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Chapter 5

Stratigraphy and architectural elements
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5. Stratigraphy and architectural elements

5.1.  Stratigraphy

To simplify the lateral correlation of the vertical profiles, Middle Fan 2 was
subdivided into three sandstone-lobe elements (designated 1, 2 and 3 from
base to top) and two siltstone inter-lobe elements (designated A and B from
base to top, Figure 77). There are also numerous siltstone intra-lobe elements
found within the sandstone-lobe elements. They vary in thickness from less
than a centimetre, thus a lamina, to 25 centimetres, thus a medium bed
(Boggs, 2006), and are occasionally thicker than the siltstone inter-lobe

elements, but not as laterally extensive.
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Figure 77: Diagram illustrating the internal stratigraphy of Middle Fan 2;

photo location in the vicinity of vertical profile ROOA
(34H0399360/UTM6373789, on the farm Kleine Gemsbok Fontein 72).
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5.2. Architectural elements

Only two types of architectural elements were recognised in the Middle
Fan 2 outcrop, namely channel elements and sheet elements, making them
the focus of this chapter. The outcrop data are represented as vertical profiles

using CorelDraw (Figure 78).
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Figure 78: Profile ROOA (34H0399360/UTM6373789) compiled in CorelDraw showing
lithofacies and measured sedimentological features and a legend that includes all

features that were used when creating the CorelDraw profiles.
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52.1. Channel elements

Only two clear instances of channel elements were identified in strike
sections in Middle Fan 2 (Figure 79). The lateral extent of the channels is 250
metres (Image B) and 100 metres (Image C). The channel elements are found
in the same area as the proposed channel in the depositional model

generated by Johnson et al., (2001).

The geometry of the channel elements found in Middle Fan 2 can be
described as “depositional and minor erosional” (Johnson et al., 2001, p. 999).
They are commonly found in mid-fan settings and are formed when a small
amount of erosion at the base of the channel is followed by aggradational
deposition. These channels change laterally into sheet deposits (Johnson et
al., 2001).

The channel elements are confined to the lobe-element scale, as they are
found exclusively in sandstone-lobe-element 3. The channels erode into the
underlying lobe-element 2, resulting in a thickened lobe-element 3 overlying a

thinned lobe-element 2, which is an indication of compensational stacking.
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Figure 79: Image A shows the depositional model for Middle Fan 2 generated in this study.

Image B is a photomontage showing the positions of vertical profiles R64 (34H0396418/UTM6373257) and R65 (34H0396282/UTM6373117). It is viewed towards the east. The channel (outlined in yellow) can be seen to thin
laterally to both the north and south. The sandstone beds in the channelised area thicken substantially towards the axis of the channel where they amalgamate to form a vertically stacked sandstone package. The lateral extent

of the channelised area is 250 metres. The vertical scale equals the horizontal scale.

Image C is a photomontage showing the position of vertical profile R86 (34H0396326/UTM6368930). It is viewed towards the west. Two channel-fills (in yellow and red) can be seen. The channel-fill outlined in yellow comprises a
sandstone bed that thickens laterally from south to north as the compactional drape probably obliterated the original channel shape. The channel-fill outlined in red thins laterally to the south and north. The sandstone bed

indicated by the blue line is an overlying bed that retains the same thickness throughout. The lateral extent of the channelised area is 100 metres. The vertical scale equals the horizontal scale.

The outcrop locations of both the channels are on the farm Kleine Riet Fontein 88. The legend can be seen in Figure 78, page 74.
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5.2.2. Sheet elements

Amalgamated sheets appear as massive sandstone, because less than 30%
of the sediments are composed of siltstone or claystone. They occur in the
mid- to outer regions of fans. Layered sheets incorporate more than 40%
siltstone and claystone, and occur in mid- to upper regions of the fan
(Johnson et al., 2001). Examples of layered and amalgamated sheets can be

seen in Figure 80.

The majority of sediments in the study area can be described as being
deposited in a “transitional depositional style” (Johnson et al., 2001, p. 999),
mainly in the form of amalgamated and layered sheets. The sheets are
described as tabular bodies with internal scouring and very few subordinate
channel-fills. They commonly show compensational stacking and are
composed of turbidite sandstone beds of varying thickness (Johnson et al.,
2001).

The amalgamated sheet elements are found at a lobe-element scale in all
three sandstone-lobe elements. The sheet elements are also found at a lobe-

element scale, but they are predominantly confined to lobe-element 3.
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Figure 80: Image A shows the depositional model
for Middle Fan 2 generated by this study.

Image B shows vertical profile R50
(34H0396732/UTM6376847) with layered sheets
constituting the lobe elements. The sheets in this
location are thinner than in the rest of the study
area as each of the lobe elements are made up of
numerous thin turbidite sandstone beds. This is
due to the area being further away from the updip
channelised area as it lies along the dip direction.

The vertical scale equals the horizontal scale.

Note the parallel-laminated nature of beds in lobe
elements 2 and 3, and the rip-up clasts at the base
of sandstone beds in lobe-element 1.

Image C shows the position of vertical profile R62
(34H0396964/UTM6372859) with massive
amalgamated sandstone beds forming the thick
sandstone units. Very few siltstone beds are
present. The vertical scale equals the horizontal
scale.

Note the highly-amalgamated nature of the
sandstone beds in lobe-element 2 and the
profusion of secondary calcareous concretions.
Rip-up clasts are found at the top of sandstone

beds in lobe elements 1 and 3.

The legend can be seen in Figure 78, page 74.
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5.3. Correlation panels

Complete correlation panels for the entire study area (Figure 81)
incorporating Petrel panels, CorelDraw panels and descriptive photomontages
were generated (Figure 82 — Figure 88). The locations of correlation panels 1

— 7 are delineated in an ArcView map (Figure 81).

The nature of the study area is such that the best outcrop exposure is
found in the back of gullies with little or no outcrop linking them together that
can be walked or traced out. It is often also impossible to see more than one
vertical-profile location at any one time. As a result, the only lateral
correlations that can be made with any certainty are the darker-weathering
sandstone at the top of lobe-element 3 and the siltstone inter-lobe elements A
and B (Chapter 1.4).

