.69 3 - 3.8 0.86 3.2 - 1.9 -

G63-1145 A3 IM 12 19 2.4 7.6 1.9 0.53 3 - 2.6 0.49 1.2 - 0.84 -

Gu200-23.0 C1 IM 6.7 11 1.5 6.0 1.2 0.49 1 0.20 1.3 0.28 0.79 0.12 0.72 0.11

G77-644 C1 Chert 15 28 5.1 14 3.3 0.61 5.7 - 5.2 0.69 2.7 - 1.8 -

G54-1195 WR MPS 31 55 8.3 30 5.6 1.1 4.8 - 4.4 0.91 2.4 - 2.5 -

G54-880 WR MPS 42 73 10 38 7.0 1.3 5.9 - 5.3 1.1 2.8 - 2.2 -

G63-1035 WR MPS 15 26 4.4 14 3.1 0.71 3.1 - 2.8 0.60 1.6 - 1.2 -

G63-855 WR MPS 26 45 6.8 24 4.6 1.1 3.7 - 3.6 0.77 1.9 - 1.7 -
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2. INDIVIDUAL MINERALS

Sample Nodule1 Nodule1 Nodule2 Nodule2 Nodule3 Nodule3 Nodule4 Nodule4 Nodule5 Nodule5 Nodule6 Nodule6

Point rim core rim core rim core rim core rim core rim core

Mineral apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite

Fe - - - - - - - - - - - -
Sc 1.34 1.68 1.07 1.21 1.23 2.01 1.65 1.84 8.85 2.19 1.79 1.69

Ti 271 257 266 268 272 305 283 289 1151 278 255 269

V 2.76 15.8 11.12 0.27 7.74 8.70 0.34 1.71 66.6 21.9 10.9 32.0

Co 3.11 4.82 6.43 0.27 2.01 7.66 1.07 0.85 3.59 0.54 3.24 5.92

Zn 8422 162 158 21 414 - - 3387 - - 105 -
Rb 0.26 0.09 0.00 0.00 2.97 2.48 14.1 2.38 84.0 10.4 1.55 1.65

Sr 141 141 139 140 143 176 131 185 139 141 134 136

Y 448 426 432 313 365 348 341 251 3645 312 383 339

Zr 0.10 0.05 0.11 0.27 2.86 21.76 2.79 21.4 104 0.25 0.53 2.25

Nb 0.02 0.14 0.00 0.02 0.28 0.66 0.06 0.35 2.01 0.00 0.04 0.00

Ba 0.38 0.30 0.07 8.44 8.45 35.09 0.37 52.5 207 44.0 4.61 1.08

La 64.0 45.1 48.7 21.1 38.2 29.5 23.5 22.1 30.2 30.4 53.4 59.4

Ce 191 159 163 89.2 134 117 98 84 113 116 164 179

Pr 27.7 25.8 26.5 16.8 22.3 20.5 17.5 15.7 20.7 19.6 24.8 26.6

Nd 148 144 144 101 123 117 109 99 134 110 135 144

Sm 62.2 64.8 63.8 53.5 56.6 55.2 55.8 51.0 140 55.7 60.2 63.4

Eu 40.2 41.3 39.6 34.5 40.0 36.9 45.2 33.4 187 40.4 39.7 39.8

Gd 93.8 97.8 94.2 82.3 83.9 80.7 86.7 73.3 644 82.1 94.5 91.2

Tb 14.5 14.4 14.4 12.1 12.8 12.2 12.9 10.6 117 12.5 14.4 13.6

Dy 79.1 75.1 76.2 61.8 68.6 64.2 64.4 51.6 650 63.2 74.8 69.7

Ho 14.7 14.3 14.1 10.7 12.5 12.0 11.7 8.5 121 11.1 13.5 11.6

Er 37.0 34.7 34.9 24.5 30.0 27.1 27.8 18.8 313 26.8 32.7 28.2

Tm 4.86 4.47 4.42 3.09 3.80 3.47 3.38 2.18 45.6 3.55 4.32 3.76

Yb 30.3 27.5 27.2 17.2 23.1 20.3 19.9 12.8 317 23.2 28.8 23.8

Lu 3.86 3.55 3.68 2.07 2.90 2.53 2.68 1.59 45.4 2.93 3.87 3.04

Hf 0.00 0.00 0.00 0.00 0.07 0.46 0.05 0.42 2.92 0.01 0.02 0.05

Pb 3256 3232 370 103 2044 1193 - 541 250 248 1106 1514
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Sample Nodule7 Nodule7 Nodule8 Nodule8 Nodule9 Nodule9 Nodule10 Nodule10 Nodule10 Nodule10 Nodule10 Nodule10

