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2. ABSTRACT 

The Witpoort Formation, a Late Devonian (Famennian) coastal siliciclastic sedimentary 

succession, has not received a detailed sedimentary facies analysis in the past three decades, 

despite significant palaeontological discoveries from its strata. Here, sedimentary facies, 

sediment dispersal patterns and ichnology are, for the first time, applied in combination to 

form a sedimentological background to the only high-latitude palaeoecological dataset from 

its time stage. The results of this thesis indicate a non-marine, sheet-braided fluvial deposit in 

which transgression of the coast led to the development of marginal-marine, estuarine facies, 

favouring the preservation of body and trace fossils. The deposits accumulated in erosively-

based, valley-fill fluvio -estuarine cyclothems along an approximately WNWïESE trending 

shoreline bordering the Agulhas Sea. 

Towards the top of the succession (Perdepoort Member) fluvial progradation, and the lack 

of marginal-marine facies, indicate maximum regression, consistent with a globally 

recognised sea-level fall during the late Famennian. The end-Devonian Hangenberg Event is 

contemporary with the uppermost strata of the Witpoort Formation, in concord with prior 

assessments. Evidence for glaciation associated with this event in South Africa remains 

tenuous, though it is predicted that careful study of the Skitterykloof Member in the 

uppermost Witpoort Formation will find that periglacial processes were operating during its 

deposition, and perhaps also lower in the stratigraphic column. The Kellwasser Event, 

defining the FrasnianïFamennian boundary, is not recognised in the studied stratigraphic 

column, though it is predicted that the event will have occurred during deposition of strata 

that underlie the Witpoort Formation.  

Analysis of eustatic patterns from the global Famennian stratigraphic record and 

comparison with the stratigraphy described herein indicates that eustasy formed an important 

control on sedimentation in the Witpoort Formation. This presents the strongest evidence for 
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constraining the chronology of its strata. There is an urgent need for further multi-proxy 

analyses, especially geochemical and palynological, as have been conducted in Euramerican 

strata, to increase the chronostratigraphic resolution and recognition of Late Devonian 

extinction events in the Witteberg Group.  

Fossil biodiversity of the Witpoort Formation is principally known from the Waterloo 

Farm locality, which is here shown to be lower in the stratigraphic column, and therefore 

older, than previously thought. Waterloo Farm is here positioned in the upper Rooirand 

Member. This deposit appears to have formed in a fresh- to brackish-water inner estuary, 

possibly tens of kilometres from the shoreline. Analysis of a new fossil locality, Rabbit 

Ridge, from lower in the stratigraphy, presents a comparable estuarine depositional 

environment to Waterloo Farm. Higher degrees of marine influence at Rabbit Ridge are 

indicated by the invertebrate and trace fossil signatures. The ecology of invertebrate 

communities and trace fossils indicate variable salinity levels and depositional rates from a 

spectrum of estuarine sub-environments that occurred at intervals throughout the Rooirand 

Member. 
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Figure 5.10: Low angle undulatory cross-stratification from the Witpoort Formation (Facies Su). A) A 

heterolithic bed of fine-grained sandstone with mud drapes and black shale interbeds from Waterloo 

Farm (WF 1b) (black arrow at left indicates a slight erosional discordance that is traceable to a 

conformable surface). B) Su laminasets with rhythmic mud drapes, interbedded with unidirectional 

ripple laminae and overlain by horizontally laminated sandstone (Sh) (scale bar = 5 cm). C) An 

isolated Su interbed in a siltstone horizon (Skitterykloof Member at Waaipoort, WP 3). Scale 

increments in A are 1 cm, scale bars in B and C are 5 cm. B is from the Rooirand Member (WP 1).112 

Figure 5.11: Horizontally laminated sandstone (Facies Sh) in the Witpoort Formation. A) Fine-

grained, very thinly laminated sandsone topset overlying St (ruler segment is 16 cm long). B) Slight 

mineralogical changes in quartz arenite composition mark the lamination in this photograph. C) This 

lowermost Witpoort Formation bed contains an association of Sh and Sl (p), indicating high energy 

conditions. D) Heterolithic, mud-draped Sh from the upper Weltevrede Formation at Howisonôs 

Poort. A plug-shaped burrow is visible at the bottom of the photograph (scale increments in cm). E) A 

fine-grained sandstone interbed from the Rabbit Ridge Upper Section mudstone. This unit blurs the 

distinction between Su and Sh. A slight erosion surface truncates the sub-horizontal laminae. This 

horizon contains Lingulichnus burrows and deposit feeding traces. ................................................... 113 

Figure 5.12: Ripple cross-laminated sandstone facies in the Witpoort Formation (Sr (a) AïC, Sr (b) 

DïF)) (scale bars and squares are 1 cm, unless otherwise stated). A) Unidirectional, ripple cross 

laminae with curved foresets arranged in laminasets with slight muddy partings. B) Flaser bedding 

with mud draped ripple cross laminae and laminasets. C) Curved crested, unidirectional ripple cross 

laminae in current normal view. D) Lenticular bedding with isolated sand ripples embedded in shale, 

note the bidirectional cross laminae giving a slight herringbone effect. E) Flaser bedding with 

supercritical climbing ripples. F) Thin bed of round crested, symmetrical ripples with bidirectional 

foreset orientations and mud drapes (scale bar is 10 cm long).  G) Straight-crested current ripple form 

sets. H) Linguoid ripple form sets. ...................................................................................................... 117 

Figure 5.13: Horizontally-laminated shale and mudstone facies (Fh). A) A 3-metre thick mudstone 

horizon showing regular colour stratification (Coombs Hill, IO horizon). B) A metre thick black shale 

horizon with regular thin oxide rich interbeds from Howisonôs Poort (HP 3). C) Finely preserved 

comminuted plant fragments in black shale at the Waterloo Farm Blue Layer (scale in cm). D) 
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Synaeresis cracks associated with Undichna from the Waterloo Farm Main Fish Lens. E) Block of 

mudstone from the horizon shown in A. Stratification in this rock is limited to horizontal alternating 

red and grey laminae. The red, oxidised layers are discontinuous, and are the product of secondary 

iron oxidation. They are subordinate in thickness to the grey layers. ................................................. 120 

Figure 5.14: A dropstone from Waterloo Farm contained within a block of weathered black shale. 

Note the slightly tapered margins of the clast, interpreted to be the surface level that the clast occupied 

after impact where the margins subsided slightly. Above this level shale laminae onlap the clast. ... 124 

Figure 5.15: Sandstone with mud drapes facies (Sc) (All scale bars and squares represent 1 cm, white 

arrows indicate mud couplets). A) A rock sample from Coombs Hill containing irregular parallel-

laminated rhythmites. A gutter cast at the base of the slab is concordantly filled. Trace fossils are 

Skolithos ichnofacies taxa with a very low bioturbation intensity (BI 1ï2). Stippled rectangle 

indicates the area enlarged in B, which shows the mud drapes and couplets. C) A 25 cm thick bed 

(uppermost Weltevrede Formation, Waaipoort) containing horizontally-laminated sand with mud 

drapes, arranged in 1ï5 cm thick laminasets of cyclically fining and coarsening laminae, as 

interpreted to the right of the photograph. D) A bed of subhorizontal, parallel-laminated quartz arenite 

with sporadic very thin mud drapes and couplets, which occupies the unit immediately underlying a 

black shale bed, the Waterloo Farm upper shale (seen at top of photograph). E) Enlargement of the 

bed in D showing the mud couplets (arrowed) and heavy mineral laminae. F) Sigmoidal cross-strata 

with horizontal, mud rich topset and bottomset (upper Weltevrede Formation, Howisonôs Poort). 

Many of the mud drapes are confined to the bottomset, some of them continue along the length of the 

foreset. The most continuous drapes are distinctly coupled (arrows). Multiple slight reactivation 

surfaces are evident in the bed. G) Planar cross-stratified thin bed with irregular foreset thickness and 

alternating silt-poor and silt-rich laminae. The laminasets (LS) are separated by slight reactivation 

surfaces (R) marked by undulations at the lower bounding surface (stippled line) overlain by the most 

sand-rich laminae. A horizontal topset erosively overlies the bed. ..................................................... 126 

Figure 5.16: Repeated parabolic cross-stratification alternating with undeformed thin beds in the 

upper Witpoort Formation (Ruler is 50 cm2). ..................................................................................... 131 

Figure 5.17: Parabolic cross-stratification in the Witpoort Formation: A) Simple, symmetrical 

parabolic cross-stratification interbedded with undeformed strata in the lower Witpoort Formation at 

Howisonôs Poort (scale in cm). B) Convoluted parabolic cross-stratification from the upper Witpoort 

Formation in the Grey Dam section (visible ruler segment is approximately 20 cm long). C) The axis 

of deformation in this set is oblique to the set lower bounding surface (ruler segment is approximately 

35 cm long). D) Small-scale parabolic cross-stratification overlain by thinly laminated sandstone with 

abundant small-scale convolutions in the uppermost Witpoort Formation strata at a quarry adjacent to 

Grey Dam (scale in cm). E) Enlargement of a flame in sandstone immediately underlying the 

deformation shown in C (scale bar represents 1 cm). F) Foresets are deformed into an S-shape 