The presence of siltstone intra-lobe elements, which are occasionally
thicker and may appear to be more laterally extensive than the siltstone inter-
lobe elements, further decreases the reliability of lateral correlation, so that
the correlation between these intra-lobe elements is most commonly inferred.
An example of these inferred correlations can be seen in Correlation Panel 1
(Figure 82) between vertical profiles ROOA, RO1B and RO1A. Co-genetic
debrites (indicated in light green on Image B) pinch out within 10 to 15 metres,
which makes it impossible for the debrites measured in vertical profiles ROOA
and RO1A to cross over to profile RO1B. However, there is an inferred link
between the debrites and the intra-lobe siltstones in the neighbouring profiles
that was retained for the purposes of simulating the internal variation within

the lobe elements.
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Figure 81: ArcView map of study area showing location of correlation panels 1 - 7.
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Correlation panel 1 (Figure 82) represents the type locality of Middle Fan
2 (Image A). Twelve vertical profiles were measured, namely R06, R04, R03,
RO1A, R01B, ROOA, RO0B, ROOC, R02, RO5A, RO5B and R0O7 (Image B), of
which ROOA, ROOB, ROOC, RO1lA, RO1B and RO02 offer the best-quality
outcrop. The vertical thickness of the most complete profiles is approximately
17 metres. Other profiles, such as R03 and R05B, have sections with little or
no exposure, limiting the vertical thickness to ~10 and ~14 metres,

respectively.

Siltstone inter-lobe elements A and B are well-exposed throughout the
area covered by the correlation panel, along with many siltstone intra-lobe
elements. Some of the profiles contain massive sandstones formed due to
amalgamation, such as profiles ROOB and ROOC. There are also instances of
loading at the bases of massive sandstones and secondary concretions are

commonly observed (Image B).

Lobe-element 1 is composed of mainly massive sandstone (dark yellow),
whereas lobe elements 2 and 3 are composed of a mixture of massive
sandstone (dark vyellow), thin-bedded siltstone (blue) and thin-bedded
sandstone (peach). The top of lobe-element 3 and the base of lobe-element 1
represent type 2 horizons or sequence boundaries, and siltstone inter-lobe
elements A and B represent type 3 horizons. Lobe elements 1, 2 and 3 show
compensational stacking across the area covered by the correlation panel as
the lobe elements thicken and thin, but Middle Fan 2 retains the same

average thickness throughout (Image B).

Petrel correlation panels (Image C) were generated to illustrate the
differences between the measured vertical profiles (input data, left-hand
column) and the up-scaled vertical-profile data generated by Petrel (output
data, right-hand column). The input data were classified according to the

original 17 DSL facies; the output data were reduced to 5 facies.
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Figure 82: Correlation panel 1 of vertical profiles R06, R04, R03, RO1A, R01B, RO0OA, ROOB, RO0OC, R02, RO5A, R0O5B and RO7.

A: Location map of the profiles on the farm Kleine Gemsbok Fontein 72.

B: CorelDraw profiles were correlated to illustrate the largely massive sandstones of lobe-element 1, the thin-bedded sandstones of lobe-element 2 and the combination of the two facies in lobe-element 3.
C: Petrel profiles — note the dashed lines indicating the location of inter-lobe elements A and B throughout the panel, and in the process subdividing the lobe into lobe elements 1, 2 and 3.

D: The photopanel of R06, R04 andRO03 illustrates that Middle and Upper Fan 2 are present in outcrop. Much of lobe-element 1 is obscured by scree or has been eroded away.
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E: The photopanel of ROOB and ROOC illustrates the bedded nature of the lobe-element 3 and the poor exposure of lobe-element 1 due to obstruction by scree and sediment on the gully floor. Also note the amount of

loading at the base of sandstone beds in this outcrop location.

F: The photopanel of RO7 illustrates the amalgamated nature of the sandstone beds in lobe-element 3 and the top of lobe-element 2.
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Panorama photomontages were taken of outcrop sections and the vertical
profiles were superimposed over them. These include profiles R03, R04 and
R06 (Image D), ROOB and ROOC (Image E) and RO7 (Image F). Images E and
F visually illustrate the massive amalgamated sandstones in outcrop with
siltstones interspersed between them, as each of the deeper-weathering
breaks between the sandstones. Also visible is the darker-weathering

sandstone layer at the top of lobe-element 3.

Correlation panel 2 (Figure 83) represents 16 measured profiles, namely
R08, R09, R10, R11, R12, R13, R14, R15, R16, R17, R18, R19, R20, R21,
R22 and R23. Good vertical exposure of all the lobe elements can be seen
from profiles RO8 to R13, R15, R16 and R19. The remaining seven profiles
have poor exposure at top or base due to scree-cover. The average thickness

of Middle Fan 2 in this area is ~13 metres.

The area represented by correlation panel 2 is mostly composed of
massive amalgamated sandstones (dark yellow) that show loading at the
base and ripple cross-lamination at the top and compensational stacking.
Concretions are also common. The thickness of Middle Fan 2 decreases from
south-east to north-west across the correlation panel, which corresponds to a

north-westerly direction on the outcrop map.

Panorama photomontages were taken of outcrop sections and the vertical
profiles were superimposed over them. These include profiles R08, R09 and
R0O6 (Image D), ROOB and ROOC (Image E) and RO7 (Image F). Image E
shows clearly defined massive amalgamated sandstones with interspersed

siltstone breaks.
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Correlation panel 3 (Figure 84) represents 20 measured profiles, namely
R81, R80, R79, R78, R76, R75, R74, R36, R35, R34, R33, R32, R31, R30,
R29, R28, R27, R26, R25 and R24. Vertical profiles R24, R25, R26, R34,
R35, R36 and R74 show reasonably complete outcrop with all three lobe
elements present. The remaining profiles, especially R30 through to R34,
illustrate very incomplete outcrop, with sections of the lobe elements
weathered or unexposed at base, top, or both. This leaves the outcrop with no
definite frame of reference, making the correlation with surrounding profiles
less accurate. The average thickness of Middle Fan 2 represented by this

correlation panel is ~11 metres.

There is a decrease in thickness from right to left across the correlation
panel, which corresponds to a decrease in thickness from south-west to north-

east on the outcrop map (Image B).

The outcrop in this area is predominantly composed of amalgamated
sandstone sheets (dark yellow) and sheets (peach), with the siltstone inter-
lobe elements A and B (blue) present throughout all the profiles except R79,
R80 and R81. The lobe elements are further sub-divided by siltstone intra-
lobe elements of varying thickness (blue). Loading can be found at the bases
of some of the amalgamated sandstone sheets; parallel- and ripple cross-
laminations are less common. Many instances of rip-up clasts can be

observed, although secondary concretions are less common.