Point rim core rim core rim core 1 2 3 4 5 6

Mineral apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite

Fe - - - - - - 4376 4499 4110 4823 4579 13553

Sc 2.53 2.54 1.98 2.50 6.19 1.36 - - - - - -

Ti 276 259 277 252 279 263 - - - - - -

V 279 28.4 9.27 18.5 85.4 64.4 - - - - - -

Co 163 4.78 14.9 1.75 112 9.84 - - - - - -

Zn 694 195 5919 - 2628 948 253 115 98 98 84 94

Rb 2.05 0.70 6.86 5.55 70.8 0.90 - - - - - -

Sr 133 127 133 132 134 134 - - - - - -

Y 279 348 400 286 548 320 - - - - - -

Zr 0.12 1.09 0.45 0.28 58.7 0.35 - - - - - -

Nb 0.05 0.32 0.11 0.01 0.06 0.02 - - - - - -

Ba 6.78 1.08 18.1 25.34 309 2.80 - - - - - -

La 36.4 28.6 56.0 24.4 38.6 29.8 30.7 30.8 30.5 31.1 28.8 29.9

Ce 131 107 174 108 137 111 52 47 55 55 47 49

Pr 21.9 18.2 26.8 19.3 21.7 18.6 6.9 5.9 8.1 7.5 6.3 6.6

Nd 126 107 143 113 126 108 27 23 29 32 23 26

Sm 57.3 52.2 61.0 53.8 60.0 52.4 6.5 3.6 8.7 8.4 5.1 5.52

Eu 49.5 41.9 38.3 35.7 42.8 34.4 3.41 0.74 3.92 3.17 1.12 1.21

Gd 77.1 76.3 86.8 74.5 95.2 74.1 6.82 2.98 9.69 9.66 2.62 5.31

Tb 11.3 11.7 13.2 10.9 15.8 11.3 2.00 0.62 1.79 1.87 0.71 1.16

Dy 55.0 61.6 70.7 55.5 88.8 58.4 6.07 4.07 9.50 10.21 4.49 5.13

Ho 9.3 11.1 13.0 9.5 16.9 10.5 1.13 0.79 2.16 1.93 0.92 1.00

Er 22.4 26.2 32.7 22.1 43.8 25.4 3.66 2.20 5.53 4.22 2.03 2.48

Tm 2.82 3.33 4.31 2.72 6.09 3.20 0.35 0.73 0.61 0.48 0.21 0.33

Yb 16.6 20.8 25.7 15.9 38.6 19.0 3.28 3.32 4.39 3.58 2.97 1.99

Lu 2.04 2.69 3.22 1.93 5.09 2.35 1.78 0.36 0.30 0.58 0.18 0.23

Hf 0.00 0.00 0.00 0.04 1.51 0.01 - - - - - -

Pb - 220 - - 2824 2811 57 45 318 1684 48 129

Th - - - - - - 3.64 3.75 3.97 3.80 3.92 3.81

U - - - - - - 4.86 3.38 3.09 3.27 2.87 3.41
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Sample Nodule10 Nodule10 Nodule10 Nodule10 Nodule10 Nodule10 Nodule10 Nodule10 Nodule10 Nodule11 Nodule11 Nodule11

Point 7 8 9 10 11 12 13 14 15 1 2 3

Mineral apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite

Fe 4062 43979 13461 4201 5134 4082 4096 4468 5061 23733 16923 37553

Zn 87 168 88 75 57 59 207 114 4293 79 10106 1983

La 30.3 28.8 33.4 30.3 33.9 32.1 29.0 30.9 32.3 27.8 27.8 26.2

Ce 48 50 57 47 58 61 52 57 59 101 103 103

Pr 6.3 6.9 7.7 6.7 8.7 9.3 7.50 8.29 8.00 20.5 20.2 20.8

Nd 25 28 41 25 32 43 35 41 38 122 120 122

Sm 6.30 9.64 13.7 6.13 12.7 17.5 13.5 13.3 12.5 58.4 57.8 57.4

Eu 1.49 5.83 5.09 1.86 4.15 7.91 6.80 7.35 9.06 42.3 36.0 35.5

Gd 5.36 11.5 15.2 4.1 13.4 20.5 14.3 17.4 15.0 96.5 92.4 89.2

Tb 0.77 2.03 3.23 0.88 2.29 3.84 1.93 2.23 2.61 13.3 12.9 12.0

Dy 5.53 7.76 15.6 5.4 14.2 20.3 13.6 10.3 12.8 73.0 72.7 65.0

Ho 1.08 1.96 2.47 1.14 2.55 3.87 1.73 2.63 2.42 13.0 13.1 11.4

Er 2.32 4.32 11.5 2.88 7.28 9.34 5.24 4.75 5.54 32.6 30.4 27.1

Tm 0.43 0.49 0.78 0.51 0.55 1.23 0.65 0.73 0.44 3.68 3.56 3.02

Yb 2.86 3.60 6.05 3.89 3.91 6.37 5.02 3.90 4.76 21.7 21.2 18.4

Lu 0.32 0.43 0.77 0.28 0.67 0.76 0.51 0.46 0.28 2.82 2.97 2.75

Pb 59 68 177 56 48 106 185 154 135 4434 471 0.00

Th 4.20 4.60 3.57 4.63 3.78 3.09 3.85 3.68 3.83 0.22 0.08 0.20

U 3.27 3.41 3.80 2.81 4.23 3.52 3.12 2.57 3.06 3.68 3.54 3.17

Sample Nodule11 Nodule11 Nodule11 Nodule11 Nodule11 Nodule11 Nodule12 Nodule12 Nodule12 Nodule12 Nodule12 Nodule12