(compass is 72 mm in diameter). G) Simple parabolic grading laterally to S-shaped parabolic cross-

stratification in the lower Witpoort Formation at Featherstone Kloof. Note convolutions and 

dewatering structures in the overlying horizon (arrow indicates a truncated chevron structure) (scale in 

cm). ..................................................................................................................................................... 132 

Figure 5.18: SSDS in the Witpoort Formation: A) Bedding-oblique chevron structure from a horizon 

immediately overlying the structure shown in G (ruler is 50 cm squared). B) Small-scale, bedding-

oblique chevrons. C) A syn-sedimentary fault. D) Centimetre-scale load casts at the sandstone-

siltstone interface in heterolithic deposits. E) Load casts at the siltstoneïsandstone interface (scale bar 

= 5 cm). F) Complex convolution structures with pipe-like features (arrowed) interrupting 

sedimentary laminae (ruler increments in cm). G) Large scale loading and slump structures at the 

sandstone-shale interface, abundant SSDS are recorded in the immediately overlying sandstone (ruler 

is 1 m long). ........................................................................................................................................ 134 

Figure 5.19: Synaeresis cracks from black shale facies (Fh). Above, the bedding plane expression 

(scale bar = 1 cm). Below, profile view of the same slab as above, showing two parallel cracks that 

intersect the bedding plane (white arrows), and their intrusion into the underlying bed (highlighted by 

black arrows). ...................................................................................................................................... 136 
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Figure 5.20: A clastic duke exposed at Waterloo Farm, note the sharply truncated, undeformed 

bedding in the dyke walls in AïD. A) Profile view of the feature, neither the top nor base of the 

structure are exposed in the section. B) Bedding-parallel slip related to the regional structural 

deformation is evidenced by displacement of the dyke walls. Arrow shows the direction of 

displacement. C) Wall-parallel silica deposits. D) Massive dyke fill. E) Stereonet restoration of the 

structure shows that it was originially vertical. ................................................................................... 138 

Figure 5.21: Possible ice keel scours from similar horizons in the upper Rooirand Member at 

Waaipoort (A, enlarged in C) and Waterloo Farm (B, D). D shows a profile view of the bedding 

surface in B, perpendicular to the long axis of the striae. Scale bars: A = 1 m, B = 7 cm, C = 1 cm, D 

= 5 cm. ................................................................................................................................................ 141 

Figure 5.22: A) Palaeoflow vector roses by lithological unit. Mean vectors are rounded to the nearest 

degree. Error margins to mean vectors represent 1 standard error. Black dots represent individual data 

points. Abbreviations for geological sections are (from west to east), WP ï Waaipoort; AD ï 

Alicedale; SF ï Seven Fountains; HP ï Howisonôs Poort; WF ï Waterloo Farm and Grey Dam; RR ï 

Rabbit Ridge. Rose diagrams are shaded according to geological unit, upper Weltevrede Formation 

(We); Rooirand Member (Wi (R)), Perdepoort Member (Wi (P)). ..................................................... 145 

Figure 5.23: FA 1 from section SF. A) outcrop photograph with interpretive drawing (B) and 

stratigraphic log (E). The modal flow direction for the succession is to the right of the photograph. B)  

C) Mudclast stringer with imbricated clasts (indicated by arrow). The location of this photograph is 

shown with a stippled rectangle in B. D) Profile view of a plant axis from the horizon indicated with 

an arrow in E. This is probably an arborescent lycopod. E) Stratigraphic section with the facies 

labelled. ............................................................................................................................................... 148 

Figure 5.24: Erosional incision (indicated by stippled lines) associated with FA 1: A) A concentrically 

filled scour from the upper Rooirand Member at Seven Fountains (ruler is 1 m long). B) Erosive 

channel cutting with approximately 1 m of erosional relief, filled with amalgamated trough cross-

stratified quartz arenite,  middle Rooirand member at Howisonôs Poort (HP 3). C) Deep channel 

erosion with massive infill, upper Rooirand Member at Waaipoort (WP 1). Depth of incision was not 

measured due to inaccessibility of the outcrop. .................................................................................. 150 

Figure 5.25: FA 1 in the Perdepoort Member at Waaipoort (WP 2). A) Multiple stacks of tabular FA 1 

units (5-15 m thick) separated by slight notches with negatively weathered finer grained sandstone at 

the base of each unit. The position of the outcrop shown in B is indicated with an arrow. B) The lower 

5 m of a unit, with a notch at the base, and strata increasingly amalgamated upwards. (Geological 

hammer for scale) ............................................................................................................................... 151 

Figure 5.26: An FA 1 succession stacked tens of metres thick in the middle Rooirand Member at 

Howisonôs Poort (HP 4). A) Outcrop photograph with interpretive drawing (B), person for scale. Note 

the tabular, laterally extensive stratal geometry (black lines). The prevailing current direction is to the 

right of the photograph. A deeply incised, laterally extensive erosion surface (thick white line) 

separates FA 1 packages. Bedding perpendicular fractures are indicated by red lines. C) A 

stratigraphic log, measured approximately 50 m northwards along strike from photograph A (scale 

increments are in metres, Facies Assemblages are indicated at the left of the column). The erosion 

surface occurs at 23ï24 m in the logged section, where it is locally overlain by intraclast 

conglomerate (black arrow in D). E) Boulder-sized mudclasts resting directly above the erosion 

surface (scale increments are 1 cm). ................................................................................................... 152 

Figure 5.27: FAs 1 and 2 from the lower Witpoort Formation at Howisonôs Poort (HP 3). A)  Outcrop 

photograph and line drawing showing the bed contacts. B) Stratigraphic log showing the sedimentary 

facies, flow vectors (black arrows) and facies assemblages. Symbols are as given in Appendix 1B. C) 

Enlargement of the bed shown with a rectangle in A. Reactivation surfaces within this bed are marked 

by fine stipples. ................................................................................................................................... 159 

Figure 5.28: Fluvio-estuarine channels (FA2a) from Waterloo Farm (WF 1a). A) Outcrop photograph. 

B) Line drawing of A. Labels refer to the stratigraphic log of the outcrop (C) and photographic 

enlargements (DïF). The succession shows a transition from prograding wedge-shaped sand bars (C1) 
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to lenticular, laterally migrating channel forms (C2), erosionally overlain by basinal muds (FA 2c). 

Enlargements from this outcrop include, D) a trough cross-stratified channel sandbar (reactivation 

surface arrowed). E) Plug shaped burrows at the bottom of a thin sandstone bed in a C1 toe-set. F) 

Plant axis (Leptophloeum rhombicum) with line drawing overlay showing the characteristic rhombic 

abscission scars. .................................................................................................................................. 160 

Figure 5.29: Facies assemblage 2a, interpreted as deposits of fluvio-estuarine channels. A) 

Immediately underlying the Waterloo Farm upper shale (WF 2, jacob staff is 1.5 m). B) Rooirand 

Member at Waaipoort. C) Upper Rooirand Member at Seven Fountains (ruler is 50 cm2). ............... 161 

Figure 5.30: The relative importance of fluvial and tidal processes in the transition zone during a river 

flood event, based on Dalrymple et al. (2015). The diagrams (aïd) represent increasing distance from 

the river mouth in a macrotidal estuary between the coast and the tidal limit. The horizontal axes 

represent an unspecified amount of time and the vertical axes represent the relative importance of 

fluvial (black lines) and tidal (grey lines) currents. A location proximal to the coast is shown in (a), 

where tidal currents predominate. Note that the tidal currents decrease slightly during the peak of river 

flooding, but this is not enough to produce a fluvial sedimentary signal. By contrast, (d) indicates a 

location close to the tidal limit. Here the tidal signal is lost completely during a river flood event, and 

only presents a weak signal during the interflood period when the tidal limit is displaced further 

landward. Diagrams (b) and (c) indicate locations intermediate between (a) and (d). ....................... 165 

Figure 5.31: a stratigraphic sequence interpreted as deposits of the fluvial-tidal transition zone (scale 

is 50 cm x 50 cm). The unit contains medium beds of sharp based structureless to ripple cross-

laminated sandstone (flood deposits) grading upwards to heterolithic mud-rich beds (interflood 

deposits). Sandstone beds contain increasing mud-drapes upwards, including paired drapes. They 

grade upwards into interflood deposits containing southward (offshore) prograding climbing ripples 

and rhythmic very thin laminae of fine sand and silty mud. Although the deposit contains no landward 

flow vectors, it is hypothesised that the mud-rich strata were deposited when estuarine circulation 

prevailed during interflood periods due to the landward shift of the tidal limit. This deposit occurs at 

the top of a 4 m thick upward-fining sequence, and is erosionally truncated by an intraformational 

conglomerate deposit containing pebble to boulder-sized shale clasts. .............................................. 166 

Figure 5.32: Thin, sharp-based sandstone beds (3ï7 cm thick) separated by mud-drapes. This bedset 

occurs within a 6 m thick mud-dominated horizon about 90 m above the base of the Witpoort 

Formation at Waaipoort. Regular mud drapes (including double drapes) potentially represent the 

largest tidal events in a tidal cycle causing the development of fluid muds during the course of a river 

flood event. ......................................................................................................................................... 167 

Figure 5.33: The upper shale at Waterloo Farm exposes one of the better preserved examples of the 

estuarine facies assemblage (FA 2) from the study area (for a strat. log and interpretation see Figure 

8.1F). ................................................................................................................................................... 169 

Figure 5.34: An example of Facies Association 2c from the study area (Waterloo Farm, section 

WF1b). The photograph shows the upper 40 cm of a 2 m thick upward-fining heterolithic unit. In its 

lower part, clay draped climbing ripple cross-laminae prograding north to northeast (landwards) pass 

upwards to undulatory and horizontal, very thinly interlaminated fine-grained sandstone and shale. 