Image D illustrates some of the poorer outcrop seen in this correlation
panel, with the base of lobe-element 1 often obscured by scree. Image E has
some of the better outcrop in this correlation panel, as is often found in the
back of gullies. Note the bench-like appearance of the massive sandstones in
profile R35 where the siltstone inter- and intra-lobe elements were eroded

away.
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Figure 84: Correlation panel 3 of vertical profiles
R81, R80, R79, R78, R76, R75, R74, R36, R35, R34,
R33, R32, R31, R30, R29, R28, R27, R26, R25 and
R24.

A: Location map of the profiles on the farms
Kleine Gemsbok Fontein 72 and Los Kop 74.

B: CorelDraw profiles were correlated to illustrate
the predominantly massive nature of the
sandstone in lobe elements 1 and 3. It also
highlights the structured, bedded nature of lobe-
element 2. All three Ilobe elements thin
significantly from right to left across the outcrop.
This is equivalent to a thinning from west to east
across the location map in the direction of the
pinch out to the north-east. Also note the poor
outcrop data available in profiles R31 to R33 due
to erosion of lobe-element 3 and scree cover over

lobe-element 1.

C: Petrel profiles — note the artificial exaggeration
of the thickness of profiles R31 to R33 as Petrel
stretches the available data of all the profiles to

assume the same thickness.

D: The photopanel of R27, R26, R25, R24
illustrates some of the poorer outcrop quality
encountered in the study area. Much of the
outcrop is obscured by scree or eroded away. The

photopanel is viewed towards the south.

E: The photopanel of R35 shows the typical good-
quality outcrop in the back of a gully and the poor-
quality outcrop outside of the gully, making
correlation between profiles R35 and R34 more
difficult. Note the ledge-like weathering of the
massive sandstone in lobe-element 1 of profile
R35.
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Correlation panel 4 (Figure 85) represents 8 measured profiles, namely
R38, R39, R41, R42, R43, R44, R45, and R46. Vertical profiles R38, R41,
R42 and RA43 illustrate complete outcrop for all the lobe elements. Profiles
R39, R44, R45 and R46 have the base of lobe-element 1 obscured by scree.

The outcrop thins from east to west across the correlation panel, in a
north-westerly direction on the outcrop map (Image A). The average thickness

of the outcrop across this correlation panel is ~11 metres.

The outcrop (Image B) is predominantly composed of sheets (peach), but
some amalgamated sheets (dark yellow) are also present. Loading and rip-up
clasts are visible in some of the profiles. Parallel-lamination commonly occurs
in lobe-element 3 (light yellow). Siltstone inter- and intra-lobe elements are

present throughout (blue).

Images D, E and F, representing profiles R43, R41 and R42 respectively,
illustrate the best outcrop in the correlation panel. Each of the sandstone-lobe

elements can be clearly distinguished, as well as the various siltstone breaks.

Correlation panel 5 (Figure 86) represents 12 measured profiles, namely
R55, R54, R53, R52, R51, R50, R49, R48, R47, R84, R83, and R82. Vertical
profiles R55, R54, R52, R50, R49 and RA48 illustrate complete outcrop for all
the lobe elements. Profiles R47, R84, R83 and R82 are the least complete

and lie furthest to the north.

The correlation panel arranges the outcrop in the shape of an “M”, with the
middle sections of the “M” being thicker towards the east, and the legs of the
“M” thinning towards the west (Image A). The average thickness of the
outcrop across this correlation panel is ~9 metres. The outcrop is
predominantly composed of amalgamated sandstone sheets (Image D),
sandstone sheets (Image E), and parallel-laminated sandstones (Image F),
represented in dark yellow, peach and light yellow, respectively, on Image B.

Loading, rip-up clasts and plant fragments are commonly visible.
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Figure 85: Correlation panel 4 of vertical profiles R38, R39, R41, R42, R43, R44, R45, and R46.

A: Location map of the profiles on the farm Kleine Gemsbok Fontein 72.

B: Correlated CorelDraw profiles illustrate the largely massive nature of the sandstone in lobe-element 3, the thin-bedded (3 — 10 cm) nature of sandstone in lobe-element 2, and the combination
of the two facies in lobe-element 1. The correlation panel also illustrates the larger amount of siltstone intra-lobe elements present in this area.

C: Petrel profiles R38 and R39 mimic the thin-bedded nature of lobe-element 2.

D: The photopanel of R43 illustrates the excellent quality outcrop typical of the area covered by this correlation panel. Note the highly bedded areas interspersed with massive sandstone, and the
lateral extent of lobe elements 2 and 3.

E: The photopanel of R42 highlights the thin-bedded sandstone nature of lobe-element 1, in comparison with F:, where the photopanel of R41 shows that only the lower half of lobe-element 1 is

bedded, whereas the upper half is composed of massive sandstone. This change in facies occurs over a distance of 350 metres.
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Figure 86: Correlation panel 5 of vertical profiles R55, R54, R53, R52, R51, R50, R49, R48, R47, R84, R83 and R82.
A: Location map of the profiles on the farm Kleine Gemsbok Fontein 72.

B: Correlated CorelDraw profiles illustrate the predominantly thin-bedded sandstone that predominates in this area. There are also many instances of structured sandstone, especially in lobe elements 2
and 3, which are predominantly composed of parallel-laminated sandstone. Note the large amount of siltstone intra-lobe elements.

C: The Petrel profiles in this correlation panel allow for the beds composed of structured sandstones to be clearly distinguished by their darker blue colour. They are commonly found in lobe-element 3
and the top half of lobe-element 2.

D: The photopanel of R49 shows the thin beds (3 — 10 cm) of lobe elements 1 and 3, and the amalgamated sandstones of lobe-element 3.

E: The photopanels of R50 and F: R51 illustrate the thin-bedded sandstones commonly found in this part of the study area. Note the parallel-laminated beds seen in lobe elements 2 and 3.
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Correlation panel 6 (Figure 87) represents 6 measured profiles, namely
R56, R57, R58, R59, R60, and R61. Only vertical profile R58 shows complete
outcrop. Each of the other profiles has the lower half of lobe-element 1

obscured by scree.

The outcrop thickens from left (north-west) to right (south-east) across the
correlation panel, in a south-easterly direction on the outcrop map (Image A).
The average thickness of the outcrop across this correlation panel is ~12
metres. The outcrop varies from sheets (peach) to amalgamated sheets (dark
yellow) from left to right across the panel. The amount of siltstone inter- and

intra-lobe elements also decreases from left to right.