Point 4 5 6 7 8 9 1 2 3 4 5 6

Mineral apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite

Fe 3470 3326 4156 46872 253 52326 4287 4025 4723 4853 4422 4414

Zn 0.00 301 0.00 36192 13.1 84246 146 253 172 197 121 178

La 0.00 0.00 0.00 22.4 28.1 40.9 30.0 31.0 31.5 30.5 31.5 33.0

Ce 1.20 0.00 0.00 86.8 109 135 44.8 44.0 51.7 50.2 47.3 50.7

Pr 0.00 0.00 0.00 18.3 21.8 24.2 5.88 6.0 5.61 6.09 6.07 6.52

Nd 0.00 0.00 0.00 115 129 137 21.1 21.2 23.2 27.0 23.1 24.0

Sm 5.55 11.1 0.00 62.0 60.5 64.1 4.49 4.42 2.91 5.38 4.46 3.75

Eu 0.00 0.38 0.50 39.6 36.7 36.8 0.62 1.68 0.74 0.78 0.90 0.84

Gd 0.00 11.5 9.26 107 94.4 105 4.30 3.21 4.68 8.55 4.92 4.70

Tb 0.00 0.00 0.00 15.5 12.9 15.1 0.68 0.74 0.42 0.64 0.77 0.98

Dy 0.00 0.00 0.00 84.7 69.9 84.9 4.19 3.03 5.12 4.64 3.49 4.43

Ho 1.28 0.00 0.00 16.6 12.4 16.7 0.85 0.35 0.68 0.83 0.69 1.31

Er 0.00 0.00 4.04 40.2 30.9 43.1 1.42 1.38 1.35 0.91 2.33 2.77

Tm 0.33 0.00 0.00 5.01 3.47 4.96 0.07 0.54 0.23 0.18 0.09 0.19

Yb 0.79 0.00 8.91 30.1 21.0 30.7 1.70 1.69 1.96 1.78 2.01 3.76

Lu 0.00 2.05 0.00 4.44 2.69 4.67 0.46 0.54 0.30 0.57 0.52 0.00

Pb 514 701 690 758 46 1203 44.3 35.0 45.7 85.7 57.7 27.7

Th 0.00 0.00 0.00 0.50 0.00 0.00 4.27 4.06 3.82 4.36 4.00 3.87

U 1.92 0.73 0.00 3.25 2.80 6.08 3.15 3.35 4.76 3.06 2.42 2.69
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Sample Nodule12 Nodule12 G38-1050 G38-1050 G38-1050 G38-1050 G38-1050 G38-1050 G38-1050 G38-1050 GM-B GM-B

Point 7 8 1 2 3 4 5 6 7 8 1 2

Mineral apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite

Fe 4857 4561 - - - - - - - - - -

Zn 139 113 - - - - - - - - - -

La 31.8 28.6 636 678 801 795 701 52.3 30.6 27.8 79.3 75.5

Ce 51.6 49.6 870 885 1003 1001 898 90.6 45.5 49.8 182 168

Pr 6.50 6.26 111 111 125 121 111 8.84 9.62 5.60 20.2 21.2

Nd 23.7 22.4 539 529 580 576 536 25.8 20.2 15.8 77.0 79.4

Sm 2.84 3.57 160 157 170 167 154 4.49 5.15 3.57 15.8 15.4

Eu 1.47 0.85 90.8 89.7 96.7 92.8 90.4 0.64 5.08 1.68 2.59 3.31

Gd 3.34 5.12 254 257 271 269 258 7.92 4.20 4.09 13.2 14.0

Tb 0.79 0.56 42.0 43.8 42.4 42.9 42.1 - - - - -

Dy 3.58 4.23 262 251 263 267 262 3.47 1.86 1.45 12.7 10.0

Ho 0.94 1.01 47.0 48.7 48.5 48.0 47.5 0.50 0.87 2.14 2.11 2.44

Er 3.32 1.46 109 115 116 114 113 1.12 2.50 2.32 10.9 7.97

Tm 0.24 0.36 12.53 12.21 12.59 13.1 11.7 - - - - -

Yb 0.80 3.20 68.6 68.8 69.0 67.3 70.0 4.89 4.64 1.78 9.43 9.48

Lu 0.25 0.20 10.0 11.3 10.3 10.5 10.9 0.38 0.85 0.46 1.46 1.10

Pb 41.5 39.9 - - - - - - - - - -

Th 4.16 3.75 - - - - - - - - - -

U 3.38 3.25 - - - - - - - - - -

Sample GM-B GM-B GM-B GM-B GM-B GM-B GM-B GM-B G45-1195 G45-1195 G45-1195 G45-1195

Point 3 4 5 6 7 8 9 10 1 2 3 4

Mineral apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite

La 81.6 81.2 75.6 72.7 78.8 78.4 77.4 73.2 580 248 482 271

Ce 183 175 177 164 153 171 165 163 926 458 805 441

Pr 22.4 22.2 20.6 21.0 20.4 22.3 21.1 19.9 112 58.3 97.4 50.5

Nd 79.9 80.0 78.6 71.2 75.0 83.0 77.4 73.7 460 258 408 196

Sm 15.2 16.0 17.2 15.0 15.0 14.5 15.2 17.9 85.5 47.6 76.9 36.4

Eu 2.30 3.11 3.27 2.65 4.76 2.44 2.24 2.69 53.3 32.3 48.7 23.5

Gd 15.1 15.3 15.6 14.5 11.9 13.8 16.0 11.6 60.7 36.7 52.7 24.6

Dy 11.9 12.7 12.4 10.8 10.4 14.5 11.7 10.2 16.8 7.35 13.5 9.59

Ho 3.62 2.88 2.41 2.47 2.34 2.96 2.86 2.61 1.82 1.17 1.51 0.99

Er 8.27 8.02 6.51 7.40 6.86 6.26 6.83 5.50 3.48 1.32 2.19 2.30

Yb 9.56 6.53 8.34 8.41 5.28 7.97 7.05 6.98 1.60 0.64 0.95 1.71

Lu 1.03 1.02 1.34 0.67 0.90 1.10 1.41 1.07 0.26 0.02 0.06 0.43
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Sample G45-1195 G45-1195 G45-1195 G28-818 G28-818 G28-818 G28-818 G28-818 G28-818 G28-818 G28-818 G103-26
Point 5 6 7 1 2 3 4 5 6 7 8 1
Mineral apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite apatite