Weakly developed, rhythmic laminasets from 0.5ï3 cm thick show both fining and coarsening 

upwards, which do not show a clearly repetitive cyclicity. It is not determined whether these 

rhythmites represent varves, tidal cyclicities or otherwise. In the centre of the photograph, flaser and 

lenticular bedding with bidirectional ripple cross laminae (no palaeocurrent data recorded) pass 

upwards conformably to weakly laminated carbonaceous black shale at the top of the unit, which is 

sharply overlain by a thinner unit of similar facies. ............................................................................ 170 

Figure 5.35: Mudstone from Coombs Hill. Stratification in this rock is limited to horizontal 

alternating red and grey laminae. The red, oxidised layers are discontinuous, and are the product of 

secondary iron oxidation. They are subordinate in thickness to the grey layers. This stratification is 

interpreted as evidence for seasonal cyclicity. .................................................................................... 171 
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Figure 5.36: FA 2d in the lowermost Witpoort Formation at Waaipoort approximately 10 m above its 

basal contact. A) Stratigraphic log of the outcrop shown in B with flow vector orientations indicated 

by black arrows (WP 1, m. 33ï40). B) Outcrop photograph indicating the locations of photograph 

enlargements C and D. C) Possible flood tidal inlet channel deposit. Black arrows indicate 

reactivation surfaces separating laminasets of mud-draped sand foresets (scale bar = 50 cm). D) 

Rhythmic laminated sandstone with mud drapes (scale bar = 5 cm). ................................................. 174 

Figure 6.1: Altichnus in the lower Witpoort Formation (arrows indicate branching, all scale bars = 10 

mm, except A, C = 50 mm and B = 5 mm): AïC: Altichnus (isp. A) from Rabbit Ridge; A) Profile 

view of branching burrow. B) Enlargement from A showing branching of the burrow indicated by 

black arrows. C) Multiple burrows viewed from underneath. DïF: Altichnus (isp. B) in the Lower 

Witpoort Formation at Howisons Poort. D) Profile view of burrows with apparent multiple levels of 

branching along their length. E) Funnel shaped aperture at surface. F) Burrows showing repeated 

pinchings and swellings and branches (arrowed)................................................................................ 180 

Figure 6.2: Archaeonassa cf. fossulata from the upper Weltevrede Formation (A) and Witpoort 

Formation (BïD) (all traces are epireliefs; scale bars represent 10 mm). A) Specimens from 

Howisonôs Poort (AM 7658), showing morphotype 1, interpreted as a shallow ploughing trail (left of 

photograph) and morphotype 2, interpreted as a surface trail (right of photograph), note the 

segmentation of the levees in morphotype 2. B) Specimen from Coombs Hill (AM 7748 j) showing 

slight segmentation of the marginal levees and a circular depression (resting trace) marking a change 

in direction. C) Traces on a wrinkle marked palaeosurface from Rabbit Ridge (AM 7789) showing 

gradation between morphotypes 1 and 2. All the traces on the slab originate and/or terminate with a 

circular resting structure. D) Enlargement from C showing the gradation between morphotypes 1 and 

2. At the top of the photograph two shallow depressions are connected by a faint (washed out?) 

example of morphotype 2. .................................................................................................................. 183 

Figure 6.3: Archaeonassa from Rabbit Ridge compared with modern gastropod surface trails. A) 

Archaeonassa as a compound trace on a rippled and wrinkled palaeosurface (AM 7789), with 

interpretive drawing, B) showing gradation from morphotype 1 (M1) to morphotype 2 (M2). 

Indeterminate óSiphonichnidaeô originating from an underlying horizon are shown in red. C) Plough 

whelk (Bullia digitalis) trails exhibiting comparable gradations to those on AM 7789, with surface 

locomotion, shallow ploughing and resting. D) Plough whelk shell (scale bar = 1 cm). .................... 184 

Figure 6.4: Arenicolites curvatus in the upper Witpoort Formation (scale increments represent 10 

mm). A) Close up view of a specimen, note a slight dumbell-shape and the presence of a prominent 

lining of light-coloured grains. B) General view of the slab containing the monospecific Arenicolites 

assemblage, stippled box shows the area shown in C (inverted) and white arrow indicates the trace 

enlarged in A. C) Enlargement from B with corresponding line drawing shown in D outlining some of 

the better preserved specimens. .......................................................................................................... 187 

Figure 6.5: Cochlichnus anguineus from Waterloo Farm (upper Rooirand Member) in the Witpoort 

Formation (scale increments in cm). ................................................................................................... 190 

Figure 6.6: Cruziana problematica and Rusophycos carbonarius from the Witpoort Formation (all 

scale bars = 1 cm; all specimens in positive hyporelief). A) Slab with numerous specimens in sub-

parallel alignment (AM 7625). B) Intergradation between Cruziana and Rusophycus (uncatalogued 

specimen). C) Cruziana problematica enlarged from bottom left of slab in A. D) Rusophycus, isolated 

and serially aligned, enlargement from photograph A, lower middle of slab. .................................... 192 

Figure 6.7: Gordia marina (upper Weltevrede Formation, AM 7671) (scale increments are 10 mm). 

A) Bottom surface of the slab. B) Profile view of one burrow. .......................................................... 195 

Figure 6.8: Lingulichnus traces from the lower Witpoort Formation Rabbit Ridge locality (all scale 

bars and squares indicate a centimetre): A) L. verticalis, oblique view (AM 7786). B) Bedding plane 

expression of L. verticalis and L. hamatus (AM 7786). Black arrow indicates a pedicle trace central to 

a vertical burrow. A white arrow indicates subtle sediment disturbance along the bedding plane (L. 

hamatus) suggesting the path followed by the tracemaker. CïD are interpreted as basal stem traces. C) 

Thick-walled L. verticalis showing internal oxidation (AM 7791a). D) L. verticalis associated with a 
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disarticulated lingulid brachiopod shell on the same bedding surface (AM 7812). E) A possible 

lingulid reburrowing structure (L. hamatus) indicated with white arrows and L. verticalis shown with 

a black arrow (AM 7813). ................................................................................................................... 198 

Figure 6.9: Lockeia siliquaria in the study area (all scale bars and squares are 10 mm). A) This base of 

bed (AM 7672) shows both Lockeia and Ptychoplasma-like elements, as well as a plug-shaped 

burrow. B) Total exploitation of the base of a sandstone bed by Lockeia traces. C) Enlargement from 

B showing the individual traces. D) One isolated trace from a siltstone bed top. E) Numerous 

hypichnial Lockeia, some of them serially aligned (cf. Ptychoplasma) covering the base of a 

sandstone bed (AM 7683). A, B and E are from the upper Weltevrede Formation, D is from the upper 

Rooirand Member of the Witpoort Formation. ................................................................................... 202 

Figure 6.10: Line drawings of specimens from this study illustrating the morphology of epichnial and 

hypichnial Nereites, showing that a medial furrow occurs in the epichnial forms, which are otherwise 

similar in size and variation. ............................................................................................................... 203 

Figure 6.11: Nereites isp. in the lower Witpoort Formation (all scale bars are 10 mm). AïB) Epichnial 

forms, CïG) hypichnial forms. E, F and G are enlargements of traces from C. ................................. 206 

Figure 6.12: Palaeophycus tubularis in the upper Weltevrede Formation (AïB) and in the lower 

Witpoort Formation (C) (all scale bars = 1 cm). ................................................................................. 207 

Figure 6.13: Phycodes cf. palmatus from the Witpoort Formation (all scale bars are 10 mm). A, C) 

Specimens from Waterloo Farm (AM 7606), A represents the counterpart to the specimen at top left 

of photograph C. B) Specimen from Rabbit Ridge (AM 7782). Palaeophycus tubularis is seen at the 

top right of the photograph. ................................................................................................................ 210 

Figure 6.14: Planolites from the Witpoort Formation photographed at outcrop (all scale bars and 

squares are 1 cm). AïB) Small examples from siltstone and fine grained sandstone facies. CïD) 

Irregular hypichnia, with examples to the left of the photograph in C intergrading with Ptychoplasma. 