Images D and E represent a change-over from less-amalgamated to more-
amalgamated sandstones as the outcrop area progresses from R58 to R60, in

a south-easterly direction.

Correlation panel 7 (Figure 88) represents 6 measured profiles, namely
R62, R63, R64, R65, R66, R67, R68, R69, R70, R71, R72, R73, R85, R86,
R87 and R88. Seven profiles scattered throughout the correlation panel show
complete outcrops; the remaining profiles are missing part of lobe-element 1
due to weathering or scree-cover. The outcrop shows a generally thickening
trend from north north-west to south south-east across the correlation panel,
in a south south-easterly direction on the outcrop map (Image A). The
average thickness of the outcrop across this correlation panel is ~16.5 metres,

making it the thickest correlation panel in the study area.

Two instances of channels can be seen in this correlation panel, namely
the areas surrounding profiles R64 and R65, and the area around R86.
Loading, parallel-lamination (light yellow), sandstone sheets (peach) and
amalgamated sandstones (dark yellow) are common. There are fewer
siltstone inter- and intra-lobe elements (blue) in this correlation panel than in
the previous panels. All of these elements can be seen in Image E of profile
R85.
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Figure 87: Correlation panel 6 of vertical profiles R56, R57, R58, R59, R60 and R61.
A: Location map of the profiles on the farms Kleine Gemsbok Fontein 72 and Kleine Riet Fontein 88.
B: Correlated CorelDraw profiles show that lobe elements 1 and 3 are largely composed of massive sandstone, but that it changes to thin-bedded sandstone to the right side (east side) of the panel. Lobe-element 2 is largely

composed of thin-bedded sandstone, but changes to more amalgamated and massive to the right (south south-east) of the panel. This indicates a measure of compensational stacking between the lobes. Note the large amount
of siltstone intra-lobe elements in lobe-element 2.

C: The Petrel profiles highlight siltstone inter-lobe element A (in red-brown) between lobe elements 1 and 2.

D: The photopanel of R58 illustrates the massive nature of lobe-element 3 in contrast with the thin-bedded nature of lobe-element 2 directly below it towards the left side (west) of the panel.

E: The photopanel of R60 illustrates the more thin-bedded lobe-element 3 and the more massive lobe-element 2 found to the right side (south south-east) of the panel.
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Figure 88: Correlation panel 7 of vertical profiles R62, R63, R64, R65, R66, R67, R68, R69, R70, R71, R72, R73, R85, R86, R87 and R88.

A: Location map of the profiles on the farms Kleine Riet Fontein 88 and Drie Fontein 87.

B: Correlated CorelDraw profiles illustrate the predominantly massive sandstone composition of lobe elements to the left (corresponding to north on the map) of the panel and predominantly thin-bedded sandstone to the right
(corresponding to south on the map) of the panel. Profiles R64, R65 and R86 were measured in channelised areas. Note the significant thickening of lobe-element 3 from profile R64 to R65 and the thinning of lobe-element 2.

C: The Petrel profiles show the gradual change-over from massive to structured sandstone from left (north) to right (south) across the correlation panel.

D: The photopanel of R73 illustrates a combination of amalgamated massive sandstone in lobe-element 2 and the top of lobe-element 1, and thin-bedded sandstone at the base of lobe-element 1.

E: The photopanel of R85 illustrates good quality outcrop that highlights the thin-bedded nature of lobe-element 1 and the more amalgamated nature of lobe-element 2.
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5.4. Lobe geometry
According to Rozman (2000) the Lower, Middle and Upper units of Fan 2

are stacked progressively eastwards as each overlying unit is affected by the
topography of the underlying unit, which can be illustrated by the location of

the depositional axes of each of the units (Figure 89).

Lower 2 km

ENRNINENENNNy,

= oy '
Middle gUpper

Figure 89: Lateral stacking of the Lower, Middle and Upper units of Fan 2, illustrating

the eastward shift of depositional axes (after Rozman, 2000).

Following this model, and from observations in the field, the lobe elements
of Middle Fan 2 are seen to stack progressively eastward in a similar manner
as the Lower, Middle and Upper units of Fan 2, with all three of the lobe
elements pinching out laterally within 1 km (Figure 90). The location of the

pinch out in relation to the study area can be seen in plan view in Figure 91.

The stacking of lobes and lobe elements can be influenced by the
underlying topography during deposition, thus falling under autogenic control.
As a result, each consecutive lobe or lobe-element is positioned in a slight

topographic low left by the previously deposited lobe or lobe-element.
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Avulsion of distributive channels up-dip of the study area towards the north-
west can also have an influence on the stacking of lobes and lobe elements

(Prélat et al., in review).

Lobe-element 1 (indicated in yellow) is the lowermost and oldest of the
lobe elements. It pinches out first, both to the north-east on the farm Los Kop
74 (Figure 92, Image A), and the south-southwest on the farm Drie Fontein 87
(Figure 92, Image B). The base of lobe-element 1 is often obscured by scree,
making it difficult to trace out in outcrop. Lobe-element 2 (indicated in orange)
is stacked on top of lobe-element 1, but is slightly offset to the east. It pinches
out between 200 and 400 metres further east than lobe-element 1. Lobe-
element 3 (indicated in red) is stacked on top of lobe-element 2 and is also
offset to the east. It pinches out approximately 300 metres further east than

lobe-element 2.

Vertical profiles were not measured in the areas represented by Figure 92
as the lobe elements were commonly only visible in outline, if at all. The
thickness of the lobe elements rarely exceeds half a metre, and they are

generally obscured by scree or are highly weathered.

West East

C Lobe element 2 20 m
Lobs element 1 &'
Pmch out direction- >

Figure 90: Stacking of sandstone-lobe elements 1, 2 and 3 in relation to each other.
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Figure 91: ArcView map showing the location of the up-dip (A) and down-dip (B) pinch out of lobe-

element 1 (yellow), 2 (orange) and 3 (red) in relation to the study area.
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Sandstone lobe element 3

--------- Sandstone lobe element 2

Sandstone lobe element 1

Figure 92: Panorama photomontage illustrating the pinch-out of lobe elements 1 (yellow), 2 (orange) and 3 (red) on the farms Los Kop 74 (Image A) in the north-east (down-dip) and the farm Drie Fontein 87 (Image B) in the
south-southwest (up-dip). Lobe-element 1 pinches out first in both locations, followed by lobe-element 2, and finally by lobe-element 3.
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5.5. Sequence stratigraphy

55.1. Introduction

Sedimentary successions can be grouped into depositional systems tracts
that together make up a depositional sequence. A depositional sequence is
bound at its top and bottom by unconformities, and is formed during a single
cyclic rise and fall of relative sea level, which equates to a rise and fall in the

base level of the depositional basin (Boggs, 2006).