La 428 496 20.1 33.4 38.7 41.7 22.2 23.5 28.1 37.8 22.0 26.1
Ce 721 822 34.6 59.0 54.9 54.7 33.9 31.8 43.1 60.9 42.3 49.1
Pr 85.7 98.1 5.67 5.81 8.08 7.14 6.33 4.28 6.99 7.46 5.87 7.80
Nd 368 409 18.3 27.9 32.5 30.1 16.8 18.4 16.8 29.6 14.1 20.6
Sm 68.7 77.1 9.82 6.10 8.74 6.65 3.34 2.85 3.59 8.54 4.48 4.12
Eu 44.4 49.9 16.4 2.54 4.54 3.28 1.26 1.35 1.03 2.59 0.92 3.88
Gd 50.4 53.7 41.9 5.82 5.85 7.57 5.02 3.60 2.80 7.07 4.40 5.96
Dy 12.3 13.9 80.8 4.28 5.55 6.28 2.36 2.21 1.70 5.53 1.84 4.00
Ho 1.66 1.75 21.0 2.26 1.54 1.09 0.66 0.97 0.34 0.96 0.32 0.93
Er 2.78 3.13 61.0 2.23 4.22 4.24 2.37 1.49 2.31 2.98 2.23 2.18
Yb 1.69 1.12 68.0 1.81 2.09 3.90 1.84 2.35 3.69 2.37 2.35 3.42
Lu 0.18 0.15 9.70 0.59 0.61 0.52 0.53 0.15 0.41 1.07 0.72 0.49

Sample G103-26 G103-26 G103-26 G38-1050 G38-1050 G38-1050 G38-1050 G38-1050 G38-1050 G38-1050 G38-1050 G38-1050

Point 2 3 4 1 2 3 4 5 6 7 8 9

Mineral apatite apatite apatite graftonite graftonite graftonite graftonite graftonite graftonite graftonite graftonite graftonite

La 27.6 31.5 32.1 5.29 7.74 12.4 4.58 2.34 4.25 1.30 2.95 2.41
Ce 46.7 50.0 53.9 15.1 16.8 28.3 12.9 7.59 16.2 9.80 11.5 10.3
Pr 7.25 7.64 6.95 2.74 2.56 4.23 2.21 1.35 2.04 1.94 2.09 1.59
Nd 22.8 25.5 26.5 24.0 18.4 26.4 18.0 12.0 20.8 19.5 17.1 15.9
Sm 4.55 7.23 7.14 10.2 7.50 11.8 8.16 5.27 7.19 9.74 8.18 8.03
Eu 1.02 1.74 0.47 7.87 4.66 8.40 5.05 4.84 5.07 7.00 5.89 6.50
Gd 5.34 6.28 4.52 18.6 16.1 21.7 18.2 14.4 16.2 18.4 16.3 16.8
Tb - - - 3.80 2.61 4.15 2.46 2.34 3.47 3.96 3.24 3.18
Dy 5.14 4.31 5.12 28.9 20.0 32.1 25.0 19.9 23.5 28.4 25.9 25.1
Ho 0.94 0.66 0.80 5.81 3.82 8.79 4.50 4.37 4.63 5.99 5.45 5.46
Er 3.49 2.27 3.24 14.6 10.3 16.4 11.4 11.9 13.1 14.2 12.4 15.1
Tm - - - 1.82 1.42 2.40 1.16 1.28 1.42 2.03 1.49 1.69
Yb 2.40 3.28 2.72 14.5 8.92 15.4 8.92 9.33 8.71 13.5 12.1 11.0
Lu 0.66 0.52 0.56 1.91 1.39 2.27 1.27 1.06 1.11 1.31 1.85 1.95

Sample G38-1050 G38-1050 G38-1050 G38-1050 G38-1050 G38-1050 G38-1050
Point 10 11 12 13 14 15 16
Mineral graftonite graftonite graftonite graftonite graftonite graftonite graftonite

La 1.01 1.71 1.39 13.5 7.58 2.65 5.90
Ce 8.23 16.8 11.8 30.1 18.6 12.3 21.2
Pr 1.80 3.66 2.22 3.78 2.63 2.31 3.74
Nd 12.3 27.5 16.3 26.9 19.7 21.7 26.2
Sm 7.56 13.4 10.1 10.5 8.97 10.4 11.9
Eu 5.36 10.1 6.62 9.74 7.19 9.88 9.29
Gd 13.1 25.4 17.6 22.5 16.9 68.5 28.3
Tb 2.43 4.96 3.44 4.31 3.77 4.79 4.48
Dy 22.0 37.3 24.5 41.7 29.6 38.7 31.0
Ho 4.51 6.99 5.29 8.15 5.49 7.42 6.72
Er 11.3 16.9 14.9 17.5 13.9 17.2 17.5
Tm 1.52 2.48 1.75 2.60 1.82 2.42 2.07
Yb 9.93 16.3 14.6 19.5 13.7 18.5 15.1
Lu 1.53 2.05 1.97 2.24 1.38 2.31 2.14
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Sample GR-65 GR-65 GR-65 GR-65 G64-1135 G64-1135 G64-1135 G64-1135 G64-1135 G64-1471 G64-1471 G64-1471