EïF) Monospecific Planolites beds in the Skitterykloof Member. G) Planolites-like structure that is 

parallel to the palaeoflow direction, which might be a tool mark. ...................................................... 212 

Figure 6.15: Psammichnites implexus from the lower Witpoort Formation Rabbit Ridge locality (all 

scale bars = 1 cm) A) general view of the slab (AM 7844). BïC) close up of the specimens, note the 

slightly darker colour of the median ridge. ......................................................................................... 213 

Figure 6.16: Ptychoplasma from the upper Weltevrede Fm and Witpoort Fm (scale bars = 10 mm). A) 

AM 7748b. B) AM 7744b. C) AM 7747. D) A 7647. E) Vertical profile showing a cylindrical tube 

overlying Ptychoplasma (AM 7748a). F) P. vagans intergrading with P. conica (uncatalogued slab 

from Seven Fountains). G) P. conica from Waterloo Farm (AM 18038) ........................................... 216 

Figure 6.17: Rusophycus carbonarius from the Waterloo Farm locality in the Witpoort Formation (all 

scale bars = 10 mm). A) Two superimposed resting structures, note the faint transverse scratch marks 

on the upper trace in the photograph (AM 7625). B) Rusophycus with various degrees of overlap, with 

superimposed examples producing Cruziana-like structures. (AM 5402). C) Overlapping Rusophycos 

forming part of a linear series (AM 7609). ......................................................................................... 218 

Figure 6.18: Three serially aligned Selenichnites travelling downcurrent. The traces are brief resting 

intrusions into the sediment by a small limulid. Very fine backfilled burrows pass across this surface, 

and a vertical cylindrical structure truncates the current ripple markings. ......................................... 221 

Figure 6.19: Selenichnites rossendalensis from the lower Witpoort Formation at Rabbit Ridge. A) 

Photograph and line drawing of the slab and traces (base of bed).  B) Enlargement with black arrows 

indicating four traces in serial alignment. White arrow indicates the inferred palaeocurrent direction, 

noting that the rib and furrow marks in base of bed view formed in the convex direction. C) 

Enlargement with white arrows indicating traces that have a median posterior ridge (scale increments 

in cm). ................................................................................................................................................. 223 

Figure 6.20: Scalichnus from the Witpoort Formation at Coombs Hill (AïE) and Weltevrede 

Formation (FïH) (all scale bars = 1 cm; arrows in C, D, F and G indicate paired tubes). A) Bottle-
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shaped retrusive structure with a single opening above (S. phiale), where it intersects a bedding 

surface (AM 7749aii). B) A single tube emerging from a plug-shaped furrow (AM 7749ai). C) Paired 

tubes above a basal ovalular structure (S. lepusaures) (AM 7748j). D) Paired tubes on a bedding 

surface forming a figure-of-eight shaped trace (AM 7749f). E) Profile view of the specimen broken 

through on the right of the slab in C. FïH) Slab from an unspecified horizon in the Weltevrede 

Formation (photographs courtesy of R. Nel). ..................................................................................... 226 

Figure 6.21: A) Uncollected slab photographed at outcrop by R.W. Gess in 1999 (pocket knife is 7.2 

cm long). B) (AM 7619, scale bar = 5 cm). C) (AM 7618, scale bar = 7 cm). ................................... 230 

Figure 6.22: Zoophycos isp. from lower Witpoort Formation localities (all scale bars = 1 cm): A) 

Rabbit Ridge. B, E, F) Dam near Firglen turnoff (F is a profile view of the specimen in B). C, D) 

Howisonôs Poort. Specimens shown in B, D and E are counterparts. D represents an enlargement from 

C, showing a distinct clear peripheral tunnel that follows the slightly lobate margin of the trace. 

Photograph B shows a specimen that increases in diameter upwards. In photograph E, the spreite 

appears to have a pelletoidal texture superimposed. ........................................................................... 232 

Figure 6.23: Spirophyton burrows in profile (scale bars for BïE represent 10 mm). A) Cut block of 

Waterloo Farm MFL black shale (AM 7612) exposing four burrows (arrows) which all occur at a 

similar level in the upper half of the exposed profile. BïD) Three examples from the block shown in 

A. E) An example from the upper Weltevrede Formation at Howisonôs Poort. ................................. 235 

Figure 6.24: Spirophyton from the Waterloo Farm locality (all scale bars represent 10 mm unless 

otherwise stated). A) Two adjacent burrows (AM 7607), note the concentric appearance of the burrow 

on the right resulting from the truncation of several spreite. To the top of the photograph is an isolated 

axial tunnel. B) Several isolated axial tunnels are visible on a bedding surface on AM 7652a (black 

arrows). The burrow near the bottom of the photograph (white arrow) is exposed in profile and is 

enlarged in E and F. C) A well preserved spreiten showing primary lamellae (AM 7680a) preserved as 

darker and lighter bands (scale increments represent 1 cm) D) Counterpart to specimen shown in C, 

illustrating the primary lamellae, secondary lamellae are visible as subtle transverse ornamentation 

within the primary lamellae (scale in mm). E) Oblique view of burrow exposed in profile (AM 7652a) 
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1. CHAPTER 1 ï GENERAL INTRODUCTION  

Since Plumstead 1967 opened her monographic work on the Devonian plants of South 

Africa with the statement that it was ñan unenviable task reviewing the work of scientific 

pioneersò, it was with historical irony that her work would later be considered pioneering. 

This third decade of the Twenty-First Century is an opportune moment to present a new 

investigation into Devonian rocks and fossils in South Africa, and specifically those of the 

Late Devonian, which Plumstead and contemporary geologists were only beginning to 

understand. The South African Late Devonian strata belonging to the Witteberg Group, upper 

unit of the tripartite Cape Supergroup (Fig. 1.1), forms one of the less-studied stratigraphic 

units from the country, and one for which, in Plumsteadôs day, there was little impetus to 

understand. What follows in this thesis is the first concerted investigation into strata of the 

South African Late Devonian this millennium, one that is urgently required, especially in 

light of new, and forthcoming, palaeontological evidence from the Witpoort Formation. At 

the beginning of this study the Witpoort Formation was envisaged as a shallow-marine 

deposit characterised by stacks of tabular, supermature quartzitic sandstone deposited during 

the Famennian Stage. The sandstone strata are held as shoreface, beach and tidal channel 

deposits from a storm-dominated Gondwanan shoreline, but their diagnostic sedimentary 

structures are only vaguely understood, and it could be contended that the sequence 

stratigraphy of its lithologically monotonous sandstones is virtually unknown (Hiller and 

Taylor 1992; Thamm and Johnson 2006; Harris et al. 2021a). 

Devising the óorigins of beddingô is a discipline that has made great strides since 1894 

when Walther proposed the Law of Succession of Facies. Progress in great leaps with 

understanding sedimentary facies successions and the time scales of their deposition 

continues, for example with actuo-sedimentology of tidalites in the 1960s and ó70s by 

German and Dutch schools. With the identification of neap-spring tidal bundles by Visser 
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(1980) the keys to diagnosing tidal processes unlocked a bloom in recognising ancient 

tidalites (Williams 1989; Archer et al. 1995). Then out of the same school came a 

breakthrough in recognising the deposits of interacting river floods and the estuarine turbidity 

maximum in a fluvial-tidal transition zone (Van den Berg et al. 2007), which led a surge of 

studies recognising the importance of this zone in ancient sedimentary rocks (e.g. Dalrymple 

and Choi 2007; Martinius and Gowland 2011; Dalrymple et al. 2015). In parallel to this the 

biological responses to salinity changes as reflected in trace fossils are a highly sensitive 

proxy for salinity changes (Buatois et al. 1997b, 2005; Prescott et al. 2014; La Croix and 

Dashtgard 2015), perhaps the most reliable salinometer in the sedimentologistôs toolkit 

(Dalrymple and Choi 2007). Though fifty years ago the ñreliable determination of the tidal 

sub-environment éseems to be virtually impossible for ancient clastic deposits, except for a 

few cases.ò (de Raaf and Boersma 1971, p. 479), with detailed palaeocurrent analysis, 

ichnology and the increasing recognition of diagnostic sedimentary structures, extrapolation 

of tidal processes in ancient deposits has become more plausible. This is but an example of 

the progress of one sub-discipline rooted in a vast field of sedimentological research. 

The Devonian Period is popularly known as the óAge of Fishesô, but it might equally well 

be considered the age in which plants invaded the land (Gensel and Edwards 2001). Plant 

diversification during the Devonian fundamentally altered landscapes (Davies and Gibling 

2010), increased rates of carbon burial, decarbonising and oxygenating the atmosphere 

(Algeo and Scheckler 1998; Berner 2004; Beerling and Berner 2005). Forestation of the 

globe and its consequences for the carbon cycle, beginning in the Middle to Late Devonian is 

considered to have altered the climate, resulting in a three-quarters decrease of atmospheric 

CO2 levels by the Early Carboniferous (Beerling and Berner 2005; Franks et al. 2014), which 

has since remained relatively constant due to mediation by forests (Franks et al. 2014). This 
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plant excursion set the stage for a Late Devonian radiation of aquatic tetrapod fishes and the 

subsequent rise of terrestrial vertebrates (Clack 2012). 

The Late Devonian Epoch was a time of climate change and pulsatory extinction events, 

for which the causes have been debated for decades, and continue to be (Copper 1986; Algeo 

and Scheckler 1998; Caplan and Bustin 1999; Bond and Wignall 2008; Becker et al. 2016; 

Bábek et al. 2016; Carmichael et al. 2019; Fields et al. 2020; Lakin and Marshall 2020; 

Rakocinski et al. 2021; Smart et al. 2023). Understanding the global expression of these 

events is inhibited by a bias towards low to mid-palaeolatitude systems found in present day 

North America, Europe, Asia, and Australia. High-palaeolatitude deposits of that age are 

exclusively found in western Gondwana, which are exposed in present day South America, 

the Falkland Islands, South Africa and West-Central Africa (Issacson et al. 2008). These 

regions have received significantly less attention in Late Devonian studies than those of 

Laurussia (Carmichael et al. 2019). Furthermore, Late Devonian strata in South America, the 

Falkland Islands and in northernmost outcrops of the Cape Fold Belt appear to have been 

truncated by subglacial erosion during the latest Devonian and/or Permo-Carboniferous 

Periods (Marshall 2016; de Vargas et al. 2020; Lakin et al. 2021). The Witpoort Formation 

is, perhaps uniquely, a continuous sub-polar siliciclastic sedimentary record spanning the 

Famennian Stage (372.2ï358.9 Ma; Cohen et al. 2013), uppermost of the Devonian Period 

(Streel and Theron 1999; Thamm and Johnson 2006). 