A eustatic rise or fall in sea level, coupled with a period of tectonic uplift or
subsidence, changes the relative sea level, and can cause an increase or
decrease in accommodation, in turn making more or less space available for
sediments to accumulate. If the sediment supply exceeds the relative sea-
level rise, the basin will become shallower resulting in a regression. If the
relative sea-level rise exceeds the sediment supply the basin will become
deeper, causing a transgression. Erosion of the sediments can occur if the
sediment supply exceeds the accommodation space to such an extent that it
reaches sea level. A drop in relative sea level will expose the sediments,
allowing them to be eroded away (Boggs, 2006). This causes an unconformity
that may represent a considerable period of geological time that has been

lost. Unconformities can also form when a period of non-deposition occurs.

Deep-water turbidites are deposited in parts of a basin that always have
available accommodation. This implies that a relative change in sea-level has
less influence on the development of the fan system than the amount and
type of the sediments that are available to be deposited (Johnson et al.,
2001).

5.5.2. The Tanqua sub-basin

Each fan in the Tanqua sub-basin is interpreted to be a low-frequency
lowstand systems tract. Each of the 20 to 60 metre thick claystone intervals
between the fans has been interpreted to represent transgressive and

highstand systems tracts (Goldhammer et al., 2000; Johnson et al., 2001)
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By applying the hierarchies suggested by Mutti & Normark (1987),
Deptuck et al. (2008) and Prélat et al. (in review), the Tanqua fan complex
can be seen as a 1% order fan complex, and Fan 2 can be seen as a 2™ order
fan. Middle Fan 2 can be seen as a 3™ order lobe. It is subdivided into lobe
elements (1, 2 and 3) that classify as 4™ order, bed-sets that classify as 5

order and individual 6" order sandstone beds.

5.5.3. Middle Fan 2

The sandstone intervals make up the biggest part of Middle Fan 2 and
represent active fan growth due to high sediment supply. The siltstone and
claystone intervals represent a period of fan retreat due to low sediment

supply (Johnson et al., 2001; Hodgson et al., 2006).

The most effective way to perform a sequence stratigraphic analysis on
the Tanqua sub-basin, and Middle Fan 2, is by using condensed intervals.
According to Johnson et al. (2001), Type 1 horizons represent the 20 to 60
metre thick claystone packages that are found between Fans 1, 2 and 3. They
are indicative of “transgressive and highstand systems tracts of low-frequency
sequences” (Johnson et al., 2001, p. 1006) and can be interpreted as “the
deep-basin equivalent of the maximum flooding surface on the coeval shelf”
(Johnson et al., 2001, p. 1006).

Hemipelagic claystone background deposition is found between the
Lower, Middle and Upper units of Fan 2. They can be described as Type 2
condensed intervals that represent intrafan packages that are between 0.2
and 3 metres thick (Johnson et al., 2001; Hodgson et al., 2006), and are
deposited across the lobe complex during periods of reduced sand supply

(Prélat et al., in review).

The Type 2 horizons are found throughout the outcrop area and are
interpreted to be indicative of allocyclic controls on the basin, for example
sea-level changes (Hodgson et al., 2006), and tectonic- and climate changes

(Prélat et al., in review). Type 2 horizons represent “transgressive and
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highstand systems tracts to high-frequency sequences” (Johnson et al., 2001,
p. 1007). In the study area, the change from an underlying Type 2 horizon to

overlying sandstone is interpreted as a sequence boundary (SB).

However, a different interpretation invokes autocyclic control of deposition
as a result of intrabasinal aspects such as channel meander, avulsion, and
the underlying topography during deposition. According to this interpretation,
the fine-grained deposition between lobes represents the lateral fringes of
extra lobes that lie to the east or west of the studied outcrop, with avulsion of

these lobes occurring at a scale of more than 10 km (Prélat et al., in review).

The siltstone inter-lobe elements are found between the sandstone-lobe
elements. They can be described as Type 3 condensed intervals that
represent thin-bedded, commonly amalgamated siltstones with a thickness of
less than 30 centimetres. They are found throughout the outcrop area and are
interpreted to represent allocyclic switching within the fans that is caused by
“very high-frequency, parasequence-scale, shelf-flooding events” (Johnson et
al., 2001, p. 1007). The application of sequence stratigraphy to Middle Fan 2

can be seen in Flgure 93.

Figure 93: Photomontage of profile R42 (34H0397661/UTM6374647) illustrating the

position of Type 2 horizons (sequence boundaries, in red), Type 3 horizons (siltstone

inter-lobe elements, in light blue), lobe elements 1, 2 and 3 (in yellow, separated by the

Type 3 boundaries) and a prominent siltstone intra-lobe element (in dark blue).



148

Chapter 6

Palaeocurrent analysis
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6. Palaeocurrent analysis

6.1. Introduction

Palaeocurrent measurements were taken using a Krantz geological
compass with magnetic declination set at 21° W of N. In total, 142

measurements were taken, of which 134 were in sandstone and 8 in siltstone.

The measurements in sandstone were of ripple cross-lamination, flute
casts and groove casts, and the measurements in siltstones were of ripple
cross-lamination. Palaeocurrent measurements from ripple cross-lamination
were taken where the latter occurs in plan view. The dip of the beds was

negligibly small, and as such there was no need to correct for dip.

The distribution of palaeocurrent measurements within the three different
lobe elements of Middle Fan 2 are as follows: 57 measurements in lobe-
element 1, 30 in lobe-element 2 and 47 in lobe-element 3. Five palaeocurrent
measurements were taken from inter-lobe element siltstone A and three
measurements were taken from inter-lobe element siltstone B. Ripple cross-
lamination provided 115 palaeocurrent measurements, and flute- and groove

casts provided 27 measurements.