Point 1 2 3 4 1 2 3 4 5 1 2 3

Mineral garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet

Sc 7.15 5.38 6.50 4.80 2.99 4.16 2.71 0.00 3.06 0.00 4.19 0.00

Ti 828 478 788 479 357 272 367 385 375 305 265 463

V 11.1 5.51 9.79 6.16 585 429 629 632 583 13.2 13.9 12.4

Co 5.23 12.4 10.3 6.75 0.68 1.00 1.13 0.76 0.59 0.92 1.41 1.43

Zn 36.9 158 120 62.3 16.8 19.2 17.6 17.1 16.6 9.20 12.1 8.14

Rb 0.03 0.42 0.20 0.16 0.28 0.12 0.00 0.00 0.00 0.13 0.01 0.01

Sr 77.0 243 412 102 0.36 0.31 0.04 0.11 0.02 0.13 76.1 5.75

Y 22.2 14.0 22.6 15.4 79.0 72.3 83.4 79.5 73.1 88.9 82.6 27.2

Zr 137 2.45 3.67 4.08 1.86 2.89 1.98 1.44 6.92 2.13 1.72 2.72

Nb 0.25 0.20 0.32 0.96 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.02

Ba 0.30 9.14 8.98 3.28 0.49 0.30 0.23 0.36 0.12 1.83 5.48 0.33

La 0.98 1.37 0.30 0.58 0.01 0.08 0.01 0.01 0.03 0.02 2.20 0.82

Ce 3.59 5.06 2.11 2.39 0.80 0.14 0.01 0.02 0.09 0.73 8.09 2.14

Pr 0.98 0.48 0.68 0.58 0.07 0.02 0.04 0.01 0.01 0.49 1.66 0.32

Nd 8.26 4.29 7.06 4.52 0.77 0.36 0.33 0.78 0.67 7.98 13.1 4.81

Sm 2.96 1.86 3.31 2.17 1.32 1.44 1.20 1.10 1.10 7.91 7.65 4.77

Eu 0.71 0.51 0.63 0.48 0.80 0.64 0.62 0.79 0.52 2.10 2.19 1.37

Gd 2.97 2.00 3.44 2.04 4.37 3.39 4.39 4.83 4.90 10.1 9.88 4.69

Tb 0.58 0.36 0.54 0.41 1.32 1.32 1.25 1.15 1.20 1.83 1.84 0.64

Dy 3.40 2.28 3.67 2.32 9.21 9.66 11.1 9.43 9.90 12.5 12.7 4.43

Ho 0.76 0.50 0.77 0.53 2.53 2.10 2.37 2.26 2.55 2.88 2.85 0.83

Er 2.08 1.34 2.28 1.41 8.58 7.29 8.11 8.42 7.90 9.45 7.89 2.27

Tm 0.28 0.20 0.35 0.23 1.31 1.19 1.08 1.26 1.05 1.44 1.21 0.33

Yb 2.39 1.43 2.39 1.53 8.99 6.81 8.09 8.55 6.59 9.57 7.94 2.96

Lu 0.43 0.25 0.34 0.28 1.23 0.98 1.21 1.35 1.01 1.61 1.25 0.51

Hf 3.42 0.24 0.20 0.23 0.01 0.00 0.08 0.00 0.05 0.04 0.19 0.22

Pb 6.53 11.3 9.26 8.07 0.00 0.00 0.00 0.00 0.00 0.00 3.22 0.00
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Sample G64-1471 G64-1471 Gu200-23.0 Gu200-23.0 Gu200-23.0 Gu200-23.0 Gu200-23.0 Gu201-79.5 Gu201-79.5 Gu201-79.5