Decades of palaeontological research on the Waterloo Farm fossil lagerstätte, principally 

by Dr Robert W. Gess, and his discovery of other fossil localities in this formation now 

provides fresh impetus to understand the genesis of the fossils and their host rocks. Fossils 

from the Witpoort Formation provide a unique example of Famennian sub-polar biodiversity, 

which is critical to understanding the effects of latitude on biodiversity, extinction and 

recovery in the context of the Late Devonian biotic crisis. The formation preserves possible 
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high-latitude originator taxa such as the oldest examples of naiaditid bivalves (Scholze and 

Gess 2017) and falcatid sharks (Gess 2024), relict taxa including antarctilamnid sharks (Gess 

and Coates 2015b), herbaceous plants typical of Middle Devonian Laurussian ecosystems 

(Harris et al. 2021b), and the youngest record of lingulid brachiopods of the genus Dignomia 

(this work), as well as cosmopolitan Famennian plants and vertebrates (Gess and Whitfield 

2020). One black shale bed from Waterloo Farm hosts one of the most diverse vertebrate and 

plant fossil assemblages of its age, including the only sub-polar Devonian tetrapod remains 

(Gess and Ahlberg 2018).  

The Witpoort Formation (Witteberg Group, Cape Supergroup) is a metasedimentary unit 

that is exposed in a thin band along the northern flank of the Cape Fold Belt, extending for 

approximately 800 km and estimated (prior to this study) to be up to 850 m thick (Johnson et 

al. 2006) in the Eastern Cape. With few exceptions in the past 85 years (e.g. Mountain 1964) 

primary sedimentological data of the Witpoort Formation is contained in postgraduate 

dissertations (Theron 1961; Loock 1967; Johnson 1976; Wright 1981; Malgas 1989; Taylor 

1990; Gess 2003; Olivier 2010; Vorster 2013; Harris 2017; Chabangu 2023) and resulting 

publications (Johnson 1991; Hiller and Taylor 1992; Gess and Hiller 1995a; Olivier et al. 

2011; Harris et al. 2021a) and to a degree in explanations to geological map sheets by the 

Geological Survey of South Africa (e.g. Theron et al. 1991; Council for Geoscience 1995). 

Since Hiller and Taylor (1992) provided evidence for back-barrier lagoonal shales 

interbedded in the stratigraphic package, there has been a clear consensus that the Witpoort 

Formation was deposited in shallow to marginal-marine settings (Shone and Booth 2005; 

Thamm and Johnson 2006; Gess and Whitfield 2020), with the sole exception of Broquet 

(1992), who, in his review of the Cape Supergroup raised concerns about the shortage of 

evidence for marine deposition in the Witpoort Formation and stratigraphically higher and 

lower orthoquartzite units. Cooperôs (1986) event stratigraphy model correlated the Witpoort 
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Formation to a Famennian sea-level fall based on the Devonian sea-level curve of Johnson et 

al. (1985). Accordingly, subsequent research places the DevonianïCarboniferous boundary at 

the top of the Witpoort Formation (Theron 1994; Gess 2016). 

Based on the above, it is hypothesised that eustasy, as opposed to variation in rate of 

subsidence, was the dominant control on shallow-marine sedimentation in the Witpoort 

Formation, predicting that sea-level fluctuations of the Late Devonian and Early 

Carboniferous Periods will be reflected in the stratigraphic package, which potentially 

includes the short-term, climate-driven eustatic perturbations associated with extinction 

events (Bond and Wignall 2008; De Vleeschouwer et al. 2013; Kaiser et al. 2016; Wichern et 

al. 2024). The aims of the present work are therefore, 1) to assess the palaeoenvironments of 

the Witpoort Formation, 2) to test, and potentially refine, Cooperôs event stratigraphy method 

for dating the Witpoort Formation with reference to subsequent work on Late Devonian 

eustasy and 3) to revise the stratigraphy of the fossil localities of the Witpoort Formation. 

The following chapter reviews key literature on the geological setting of the Witpoort 

Formation and its Late Devonian context, which will provide the background to the results 

from stratigraphic logging (Chapter 4), sedimentary facies analysis (Chapter 5), ichnology 

(Chapter 6) and a new fossil locality from the formation that is described in Chapter 7. The 

results of the thesis and their implications for Devonian studies will be discussed in Chapter 

8. 
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Figure 1.1: Map and stratigraphic column for the Cape Supergroup. Map (above) 

reproduced from Tankard et al. (1982). Stratigraphic column (below) modified from 

Theron (1994) with thicknesses of stratigraphic units as given by Tankard et al. 

(2012). 
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2. CHAPTER 2 ï L ITERATURE REVIEW  

2.1. The Late Devonian Epoch: climate change, extinction and sea level 

The Late Devonian includes the Frasnian Stage (382.7ï372.2 Ma) and the Famennian 

Stage (372.2ï358.9 Ma) (Cohen et al. 2013). Greenhouse conditions of the Silurian and 

Devonian Periods gave way to the Late Palaeozoic Ice Age with a latest Devonian global 

cooling episode during the Famennian Stage (Joachimski et al. 2009), concurrent with falling 

sea levels. Analyses by various proxies project a eustatic fall beginning around the Frasnianï

Famennian boundary following peak sea levels in the Middle to early Late Devonian 

(Johnson et al. 1985, 1986; Sandberg et al. 2002; Haq and Schutter 2008; Becker et al. 2012; 

Marcilly et al. 2022; Van der Meer et al. 2022). Based on estimates of flooded land area 

through the Phanerozoic, Marcilly et al. (2022) projected a sea-level drop of 124 m during 

the Famennian between 370 and 360 Ma. A more modest sea-level fall of less than 30 m, for 

the same time interval, is projected by Van der Meer et al. (2022) based on tectonic 

modelling (Sr isotopes) and glacioeustasy. Based on a lithological section in the Catskills, 

Haq and Schutter (2008) recognise eight third-order eustatic cycles within the context of a 

long term, second order (>5 Myr) sea-level fall during the Famennian. Similarly, Becker et 

al. (2012) projected eight third-order cycles on top of an overall shallowing ómegacycleô that 

began in the latest Frasnian. Shorter term, third-order (0.5ï5 Myr duration) eustatic signals 

exhibit more variation because they are prone to the effects of syn-sedimentary tectonic 

processes and the diverse interpretations of geologists. The literature on Famennian third-

order sea-level change from a wide range of stratigraphic sections is reviewed in Chapter 8.5. 

Famennian climate change culminated in glaciation at the end of the Devonian Period, 

producing the first glacial deposits known since the Hirnantian (Late Ordovician), 80 million 

years prior (Copper and Scotese 2003). Latest Famennian glacial deposits are recognised 

from Gondwanan sub-polar strata in present-day Bolivia, Brazil, West-Central Africa and 
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possibly South Africa (Caputo 1985; Isaacson et al.,2008; Almond et al. 2002; Lakin et al. 

2021), extending into subtropical palaeolatitudes in the Appalachian Basin (Brezinski et al. 

2010; Ettensohn et al. 2023). A contemporaneous glacio-eustatic regression is evidenced by a 

third-order sequence boundary marked by the Hangenberg Sandstone (Rhenish Massif) and 

its equivalents (Kaiser et al. 2016; Denayer et al. 2021), and reports of incised valleys across 

North America and Europe (van Steenwinkel 1993; Brezinski et al. 2010). These 

corresponding latest Famennian (Strunian) regressive event beds are correlated at a global 

scale by miospore and conodont biostratigraphy (Streel et al. 2013; Becker et al. 2016; Lakin 

et al. 2021) and are suggested to indicate a glacio-eustatic sea-level fall of approximately 100 

m at the end of the Devonian Period (Haq and Schutter 2008; Kaiser et al. 2011; Kaiser et al. 

2016), although the scale of sea-level fall is not universally agreed upon (e.g. Denayer et al. 

2021). Evidence for glaciation predating the latest Famennian was proposed by Issacson et al. 

(2008), indicating glacial conglomerates as old as Middle Famennian in Bolivia and Brazil. 

Lakin et al. (2016, 2021) argued against this claim, finding no biostratigraphic evidence for 

Famennian glaciation in South America predating the latest Famennian (but see Wicander et 

al. 2011). Some research has hypothesised glacio-eustatic sea-level fluctuations beginning in 

the Late Frasnian Stage, but there remains no evidence for glacial deposits during this 

interval (Sandberg et al. 2002; McClung et al. 2013; McGhee 2014). 