6.2. Flute casts

Flute casts commonly occur at the bases of turbiditic sandstones. They are
formed as sandstone casts of a hollow which is created by powerful turbidity
current eddies that scoop out mud from the sea floor. Turbidity currents can
reach velocities of 60 — 70 km/h. The cast has a rounded nose that points
upstream and becomes shallower downstream which means flute casts can
be used to determine palaeocurrent directions (Potter et al., 1977; Pettijohn et

al., 1987). Flute casts are formed by unimodal currents.
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6.3. Groove casts

Groove casts (Figure 24 & Figure 94) are also common on the bases of
turbidite beds. They are ridges created when a furrow, formed by an object
being dragged across unconsolidated mud by a turbidity current, is filled up
when a layer of sand is deposited in the furrow. They are also used as
palaeocurrent indicators, but only indicate the orientation of the flow (Boggs,
2006), and are thus ambiguous, as the flow is from one of two opposing
directions. The measured palaeocurrent direction was selected to coincide

with the overall palaeocurrent direction determined by Rozman (2000).

E,ML,;'

Figure&l: Groove casts at the base of a massive sandstone bed (R34,
34H0400014/UTM6374796, Klein Gemsbok Fontein).

6.4. Ripple cross-lamination (“Rib and furrow”)

The ripple cross-lamination in the sand- and siltstones resulted from
migrating linguoid ripples with amplitude of no more than 5 centimetres. The
ripples form parallel to the general direction of flow of the water mass due to
traction of the sand grains and development of foreset beds (Allen, 1966;
Pettijohn et al., 1987) (Figure 95), and they are thus formed by unimodal

currents.
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Figure 95: Ripple cross-lamination seen from above (arrow) (near vertical profile RO1B,
34H0399413/UTM6373810, Klein Gemsbok Fontein).

Results

Rose diagrams were compiled for Middle Fan 2, incorporating all the
measurements taken in the study area (Figure 96), and separately for each of
the lobe and inter-lobe elements (Figure 97). The diagrams were created
using the computer program EZ-ROSE, Version 1.0 created by J.H. Baas of
the Department of Earth Sciences, University of Leeds (Baas, 2000). No

mean vector calculations were undertaken for the palaeocurrent orientations.

The general trend for Middle Fan 2 is to the north north-east, with a
second smaller peak to the north. In the individually-generated rose diagrams,
lobe elements 2 and 3 have a general trend to the north-east, and lobe-
element 1 to the north-northeast. However, some variation can be seen
between 0 and 90 degrees.

Few palaeocurrent measurements were taken for inter-lobe elements A
and B, as the siltstones are mostly badly weathered, making it difficult to take
accurate readings.
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Ripple cross-lamination and flute casts have unimodal palaeocurrent
orientation, whereas groove casts are ambiguous. Despite this, all the
palaeocurrent measurements were represented as unimodal on the rose
diagrams generated below as the major palaeocurrent trend provided by the
115 measurements taken from ripple cross-lamination is to the north north-

east.

A single figure would be desirable, derived by calculation (Tucker, 1982) to

complement the visually successful, but numerically inadequate rose diagram.

Figure 96: Rose diagram of 142 palaeocurrent

n= 142 measurements representing the entire Middle Fan 2.
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Lobe Element 3

n=47

Inter-Lobe Element B

Lobe Element 2

n =30

Inter-Lobe Element A

Lobe Element 1

n=57

Figure 97: Rose diagrams depicting palaeocurrent measurements of the lobe and inter-lobe

elements.
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Chapter 7

Depositional model
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7. Depositional model

A data-driven depositional model of Middle Fan 2 is presented that
integrates measured vertical profiles, the distribution of lithofacies, bed
thickness, stratigraphy and architectural elements (channels, sheets and

amalgamated sheets).

Previous depositional models for the entire fan have been created
(Johnson et al., 2001; Bouma 2000). Here, a new depositional model for the
pinch out of Middle Fan 2 is presented (Figure 98), which took the ratio of
architectural elements into account for each of the vertical profiles or group of

vertical profiles in the study area.

Yellow squares represent channels, light blue represents amalgamated
sheets and dark blue represents sheets. The size of the square indicates the
predominant architectural element. For example, a yellow square followed by
a light blue and a dark blue square indicates a channelised area mostly
comprised of amalgamated sheets, with a smaller amount of sheets. The red
squares always indicate the presence of one or more co-genetic debrite beds,

regardless of the size of the square or its order relative to the other squares.

Outlines were drawn to indicate areas that were populated by the different
architectural elements (Figure 98). Some of the outlines are based on little
data, e.g. in the south of the study area, where the. The geometry of the
outlines indicate finger-like thickening across the outcrop area that coincides
with a facies change. Channellised massive sandstone changes to
amalgamated sheeted massive sandstone, which, in turn, changes to sheeted
massive- and structured sandstone (predominantly composed of parallel- and
ripple cross-laminated sandstone). The co-genetic debrite beds are most
commonly found in the amalgamated sheet area. Middle Fan 2 is interpreted
to be a lobe (Rozman, 2000). Each of the three lobe elements is present
throughout the study area, apart from the pinch-out areas to the north-east

and south-southwest.
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Only two channels are present in the study area, and they only display
minimal erosion (approximately 30 cm) into the underlying substrate. This
indicates that the velocity of the turbidity current was already reduced by the

time it flowed through the channels.

The channel deposits change laterally into amalgamated sheet deposits,
and then transform into non-amalgamated sheet deposits. No levee deposits
were found in the study area. Leveed channels and levee deposits are
generally found in the middle fan on the basin plain (Bouma, 2000), where
there are still high-velocity feeder currents that can force the flow over the
margins. This is an indication that the amalgamated sheet and sheet deposits

were formed in a comparatively low-energy area of the submarine fan.

The Grand Banks earthquake off Nova Scotia, (U.S.A.) in 1929, triggered
a turbidity current that travelled at speeds of up to 67 km/h, timed by breaks in
submarine telegraph cables. The velocity of a turbidity current decrease as
the flow spreads out over the basin or ocean floor at the base of slope (Boggs,
2006). The energy decrease from channels to amalgamated sheets to sheets
also occurs in a north-easterly direction, which is also the main

palaeotransport direction.

If the two channels in the study area are classified as distributary channels
that are found in the lower fan on the basin plain (Bouma, 2000), they would
feed directly into sheet-sand lobes, which would explain the absence of
leveed channels and deposits. Close to the distributary channels, the turbidity
currents would still retain enough energy to form amalgamated sheets co-
genetic debrites. However, farther away from the distributary channels, the
turbidity current would quickly dilute, forming progressively thinner sheets until
they pinched out and there would be less chance of co-genetic debrites being

formed.