Point 4 5 1 2 3 4 5 1 2 3

Mineral garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet

Sc 0.00 0.00 4.55 0.00 6.50 6.37 0.00 8.16 10.80 6.85

Ti 388 493 159 172 170 185 184 126 119 143

V 10.2 15.4 28.3 14.1 40.8 48.1 13.8 27.9 27.0 24.2

Co 1.81 1.57 0.91 0.78 0.85 0.66 1.07 1.17 1.27 1.00

Zn 8.69 8.82 26.0 26.7 24.5 23.8 39.9 111 126 104

Rb 0.00 0.00 0.27 0.00 0.12 0.00 0.06 0.00 0.11 0.21

Sr 0.12 0.25 0.15 1.57 0.04 0.07 0.43 0.25 0.01 0.02

Y 53.3 25.1 99.2 95.8 93.0 98.5 116 58.4 69.3 71.2

Zr 1.48 1.45 3.12 1.95 2.55 2.74 2.49 2.03 1.90 4.26

Nb 0.00 0.43 0.04 0.12 0.04 0.05 0.10 0.14 0.15 0.00

Ba 0.34 0.39 0.29 5.02 0.11 0.15 0.13 0.00 0.17 0.12

La 0.02 0.07 0.08 3.34 0.05 0.05 1.14 0.02 0.01 0.01

Ce 0.34 0.32 0.20 7.85 0.09 0.04 1.92 0.13 0.01 0.09

Pr 0.24 0.11 0.04 0.80 0.01 0.01 0.27 0.16 0.18 0.02

Nd 5.06 3.38 0.77 3.10 0.73 0.70 1.13 0.50 0.77 0.72

Sm 6.02 4.42 1.23 1.97 1.38 1.38 1.51 1.15 1.07 1.87

Eu 1.97 1.73 1.33 1.54 1.15 1.26 1.30 1.01 1.04 1.25

Gd 9.93 4.97 4.53 5.16 4.71 5.28 5.75 3.01 3.62 4.27

Tb 1.39 0.76 1.49 1.28 1.46 1.54 1.79 0.82 1.16 1.19

Dy 8.31 4.55 13.4 11.6 12.4 12.1 14.0 7.58 9.63 9.68

Ho 1.66 0.62 2.94 3.03 2.83 3.27 3.75 1.70 2.30 2.28

Er 4.86 2.53 8.78 8.48 7.80 9.24 9.78 5.49 7.29 6.83

Tm 0.83 0.42 1.32 1.34 1.16 1.46 1.31 0.87 1.02 1.01

Yb 5.50 2.83 8.34 7.85 7.47 9.71 9.54 4.74 6.21 6.93

Lu 1.03 0.36 1.19 1.22 1.23 1.52 1.37 0.62 0.84 0.95

Hf 0.02 0.00 0.11 0.00 0.10 0.03 0.01 0.11 0.17 0.22

Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.48 1.39 0.76
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Sample Gu201-79.5 Gu201-79.5 G63-1145 G63-1145 G63-1145 G63-1145 G63-1145 G64-1175 G64-1175 G64-1175 G64-1175

Point 4 5 1 2 3 4 5 1 2 3 4

Mineral garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet

Sc 8.44 8.35 3.35 3.87 4.36 3.62 2.86 5.80 5.04 11.63 6.74

Ti 133 147 112 75 101 107 92 85 75 88 86

V 28.7 27.3 5.89 3.17 5.54 6.06 3.71 57.8 53.2 60.1 60.5

Co 1.21 1.45 0.42 0.48 0.00 0.17 0.31 0.80 1.17 1.44 1.28

Zn 199 109 85.8 89.5 89.4 77.9 86.8 167 168 179 195

Rb 0.12 0.05 2.30 0.12 0.26 0.11 0.13 0.00 0.09 0.00 0.00

Sr 0.18 0.09 0.15 0.05 0.08 0.05 1.39 0.00 0.00 0.02 0.00

Y 62.6 66.9 34.1 33.9 32.3 38.0 28.4 101 115 108 103

Zr 2.71 3.70 10.11 7.74 9.83 11.10 8.88 0.24 0.35 0.24 0.45

Nb 0.36 0.02 0.31 0.25 0.07 0.00 0.30 0.07 0.12 0.05 0.10

Ba 0.01 0.04 0.08 0.16 0.16 0.00 0.07 0.00 0.00 0.00 0.00

La 0.33 0.02 0.01 0.08 0.01 0.01 0.16 0.11 0.09 0.02 0.07

Ce 0.58 0.09 0.65 0.44 0.91 0.53 0.82 0.09 0.10 0.03 0.06

Pr 0.12 0.51 0.46 0.22 0.28 0.29 0.33 0.06 0.07 0.06 0.03

Nd 1.01 0.66 5.52 3.81 4.05 4.67 4.65 0.22 0.50 0.29 0.38

Sm 1.51 1.50 5.36 5.01 5.46 6.24 4.48 1.10 1.37 1.28 1.59

Eu 0.98 0.79 1.78 1.85 1.80 1.76 1.71 3.29 2.72 3.47 3.41

Gd 4.06 4.17 7.77 8.85 8.40 8.86 6.31 5.24 5.72 7.57 7.20

Tb 1.12 1.11 1.14 1.22 1.19 1.34 0.89 1.52 1.71 2.15 1.82

Dy 8.89 8.98 6.02 6.12 5.99 6.86 4.69 14.0 13.9 13.0 13.8

Ho 2.25 2.26 1.12 1.03 1.04 1.36 0.98 3.00 3.41 3.42 3.17

Er 5.50 6.96 2.93 3.86 2.99 4.04 2.99 10.1 9.64 9.96 9.00

Tm 0.95 0.91 0.40 0.53 0.43 0.57 0.49 1.53 1.68 1.51 1.30

Yb 6.40 6.07 3.47 3.96 3.47 3.34 3.60 8.67 8.72 9.45 9.33

Lu 0.78 0.94 0.65 0.79 0.56 0.68 0.64 1.39 1.56 1.42 1.26

Hf 0.16 0.07 0.83 0.42 0.57 0.53 0.56 0.24 0.15 0.00 0.00

Pb 0.99 0.00 0.71 0.01 0.72 0.00 0.00 0.81 0.57 0.21 1.54
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Sample G64-1175 G38-1080 G38-1080 G38-1080 G38-1080 G77-632 G77-632 G77-632 G63-1120 G63-1120 G63-1120 G63-1120