The final stages of the Devonian were characterised by climatic instability with periodic 

ocean anoxic events, related to climatic and eustatic perturbations that affected marine and 

terrestrial ecosystems (Bond and Wignall 2008; Kaiser et al. 2016). The most impactful of 

these anoxic events were the Kellwasser Event near the FrasnianïFamennian boundary and 

the Hangenberg Event at the end of the Famennian. Researchers continue to search for causes 

for the Late Devonian extinction events (e.g. Bond and Wignall 2008; Becker et al. 2016; 

Kaiser et al. 2016; Percival et al. 2019; Carmichael et al. 2019; Wichern et al. 2024).  
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2.1.1. The Kellwasser Event 

The Kellwasser Event in the latest Frasnian is widely referred to as the second of the of the 

óBig Fiveô extinction events (e.g. Bond and Wignall 2008; Ma et al. 2022). The Big Five 

concept was based on a broad review by Raup and Sepkoski (1982), which may have lumped 

the Late Devonian extinctions together (Carmichael et al. 2019). Apparent loss of vertebrates 

during this event may be related to a óbackstrippingô effect from the terminal Devonian 

Hangenberg Event (Sallan and Coates 2010). Kellwasser has been referred to as a mass 

depletion rather than an extinction event, related to the proliferation of invasive species and a 

reduction in species origination (Stigall 2012; Stanley 2016). The event resulted in the 

widespread demise of Frasnian stromatoporoid reef communities and warm water adapted 

marine invertebrate taxa (Copper 1986; Copper and Scotese 2003; Bond et al. 2013). 

The event is named after a lithological section at Kellwasser Kalke within the Harz 

Mountains in Germany (Carmichael et al. 2019). The event is marked by a pair of black shale 

beds at the type section, the Lower and Upper Kellwasser horizons, which are correlated 

across several basins worldwide in the rhenana and linguiformis conodont zones respectively 

(Bond and Wignall 2008; Carmichael et al. 2019). Positive excursions in ŭ13C associated with 

these horizons have been recognised at a global scale (Joachimski et al. 2002). Correlatable 

black shales are widespread within deep-marine sections, mostly within low to mid-

palaeolatitude basins although records from basins outside of this geographic zone, as well as 

its recognition in shallow water settings (Bond et al. 2013; Mottequin and Poty 2016), 

confirm the global scope of the event (Carmichael et al. 2019). 

Recognition of the FrasnianïFamennian (FïF) boundary based on conodont 

biostratigraphy (linguiformisïtriangularis boundary) places it at the top of the Upper 

Kellwasser Horizon (Bond and Wignall 2008). This boundary is dated to 371.93ï371.78 Ma 

based on high precision radiometric dating (Percival et al. 2018). The Lower Kellwasser and 
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Upper Kellwasser Events are separated by approximately 600 kyr (De Vleeschouwer et al. 

2017)  or 450 kyr (Pippenger et al. 2023) and lasted approximately 250 and 100 kyr 

respectively (Wichern et al. 2024). The timing of these events has been related to orbital 

forcing and related climate change during an interval of approximately a million years (De 

Vleeschouwer et al. 2017; Ma et al. 2022; Wichern et al. 2024). 

Marine anoxia is widely held as the direct cause of FïF extinctions (Smart et al. 2023), but 

the underlying driving mechanism is not, as yet, clearly understood. Late Devonian 

volcanism has gained recent attention due to mercury enrichments recorded in the Upper 

Kellwasser Horizon in many sections (e.g. Racki et al. 2019; Ernst et al. 2020; Liu et al. 

2021; Zhao et al. 2022; Smart et al. 2023; Pippenger et al. 2023). Ernst et al. (2020) 

suggested Large Igneous Province (LIP) volcanism in the Siberian and Baltica Cratons dating 

between 380ï360 Ma, which they implicated as triggers for the Kellwasser and Hangenberg 

Events. The Yakutsk-Vilui LIP shows peaks in magmatism at 374.1 (+- 3.5 Myr) and at 

363.4 (+- 0.7 Myr), whereas the Kola Dnieper LIP is less accurately constrained (Ernst et al. 

2020). The recorded peaks are only loosely correlated to the events in question: the first peak 

occurred at 2 Ma prior to the Kellwasser Event, whereas the second peak is 4.5 Myr prior to 

Hangenberg. Zhao et al. (2022) produced high resolution geochemical analyses of the 

extinction interval in China and North America, where they found that mercury isotopes in a 

correlative of the Upper Kellwasser horizon in China were consistent with a volcanic source. 

This signal is however, not recognised globally whereas, by contrast, other LIPs in the rock 

record associated with extinction horizons produced global mercury spikes (Zhao et al. 2022; 

Svensen et al. 2023). Such events would be expected to have produced isotopically light 

carbon, but the Kellwasser horizons record excursions in ŭ13C and this too is inconsistent 

with a globally significant volcanic event (Zhao et al. 2022). Mercury enrichments 

preferentially accumulate in organic-rich marine sediments and may be derived from several 
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sources, such as enhanced continental weathering or wildfires (Liu et al. 2021; Pippenger et 

al. 2023). Percival et al. (2020) document phosphorous fluxes in several geographically 

widespread Upper Kellwasser Event horizons. According to their study the clearest 

explanation for phosphorous flux is increased soil development due to land vegetation, but a 

multi-causal trigger, including volcanism, orogeny and oceanic upwellings, was not ruled out 

(Percival et al. 2020). Similarly, Carmichael et al. (2019) favour a complex multicausal 

hypothesis, with a top down (i.e. continentally derived) mechanism for oceanic anoxia, 

particularly affecting restricted basins in tropical locations. Climate change related to 

astronomical forcing has been suggested based on cyclostratigraphy (De Vleeschouwer et al. 

2017; Ma et al. 2022; Wichern et al. 2024). Astronomical forcing may have triggered the 

event due to a background of increasing soil development by land vegetation (Wichern et al. 

2024). 

2.1.2. The Hangenberg Event 

The end-Devonian Hangenberg Event was a first-order extinction event comparable in 

impact to the óBig Five extinction eventsô, which caused a 50% loss of vertebrate species 

diversity (Sallan and Coates 2010) and severe extinctions amongst trilobites, ammonites and 

other marine invertebrate groups (Caplan and Bustin 1999; see Kaiser et al. 2016 for 

discussion on invertebrate extinctions), as well as floral turnover (Marshall et al. 2020). The 

crisis, as it is expressed in the terrestrial realm, indicated by overturns in miospore 

biodiversity and plant extinctions, occurred slightly later (100ï300 kyr) than the marine 

extinctions (LN/VI zone boundary, Kaiser et al. 2016). The marine crisis interval is marked 

by widespread black shale deposits (the Hangenberg Black Shale) in marine basins (mostly 

below 40° latitude according to Caplan and Bustin 1999), generally reconstructed as a 

eustatic transgression immediately preceding the glacio-eustatic Hangenberg Sandstone 

regression (Caplan and Bustin 1999; Myrow et al. 2014; Kaiser et al. 2016; Denayer et al. 
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2021), though Bábek et al. (2016) preferred a regressive scenario for the black shale. There is 

disagreement about where in the sequence the main crisis occurs, some authors placing the 

crisis during the hypoxic Hangenberg Black Shale Event (Myrow et al. 2014; Kaiser et al. 

2016) and others during the Hangenberg Sandstone regression (Becker et al. 2021). 

Various triggering mechanisms are proposed; bolide impacts, atmospheric perturbations, 

volcanism, climatic cooling, climatic warming, oceanic overturns, eutrophication, sea-level 

changes, astronomical forcing, supernova explosions and evolution of land plants (Algeo and 

Scheckler 1998; Caplan and Bustin 1999; De Vleeschouwer et al. 2013; Kaiser et al. 2016; 

Fields et al. 2020; Rakocinski et al. 2021). Evidence for a bolide impact includes localised 

microtektites and concentrations of siderophile elements reported from south China (Ma and 

Bai 2002), with possibly contemporaneous impact craters in Quebec and Australia, however, 

lack of evidence for impact ejecta outside of China argues against this explanation for the 

Hangenberg Crisis (Caplan and Bustin 1999; Kaiser et al. 2016). Eutrophication and algal 

blooms during peak transgression and deposition of the Hangenberg Shale have been related 

to oceanic overturns (Kaiser et al. 2016) or, based on geochemical evidence, to increased 

terrestrial effluent entering marine basins (Carmichael et al. 2016; Percival et al. 2019). Plant 

spores from latest Famennian strata of the Old Red Sandstone Continent exhibited numerous 

malformations, and dark pigmentation (Marshall et al. 2020). Following experimental 

evidence, this was suggested to be the result of increased ultraviolet radiation due to the 

temporary loss of the ozone layer during a 9 kyr interval of rapid warming (Marshall et al. 

2020). Malformed spores from other basins (i.e. Poland and Belgium) were considered to be 

an indicator of the Hangenberg Mass Extinction on land (Prestianni et al. 2016). An 

exploding supernova was proposed as a kill mechanism, but without present evidence to 

support the hypothesis (Fields et al. 2020). The volcanic hypothesis based on mercury 
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enrichments in the anoxic Hangenberg Black Shale continues to receive attention (Rakocinski 

et al. 2021; Smart et al. 2023). 