Middle Fan 2 is interpreted as a lower-fan, sand-rich lobe fed by a
distributary channel that is hypothetically positioned to the west-southwest of
the study area. The limited amount of channels present may be a function of
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the relatively low-energy origins of the deposits in the study area. The higher

the available energy, the more channelised areas would be created.

A variation on the first depositional model was created using a facies map
developed from Fan 3 (Figure 99, Strat Group, 2008). This lithofacies model
(Figure 100) defines the axis, off-axis and fringe zones. These zones are
comparable to the channel, amalgamated sheet and sheet zones defined for
the first depositional model (Figure 98), and zones depicting the debrite-prone
fringe were also added.

The finger-like shapes of the facies map (Figure 99) and the Fan 2
depositional model (Figure 98) shows great similarity, although the measured
outcrop data are less symmetrical than those of the theoretical model. Unlike
the cartoon, the depositional model does not include a distal fringe, as the
pinch-out ends abruptly with fringe deposits. The debrite-prone fringe seen in
the depositional model also originates out of the axis deposits, instead of the
off-axis deposits as represented by the cartoon.

-
/
) —
\
I
/
/
/7
axis _ | distal fringe
off-axis debrite-prone fringe
fringe 3 isopach (metres)

Figure 99: Facies distributions in alobe developed from

observations in Fan 3 (Strat Group, 2008).
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Figure 100: Depositional model illustrating axis and fringe zones of Middle Fan 2.
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Chapter 8

Discussions and conclusions
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8. Discussion and conclusions

This chapter discusses the aims set at the start of this thesis and the

results of the study.

Aims and results:

1. To document the precise changes in lithostratigraphy and
sedimentology towards a submarine fan pinch-out within a distal fan

setting;

The detailed vertical profiles allowed for the characterisation and
interpretation of the stratigraphic and sedimentological changes across Middle
Fan 2. The outcrop changes from a relatively high-energy channelised area in
the south-west to a relatively low-energy sheet-dominated area in the north
and north-east. The total vertical thickness of the Middle Fan 2 outcrop
decreases from channelised to amalgamated sheet areas, and again from
amalgamated sheet to sheet areas. Despite the lateral down-system thinning
of the lobe, all the lobe elements are still present throughout the outcrop. The
lobe elements pinch out towards the the north-east and south-southwest of

the study area.

a. To define and interpret lithofacies characteristics accurately for

Middle Fan 2 across the study area;

Six lithofacies were described based on grain size and primary
sedimentary structures. Massive sandstones are predominantly found in the
higher-energy areas, close to the distributary channels and in the
amalgamated sheet area of the lower fan. Ripple cross- and parallel
laminated sandstones are found in the amalgamated sheet and lower-energy
sheet areas of the lower fan. Siltstones and claystones are found throughout
the lower-fan study area. Co-genetic debrites are generally found in the

amalgamated sheet area.
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b. To determine, define and interpret the architectural elements of
Middle Fan 2;

Three architectural elements were identified in Middle Fan 2. They are
channels, amalgamated sheets and sheets. The two cases of channels are
confined to the south-western area of the outcrop. The amalgamated sheets
and sheets extend laterally with a roughly finger-shaped geometry away from
the channelised area in a north-easterly direction. The feeder channels
originate from a south-westerly direction, and transport sediments in a north-
easterly direction. The energy available in the system decreases in a north-
eastern direction. This results in the transition from channels to amalgamated

sheets to sheets.

c. To define and interpret the internal stratigraphy of Middle Fan 2

by designating lobe and inter-lobe elements;

Fan 2 can be interpreted as a lobe complex or fan. It is subdivided into
three lobes, namely Lower, Middle and Upper Fan 2. Middle Fan 2 is further
subdivided into three lobe elements, which are each made up of various bed-

sets and beds.

The sandstone-lobe elements, designated 1, 2 and 3, are separated by
siltstone inter-lobe elements, designated A and B. The three sandstone-lobe
elements are found throughout the study area and pinch out to the north-east

and south-southwest.

The average thickness for the sandstone-lobe elements is approximately
four metres, with a minimum thickness of ~1 metre and a maximum thickness
of ~6 metres, classifying them as very thick beds. The average thickness for
the siltstone inter-lobe elements is approximately 0.1 metres with a minimum
thickness of ~0.03 metres and a maximum thickness of ~0.3 metres,

classifying them as medium to thick beds.
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The siltstone inter-lobe elements are frequently eroded away by overlying
sandstone-lobe elements, and the lobe elements thin progressively further
away from the distributary channels in the direction of the sheets. The
average vertical thickness for Middle Fan 2 in the channelised area is ~16
metres; in the amalgamated sheet area it decreases to ~14 metres; in the

sheet area it decreases to ~8 metres.

d. To determine and illustrate possible palaeocurrent patterns;

One-hundred-and-forty-two palaeocurrent measurements were gathered
throughout the study area. Rose diagrams were generated for each of the
lobe and inter-lobe elements, and for Middle Fan 2 as a whole. The
palaeocurrent orientation shows some variation, but the average was not
calculated. The predominant direction of transport is in a north-easterly

direction.

e. To apply sequence stratigraphy concepts to Middle Fan 2;

The interfan successions between the fans in the Tanqua fan complex can
be described as Type 1 condensed intervals. The claystone intrafan
successions that are found between the Lower, Middle and Upper units of Fan
2 can be interpreted as Type 2 condensed intervals. They are indicative of
allocyclic controls on the basin, and the change from an underlying Type 2

horizon to overlying sandstone indicates a sequence boundary.

The siltstone inter-lobe elements A and B found between the sandstone-
lobe elements 1, 2 and 3 can be described as Type 3 condensed intervals
that most likely represent autocyclic switching, meaning that these intervals
are the lateral (marginal) facies of similar lobe intervals elsewhere in the fan

system.
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2. To determine the regional extent of co-genetic debrites (sensu
Haughton et. al., 2003), and the possible significance thereof when

compiling a depositional model,

Co-genetic debrites are found throughout the study area. They are not
laterally extensive as they generally pinch out within ten metres and they do
not form a distinct layer that can be followed out in outcrop. They are
predominately associated with the amalgamated sheet areas as they require
more energy for formation and transport than is available in the sheet areas.
The locations of vertical profiles that contain measured co-genetic debrites
are arrayed as a debrite-prone fringe, of which each lobe-like protuberance

originates in an axis zone.