Point 5 1 2 3 4 1 2 3 1 2 3 4

Mineral garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet

Sc 3.87 0.21 0.00 0.00 0.00 2.14 0.00 0.00 - - - -

Ti 92 580 556 656 683 320 282 257 - - - -

V 56.7 124 129 142 150 103.8 79.5 85.7 - - - -

Co 0.97 0.14 0.35 0.00 0.06 9.82 12.97 12.40 - - - -

Zn 425 107 130 191 128 172 184 205 - - - -

Rb 0.21 0.55 0.25 0.00 0.00 0.36 0.00 0.00 - - - -

Sr 0.00 13.7 34.9 14.0 2.90 5.25 2.42 4.91 - - - -

Y 127 19.5 19.7 21.1 24.2 45.3 34.6 41.1 - - - -

Zr 0.39 47.9 30.3 47.2 47.2 11.8 1.64 1.53 - - - -

Nb 0.04 0.30 0.29 0.44 0.39 3.05 3.43 1.47 - - - -

Ba 0.00 8.77 9.21 0.57 0.00 2.32 0.18 7.15 - - - -

La 0.06 0.53 0.57 0.39 0.31 0.99 0.70 0.59 0.00 0.01 0.35 2.25

Ce 0.13 3.22 3.19 3.28 3.37 3.57 3.69 2.08 0.23 0.10 0.75 4.44

Pr 0.08 0.96 0.84 1.24 1.11 0.81 0.73 0.68 0.08 0.06 0.19 0.61

Nd 0.46 6.76 5.31 7.38 6.51 4.89 5.71 4.92 0.61 0.77 1.31 2.09

Sm 2.27 2.31 1.67 1.44 2.36 3.76 3.58 3.54 1.13 2.62 2.08 1.13

Eu 4.44 0.42 0.57 0.55 0.53 1.19 0.82 1.10 0.38 0.93 0.58 0.69

Gd 9.51 2.61 2.58 2.60 2.30 5.12 5.09 4.55 1.48 3.49 3.50 2.83

Tb 2.13 0.31 0.43 0.37 0.46 0.88 0.73 1.02 0.61 0.82 1.03 0.81

Dy 17.4 2.80 2.74 4.02 3.21 6.17 5.64 5.99 3.58 6.37 6.56 3.99

Ho 3.93 0.57 0.70 0.70 0.66 1.41 0.97 1.21 0.84 0.85 1.23 0.65

Er 10.9 1.58 2.08 2.31 1.94 3.80 2.68 3.30 2.49 3.40 2.51 2.17

Tm 1.66 0.24 0.26 0.33 0.35 0.45 0.44 0.48 0.36 0.47 0.42 0.27

Yb 11.6 1.51 1.65 1.94 2.25 2.88 3.00 2.08 2.66 4.87 3.22 2.13

Lu 1.46 0.19 0.36 0.28 0.23 0.30 0.39 0.38 0.38 0.58 0.65 0.33

Hf 0.03 1.96 1.32 1.90 1.85 0.34 0.18 0.14 - - - -

Pb 0.01 25.9 76.1 90.8 10.4 10.9 14.3 8.97 - - - -
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Sample G63-1120 G73-1185 G73-1185 G73-1185 G73-1185 G73-1185 G-MB G-MB G-MB G-MB G-MB G-MB