2.1.3. Late Devonian biotic crisis 

This brief review of ongoing debate on the causes of the Kellwasser and Hangenberg 

Events shows that no consensus is yet achieved for the cause of either event. Most extinction 

scenarios point to marine anoxia associated with rapid climate and sea-level changes. The 

intermittent marine anoxia and extinction scenario behind these and other ólesserô events ï 

i.e. the late Famennian Dasberg Crisis (Hartenfels and Becker 2009) and the Middle 

Famennian annulata Event (Korn 2004) ï lends itself to a unifying explanation. 

Bond and Wignall (2008) advanced the transgressionïanoxiaïextinction scenario based on 

a thorough investigation of the Kellwasser Event and comparison to other Late Devonian 

events. Geochemical evidence from the anoxic black shale event beds points to nutrient 

fluxes derived from continental rather than sea-floor derived sources (Carmichael et al. 2019; 

Percival et al. 2019). Plausible ótop-downô sources of this nutrient include volcanic activity 

and modification to the landscape by plants. The Devonian Plant Hypothesis proposes that 

Late Devonian forestation led to increased weathering of rock and soil development, leading 

to nutrient fluxes to the oceans and climate change associated with increased carbon burial 

(Algeo and Scheckler 1998; Algeo et al. 2001). With environmental instability due to this 

background of plant-based alterations to the carbon cycle, likely ultimate triggers for Late 

Devonian anoxic events appear to be volcanism (Smart et al. 2023) or climate change related 

to orbital cyclicity (De Vleeschouwer et al. 2013; Wichern et al. 2024). 

2.1.4. Dating the Devonian-Carboniferous Boundary (DCB) 

Problems with stratotype section for the Devonian-Carboniferous Boundary at La Serre, 

France have led to debates about where the boundary should be placed. Becker et al. (2016) 

reviewed the geological expression of the Hangenberg Event and the Devonian-
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Carboniferous Boundary. Due to ongoing debates about the placement of the DCB they 

weighed the merits of various options, concluding that the Hangenberg Shale presented the 

greatest likelihood for global correlation, however, cautioning that this horizon may, in some 

sections, have been removed by subsequent regression. The DCB is presently recognised at 

within the upper Hangenberg Crisis interval overlying the Hangenberg Sandstone, thought to 

represent a postglacial transgression, by the first appearance of the conodont Siphonodella 

sulcata (Becker et al. 2020). An average of various estimates for this biostratigraphic horizon 

gives a date of 359.3 ± 0.3 Ma (Becker et al. 2020), which is slightly older than the 

previously accepted date of 358.9 Ma (Becker et al. 2012; Cohen et al. 2013). More recently, 

researchers from the International Working Group on the DCB proposed a globally 

correlatable eustatic sequence boundary, the top of the Hangenberg Sandstone, to mark the 

DCB (Aretz and Corradini 2021; Denayer et al. 2021). 

2.2. Geological setting 

The Cape Supergroup contains an up to 8 km thick siliciclastic sedimentary succession 

deposited from the Ordovician Period until the Early Carboniferous Period in a passive 

margin extensional basin (for detailed review see Broquet 1992; Shone and Booth 2005; 

Thamm and Johnson 2006). It unconformably overlies a Precambrian to Cambrian basement 

of deformed metasediments and granitic intrusions and is para- to unconformably overlain by 

the Karoo Supergroup (Thamm and Johnson 2006). Strata of the Cape Supergroup outcrop in 

the Cape Fold Belt, occupying a zone within 200ï250 km of the coast in the Eastern and 

Western Cape provinces, extending a further 100ï200 km inland in the subsurface and 

approximately 100 km offshore (Tankard et al. 2012). The strata were compressed and 

metamorphosed during a regional Late Palaeozoic orogenic event that formed the 

Gondwanide mountains, evidenced by contemporary fold and thrust belts in the Cape, 

Antarctica and South America (Miller et al. 2016). Subsequent extension during the 
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Mesozoic breakup of Gondwana initiated northwest-southeast and east-west trending normal 

faults that further fragmented the Cape Supergroup (Booth 2011). The Cape Fold Belt 

comprises two arms, an east-west trending southern arm, characterised by intense shortening 

(up to 70%) and a north-south trending western arm with a lesser degree (~20%) of 

shortening (Shone and Booth 2005; Paton et al. 2006; Booth 2011). These meet and interfere 

as a syntaxial oroclinal bend in the Ceres area, marked by northeast trending folds (de Beer 

1995). The structural strike of the Cape Fold Belt controls the present-day orientation of the 

South African coastline. Structural deformation in the Cape Fold Belt reaches its highest 

intensity in the Eastern Cape, where the metamorphic grade is lower Greenschist facies 

(around 300°C) (Paton et al. 2006). This eastward intensity of deformation has caused the 

thrust stacking and thickening of all stratigraphic units (Booth et al. 2004; Booth 2011). 

Booth (2011) compared two tectonic models that he considered most consistent with the 

characteristics of this fold belt. The Andean-type model infers a subduction zone around 1 

500 km to the south of the fold belt (Booth 2011). Interference folding between the western 

and southern limbs in a region known as the syntaxis is explained by the presence of rotating 

microplates (de Wit and Ransome 1992). The Andean-type model does not adequately 

explain the óthin-skinnedô structural characteristics observed in parts of the fold belt 

(Stankiewicz et al. 2007; Booth 2011), and many typical features of a subduction zone such 

as ophiolites, widespread volcanism and high-grade metamorphism are lacking (Newton et 

al. 2006). The transpression model proposed by Johnston (2001) invokes right-lateral strike 

slip motion along a plate boundary to the south. This model is consistent with the asymmetry 

of the southern and western arms of the Cape Fold Belt as well as broader evidence from 

contemporary orogenic belts in Argentina and Antarctica, although several structural 

anomalies have not been reconciled with the model (Booth 2011). Deformation of the Cape 

Fold Belt led to subsidence in the continental interior to the north, forming a continental 
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foreland basin that accommodated the Permian to Jurassic Karoo Supergroup sediments and 

lavas (McCarthy and Rubidge 2005). 

The Witteberg Group, which is the upper unit of the tripartite Cape Supergroup, is 

exposed along most of the extent of the Cape Fold Belt, from the Great Fish River in the 

Eastern Cape to Elandsvlei (about 60 km WSW of Clanwilliam) in the Western Cape where it 

is erosionally truncated by the Dwyka Group (Loock 1976). It represents a continuous record 

of siliciclastic shallow-marine to continental sedimentation from the Givetian (Middle 

Devonian) until the Visean (Early Carboniferous) (Broquet 1992; Shone and Booth 2005; 

Thamm and Johnson 2006). A correlative unit to the Witteberg Group, which was not 

incorporated in the Cape Fold Belt, is the Msikaba Formation that outcrops along the border 

of KwaZulu-Natal and the Eastern Cape (Kingsley and Marshall 2009). The Msikaba 

Formation is thought to be Late Devonian in age based on plant remains from one horizon in 

the formation (Anderson and Anderson 1985). 

Johnson (1991) proposed that Witteberg Group sandstone (as all Cape Supergroup 

sandstone) was derived from a cratonic interior source based on the supermature quartzitic 

lithologies that predominate, and suggested a low-relief continental source to the north. 

Proterozoic ages for the source rocks derived from detrital zircon studies suggested the 

NamaquaïNatal Metamorphic Province and Pan-African Orogeny as likely source areas 

(Vorster 2013). The sediments accumulated within the Agulhas Sea, a passive-margin marine 

basin to the south of Gondwana, which was envisaged by Marshall (1994) and Rust (1973) to 

have been semi-enclosed from the open ocean by the Patagonian and Antarctic Peninsulas. 

Witteberg Group stratigraphy was formalised in the South African Commission for 

Stratigraphy in 1980 (SACS 1980) and later revised by Johnson et al. (2006). It contains 

three subgroups (each consisting of three formations) and one formation. Lithologically the 

Witteberg Group is between 1 200 m (Western Cape) and 1 700 m (Eastern Cape) thick 
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(Johnson et al. 2006) and is suggested to contain sandstone and mudstone in roughly equal 

proportions (Johnson 1976). It conformably overlies shallow-marine deposits of the 

Bokkeveld Group, and is unconformably overlain by glacial tillite of the Dwyka Group 

(Dunlevey and Hiller 1979; Johnson et al. 2006). In the Eastern Cape, however, the 

WittebergïDwyka contact is possibly conformable (Loock 1967). 

The stratigraphic hierarchy that is presently used for the Cape Supergroup and its 

subdivisions was first applied by Johnson (1966), based on recommendations by the 

International Subcommission on Stratigraphic Classification. This system was revised by 

Johnson (1976), and the stratigraphic framework for the Witteberg Group there applied 

remains little changed. The historical development of Witteberg Group stratigraphy prior to 

this was reviewed by Loock (1967), who credits its first recognition as a distinct stratigraphic 

unit to A.G Bainôs 1856 geological map. Loock (1967) documents the progress in the 

formalising of this stratigraphy beginning around the start of the 20th Century when the 

Geological Commission of the Cape of Good Hope employed geologists, such as G.S. 