3. To generate a depositional model for Middle Fan 2

The relevant data from the preceding chapters were used to generate a
depositional model for Middle Fan 2. Of particular importance were the
measured vertical profiles and the architectural elements, as well as

palaeocurrent data and the location of co-genetic debrites in the study area.

The resultant depositional model indicates that Middle Fan 2 has a
distributary channel as a feeder system that changes laterally into
amalgamated sheets and sheets as the sediments move downslope from a
higher-energy to a lower-energy area. There are neither levee channels nor
levee deposits, indicating that Middle Fan 2 was formed as a lower-fan sand-

rich lobe.

A second depositional model was generated, which designates the
channel, amalgamated sheet and sheet areas as axis, off-axis and fringe
deposits, respectively. This depositional model allows for the placement of a
debrite-prone fringe in the locations where co-genetic-debrites were

measured in outcrop, with the debrites originating from the axis zone.
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4, To apply 1-, 2- and 3-dimensional manipulation of the vertical profile

data to visually illustrate gradual changeover to pinch-out;

Data manipulation was effectively applied to all the outcrop data to
generate digitised databases for use in DSL and Petrel. Digitised vertical
profiles were also successfully superimposed onto photomontages of the
outcrop to enable the accurate delineation of lobe and inter-lobe elements and
the interpretation of architectural elements and the application of sequence
stratigraphy. Seven correlation panels were generated using the results of the

data manipulation and digitisation.

5. To generate surfaces, isopach maps, static model grids and facies
models using Petrel software to illustrate the sedimentological and
stratigraphical changes visually towards the pinch-out, and to
determine the efficacy of detailed measured vertical profile data for
use with Petrel software;

The outcrop data was effectively incorporated into Petrel for the creation of
surfaces, isopach maps, static-model grids and facies models. The process
was very iterative, as the outcrop data had to be manipulated in such a way
as to enable them to be incorporated into Petrel. Limitations of the outcrop
data include areas where no outcrop data were available or where significant
amalgamation of lobe elements generated incomplete “wells”. Some of the
detailed small-scale variations in facies were lost as vertical profiles measured
too closely together caused a radius of influence on adjacent “wells”. Isopach
maps were compared with the first depositional model, and reiterated the

placement of the designated channel, amalgamated sheet and sheet zones.
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Appendix B

PowerPoint presentation given at PetroSA on 18 June 2008.

Modelling the
architecture of distal
sand-rich lobe deposits:
an example from Fan 2,
Skoorsteenberg
Formation, Tanqua
Karoo, South Africa

Rochelle Steyn
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Study area: Fan 2

o

Kleine Gemsbok Fontein -

Kopjes Kraal

)

"Drie Fontein Ongeluks Rivier

"“‘”Cooglé‘*

B e e e o
0 04 08 18 24 32
Kiometors 1:50,000

Aims

¢ Detailed vertical profiling in Middle
Fan 2

¢ Detailed breakdown of lobe elements
in Middle Fan 2

¢ Facies associations between distal
turbidity current deposits and lateral
pinchouts

¢ Dimensions of linked debrites
¢ Petrel data manipulation
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Outcrop and lobe elements:

B ROOA ROOB
0.07 km 0.07 km



Chapter 3 |Chapter 7.3.1

|Chapter 7.3.6

Lithofacies description DSL facies

RODA
Surfaces X

07
0.1

06

Base3MopB 0767

Base B/Top 2 038
0325

Base 2/Top A

Base AfTop 1

Base 1

Top 3 -327692 1992548

01

9.42
0.27

0.51

3Top B

645|Base 3/Top B
641.38|Base 3/Top B
658.42|Base 3/Top B
637 .26|Base 3/Top B
637.95|Base 3/Top B
640.62|Base 3/Top B
639.68|Base 3/Top B
659.16|Base 3Top B
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Petrel facies associations

Rochelle Steyn:
Top measured GPS
coordinates
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coordinate for surface
Base 2{Top A

Rochelle Steyn:
Bottom calculated GPS
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Convergent interpolatriron: polygon A
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Sequential indicator simulation: polygon A

Sequential indicator simulation: polygon B
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Conclusions

¢ Iterative process

¢ Official Petrel training needed
¢ Data not suitable?

¢ Hand-in: 1 September 2008

¢ Questions?

¢ Thank you
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Appendix C

Isopach maps using the Kriging algorithm and convergent interpolation with
polygon A (A and B on Figure 101 to Figure 105) and convergent interpolation
with polygon B (C and D on Figure 101 to Figure 105).

Figure 101: Isopach maps for sandstone-lobe element 1 using Kriging interpolation (A) and convergent

interpolation (B) with polygon A, convergent interpolation with polygon B at a range of 50 metres (C),

and convergent interpolation with polygon B at a range of 5 metres (D).
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Figure 102: Isopach maps for sandstone-lobe element 2 using Kriging interpolation (A) and convergent
interpolation (B) with polygon A, convergent interpolation with polygon B at a range of 50 metres (C),

and convergent interpolation with polygon B at a range of 5 metres (D).



191

400000 02000
S R
=

400000 402000
il 1

6376000 ' e ;
376000 | E |- s3reo00

6374000 5374000 | WA R |- Graunn

Yaxis
6372000 6372000
6370000

370000

6360000
IGO0

——— :
i e 400000 102000
96000 298000 w00 w200

37000 —

6376000 = 6376000 S {o #376000

74000 — i 33000 5372000 & 6373000

e 280 Aounun y 3 305000 n80n0
awis 0 Heais

Figure 103: Isopach maps for sandstone-lobe element 3 using Kriging interpolation (A) and
convergent interpolation (B) with polygon A, convergent interpolation with polygon B at a range of

50 metres (C), and convergent interpolation with polygon B at a range of 5 metres (D).
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Figure 104: Isopach maps for siltstone intra-lobe element A using Kriging interpolation (A) and

convergent interpolation (B) with polygon A, and convergent interpolation with polygon B at a range
of 50 metres (C), and convergent interpolation with polygon B at a range of 5 metres (D).
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Figure 105: Isopach maps for siltstone intra-lobe element B using Kriging interpolation (A) and
convergent interpolation (B) with polygon A, convergent interpolation with polygon B at a range of 50

metres (C), and convergent interpolation with polygon B at a range of 5 metres (D).
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