Point 5 1 2 3 4 5 1 2 3 4 5 6

Mineral garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet

La 0.00 0.15 0.28 0.20 0.24 0.36 3.17 0.00 0.00 0.42 0.51 0.10

Ce 1.93 0.21 0.53 0.55 0.43 1.58 1.10 0.00 0.35 1.19 0.49 0.00

Pr 0.83 0.08 0.17 0.00 0.17 0.00 0.63 0.00 0.00 0.00 0.00 0.00

Nd 2.18 0.58 0.71 1.42 0.83 2.57 0.00 0.00 0.77 0.00 0.93 0.00

Sm 2.35 0.59 1.43 1.34 1.56 2.60 5.41 3.65 3.38 15.9 8.15 6.87

Eu 0.54 0.15 0.51 0.43 1.26 1.03 12.20 11.54 11.65 24.6 17.0 20.4

Gd 4.46 1.01 4.17 4.65 6.24 7.92 20.81 7.49 18.18 35.4 35.1 37.4

Tb 1.19 0.28 1.72 1.23 2.08 2.30 9.85 5.81 4.79 6.63 6.00 7.06

Dy 8.93 1.92 19.0 6.51 20.1 17.9 54.1 25.8 23.2 27.5 25.4 41.2

Ho 1.10 0.25 6.58 1.31 5.09 3.82 4.57 8.58 5.73 5.92 3.51 5.58

Er 5.15 0.69 21.8 2.30 14.0 16.7 8.59 9.13 12.5 0.00 3.65 7.93

Tm 0.23 0.10 3.09 0.70 2.78 2.09 5.09 1.51 2.18 0.00 0.47 0.99

Yb 6.85 0.73 20.1 4.13 18.9 21.1 21.1 17.4 19.9 8.05 0.40 3.77

Lu 1.26 0.13 2.93 0.64 2.86 3.32 1.30 4.50 2.44 0.80 0.24 1.10

Sample G-MB G-MB G-MB G-MB G-MB G-MB G-MB G54-1015 G54-1015 G54-1015 G54-1015 G54-1015

Point 7 8 9 10 11 12 13 1 2 3 4 5

Mineral garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet

La 0.14 0.65 0.19 0.90 1.19 1.50 0.22 0.03 0.00 0.12 0.00 0.00

Ce 0.08 0.85 0.29 1.92 2.55 3.18 0.50 0.27 0.00 0.00 0.00 0.00

Pr 0.10 0.09 0.06 0.34 0.27 0.43 0.02 0.01 0.25 0.08 0.35 0.29

Nd 0.34 1.54 0.60 1.41 1.49 1.66 0.74 0.07 1.11 0.00 0.37 1.18

Sm 3.44 3.26 2.20 3.06 1.26 2.61 3.21 1.07 2.74 3.00 3.87 3.50

Eu 8.73 7.50 5.38 6.87 5.16 5.78 8.16 0.83 1.92 1.99 5.85 2.38

Gd 12.3 10.3 8.52 12 7.19 9.14 9.37 3.26 12.7 5.59 16.4 6.90

Tb - - - - - - - 1.16 2.79 2.23 4.62 4.53

Dy 7.38 5.94 5.72 7.63 4.20 4.48 6.69 7.19 24.0 16.5 19.4 34.0

Ho 0.97 0.87 1.06 1.12 1.23 0.90 0.83 1.51 4.35 3.82 2.76 5.44

Er 2.42 1.96 2.76 2.91 4.21 1.88 3.25 3.98 7.99 9.58 11.1 14.1

Tm - - - - - - - 0.73 1.51 1.50 1.59 2.12

Yb 1.30 0.83 2.12 2.20 4.63 1.98 1.82 4.67 8.62 10.2 16.4 14.5

Lu 0.38 0.24 0.34 0.32 0.97 0.45 0.28 0.63 1.28 1.64 1.62 1.69
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Sample G54-1015 G54-1015 G54-1015 G54-1015 G54-1015 G54-1015 G64-1120 G64-1120 G64-1120 G64-1120 G64-1120 G37-1846

Point 6 7 8 9 10 11 1 2 3 4 5 1

Mineral garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet garnet

La 0.05 0.25 0.14 0.30 0.35 0.08 0.48 0.00 0.17 0.03 0.25 0.18

Ce 0.08 0.19 0.05 0.13 0.27 0.11 0.88 0.23 0.55 0.11 0.11 0.39

Pr 0.06 0.13 0.03 0.30 0.11 0.12 0.14 0.08 0.11 0.13 0.00 0.13

Nd 1.95 1.01 1.60 0.41 0.63 1.42 0.62 0.00 0.51 0.81 0.40 0.90

Sm 2.98 3.28 1.93 2.42 2.98 2.62 0.30 0.81 1.14 0.98 1.88 1.18

Eu 2.44 1.88 1.68 1.99 1.93 1.54 0.14 0.75 0.69 0.90 1.63 0.47

Gd 10.3 8.77 11.9 8.42 7.55 11.1 0.93 3.27 3.35 3.04 4.36 2.73

Tb - - - - - - 0.30 1.24 1.09 1.77 1.92 0.76

Dy 20.3 17.5 16.2 17.0 14.7 18.9 1.89 9.32 7.60 13.1 10.4 6.66

Ho 3.40 3.74 4.02 3.77 3.30 3.66 0.48 2.34 1.65 3.25 3.01 1.34

Er 11.0 9.61 10.6 8.99 10.8 10.5 1.5 5.91 5.12 6.96 4.69 4.19

Tm - - - - - - 0.17 0.85 0.67 0.79 1.30 0.70

Yb 13.5 11.2 13.7 9.30 7.96 10.09 1.47 5.53 4.84 7.79 6.61 3.93

Lu 1.90 1.95 2.13 1.71 1.33 2.23 0.18 0.75 0.62 0.90 1.16 0.64

Sample G37-1846 G37-1846 G37-1846 G23-1462 G23-1462 G23-1462 G23-1462 G23-1462

Point 2 3 4 1 2 3 4 5

Mineral garnet garnet garnet garnet garnet garnet garnet garnet

La 0.00 0.00 0.00 0.01 0.79 1.26 0.00 3.51

Ce 0.04 0.53 2.71 0.00 0.31 1.77 0.10 3.65

Pr 0.27 0.00 0.01 0.10 0.00 0.00 0.11 0.18

Nd 1.08 1.85 2.59 0.30 0.96 0.42 0.00 2.58

Sm 0.66 1.38 6.76 0.75 0.47 2.26 2.51 3.00

Eu 1.03 0.28 1.41 0.22 1.32 0.71 1.00 0.41

Gd 3.50 9.62 3.33 2.09 3.39 3.32 5.08 2.95

Tb 1.17 3.10 3.32 0.43 1.09 1.52 0.63 1.24

Dy 7.66 22.3 24.7 2.70 7.49 8.44 8.40 9.01

Ho 2.55 5.49 4.06 0.81 1.83 1.79 1.81 1.79

Er 7.79 15.6 11.7 1.58 4.70 3.80 4.61 3.29

Tm 1.35 2.62 2.23 0.25 0.67 0.59 0.44 0.72

Yb 11.6 16.1 17.7 2.71 5.62 5.39 4.95 4.44

Lu 1.74 2.80 1.31 0.31 0.67 0.96 0.78 1.02
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