Corstorphine, E.H.L. Schwarz, and A.L. Du Toit. Separating the Witteberg Group from the 

Bokkeveld Group has long challenged geologists due to the continuity of sedimentary style 

(Swart 1950; Theron 1960). According to Johnson (1976), the Witteberg Group is 

distinguished from the Bokkeveld Group by several characteristics, including an abundance 

of trace fossils (Spirophyton in particular), the ubiquity of upward-coarsening cycles, the 

micaceous nature of sediments, the abundance of plant stems and the reddish colouration of 

rhythmitites (heterolithic units) (Johnson 1976). Haughton (1969) placed the Bokkeveldï

Witteberg boundary at the first prominent white-weathering sandstone unit, which was 

supported by Johnson (1976) and Hiller and Dunlevey (1978) who recognised this horizon as 

the base of the Nougaspoort Member (Wagen Drift Formation). Theron (1972) suggested that 

the Witteberg Group was better distinguished by a conspicuous increase in the heavy mineral 
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Brookite, and proposed a stratigraphically higher sandstone unit, however, the Nougaspoort 

Member was formally selected as the base of the Witteberg Group (Johnson et al. 2006). 

There was much disagreement, prior to Johnson (1976), about the position of the 

Witteberg Groupôs upper contact. Historically, the strata overlying what is today the 

Floriskraal Formation (Lake Mentz Sub-Group) were named the óLower Dwyka Shalesô, 

however, du Toit (1926) and Rossouw et al. (1953) included a portion of these units 

(Waaipoort Formation) in the óUpper Witteberg Shalesô. Rossouw placed the óbasal tilliteô 

(now the Miller Formation) within the overlying Dwyka Series, placing the CapeïKaroo 

Systemsô contact at what is today the base of the Kommadagga Subgroup, an approach that 

was supported by Loock (1967). Loock regarded the óKommadagga Formationô to be 

conformable with the overlying óDwyka Tillite Formationô in the Eastern Cape, whereas this 

unit is erosionally truncated to the west by a subglacial unconformity at the base of the 

Dwyka Tillite (Dunlevey and Hiller 1979). The Kommadagga was raised to Subgroup status 

by Johnson (1976) and is included in the Witteberg Group (Johnson et al. 2006), placing the 

Cape SupergroupïKaroo Supergroup boundary at the base of the Dwyka Group. 

2.2.1. The lower Witteberg Group 

The lower Witteberg Group includes the Weltevrede Formation in the Eastern Cape (east 

of 23°E) and the Weltevrede Subgroup in the Western Cape, which is divided into three 

formations (Wagen Drift, Blinkberg and Swartruggens). The Blinkberg Formation in the 

Western Cape is correlated with a Blinkberg Member in the Eastern Cape (Hiller 1990). 

Based on the Early Devonian marine invertebrate faunas of the lower Bokkeveld Group, 

Theron (1972) suggested that the Witteberg Group was Late Devonian to Early 

Carboniferous in age. In agreement with this, the Weltevrede Formation/Subgroup was 

indicated to predate the Famennian Stage based on occurrences of the articulate brachiopod 

Tropidoleptus near the base and top of the unit (Boucot et al. 1983). By comparison with 
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Bolivian occurrences of the genus, a Givetian to Frasnian age was considered most likely 

(Boucot et al. 1983). Cooper (1986) considered the black shale horizons in the upper member 

of the Wagen Drift Formation (Bynest Krans Member) to indicate a maximum flooding 

surface, and thus correlated this event to TïR cycle IIa of Johnson et al. (1985), indicating a 

mid-Givetian age for the Wagen Drift Formation. Shallow to marginal-marine depositional 

environments ascribed to the lower Witteberg Group include deltaic deposits (Theron and 

Loock 1988; Hiller 1990) and storm-dominated shallow-marine deposits (Cole and 

Labuschagne 1983; Cotter 2000). Much like the Bokkeveld Group, a proximal-distal gradient 

from north to south is evidenced by flow vectors, isopach maps and the southward 

attenuation of sandy units (Theron and Loock 1988; Cotter 2000). The lower Witteberg 

Group is considered to represent shallowing of the basin with respect to the Bokkeveld Group 

(Theron and Loock 1988). Hiller (1990) described various deltaic sub-environments for the 

uppermost strata of the Weltevrede Formation near Makhanda (Eastern Cape), recognising 

interdistributary bay fill deposits, prograding distributary mouth bar deposits and tidal flats. 

Cole and Labuschagne (1983) made a detailed facies analysis of a heavy mineral placer 

deposit in the upper part of the Weltevrede Formation near Willowmore, 100 m below the 

contact with the Witpoort Formation, which they interpreted as a marine tempestite deposited 

below fair-weather wave base. Likewise, Cotter (2000) favoured a storm-dominated shallow-

marine model. The Weltevrede Subgroup, according to Cotter (2000) comprises 

approximately 40 upward-shallowing parasequences averaging 12 m thick, representing 

inner-shelf to shoreface deposits. 

By comparison to the Bokkeveld Group there is a general paucity of marine invertebrate 

remains in the Lower Witteberg Group. Rare marine invertebrate assemblages in the Wagen 

Drift Formation include a low diversity of articulate and inarticulate brachiopods and 

bivalves (Boucot et al. 1983). These groups, as well as a trilobite and a gastropod, were 
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identified from the uppermost strata of the Weltevrede Formation (Hiller 1990). A poorly 

preserved, putative conchostracan (Rennie 1934), which was later identified as a bivalve, 

possibly Naiadites devonicus (Scholze and Gess, 2021), as well as fragments of a eurypterid 

identified as Hasimima by Woodward (1909), were found in the vicinity of Port Alfred, in 

strata that Rennie and Mountain (1942) included in the upper Bokkeveld Series, which were 

subsequently mapped in the lower Witteberg Group (Booth et al. 1999), but may have come 

from the Witpoort Formation (Scholze and Gess 2021). Plant remains and a diversity of trace 

fossils occur throughout the lower Witteberg Group (Hiller 1990). The trace fossils have not 

been described in detail, with the exception of Spirophyton described by Plumstead (1967), 

who considered the trace to be an aquatic plant. Almond (1998) reported from the Weltevrede 

Subgroup, a low to moderate diversity of trace fossils including Zoophycos, Teichichnus, 

Scolicia Group meniscate burrows, lingulid brachiopod burrows, Palaeophycus, 

Diplocraterion and several unnamed forms. Plant remains were described by Plumstead 

(1967), but her results are of limited stratigraphic utility because she included the lower 

Witteberg Group strata in the Bokkeveld Group. Anderson and Anderson (1985) reviewed 

the Cape Supergroup flora with an up-to-date stratigraphy. They identified enigmatic plant 

taxa Dutoitia alfreda, Palaeostigma sewardi and the lycopods Haplostigma irregularis, 

Haplostigma kowiensis and Archaeosigillaria caespitosa from the upper Weltevrede 

Formation, whereas the lower Weltevrede Formation contains only Haplostigma and rare 

Archaeosigillaria. Gess (2016) reviewed the vertebrate fossil record of the Witteberg Group, 

noting, from the Weltevrede Formation, only fragmentary fish remains from a lag deposit in 

the Wagen Drift Formation, which he identified as shark spines of the Plesioselachus-type 

and arthrodire placoderm remains reminiscent of Barrydaleaspis. 
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2.2.2. The Witpoort Formation 

The Witpoort Formation forms the middle unit of the Witteberg Group (Johnson et al. 

2006). It conformably overlies the Weltevrede Formation with a sharp or gradational contact, 

that, according to Johnson (1976), is sharper eastwards in the basin. Johnson (1976) defines 

the lower boundary of the Witpoort Formation as the horizon above which sandstone is 

conspicuously more abundant than mudstone or streaky rhythmitite. The upper contact of the 

Witpoort Formation is described as conformable and sharp or intertongued, with a transition 

zone of a few metres thick (Johnson 1976). According to Loock (1967) this Witpoort 

Formation to Lake Mentz Subgroup transition is usually not well exposed but, where visible, 

it is a 25 feet (7.6 m) thick alternation of sandstones, siltstones and micaceous shales. The 

contact is defined as the base of the shale-dominated Kweekvlei Formation (lowermost 

formation of the Lake Mentz Subgroup) (Johnson 1976). Prior to Johnson (1976), the 

Witpoort Formation had been referred to as the Main Stage of the Witteberg Series by Theron 

(1960), and the Wittepoort Formation by Loock (1967), named after a locality approximately 

30 km NW of Grahamstown. Since the formation is only partially exposed at Wittepoort, the 

name was revised to Witpoort, after a section north of the Gamkapoort Dam near Prince 

Albert, Western Cape, where the formation is fully exposed, and which defines the stratotype 

section (Johnson 1976; Theron et al. 1991). Near its westernmost extent the Witpoort 

Formation is as little as 140 m (Theron and Loock 1988). In the central basin around the 

Eastern Cape/Western Cape border, between 23°E and 25°E, thickness of the Witpoort 

Formation is approximately 300 m (Johnson 1976). A stratigraphic log from within this zone 

gives a thickness of approximately 350 m at Waaipoort, near Steytlerville (Johnson et al. 

2006). Based on thickness figures of 850 m and 885 m in an unpublished report by D.K. 

Toerien, 730 m by Mountain (1946) and 1200 m by Meyer (1965), Johnson (1976) estimated 

the Witpoort Formation to be 800 m thick in the Grahamstown area. Johnson considered 
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Meyerôs (1965) suggestion that ódrag foldingô was responsible for abnormal thicknesses of 

the Witpoort Formation in this area to be implausible. Hiller and Taylor (1992), however, 

estimated the Witpoort Formation to be approximately 350 m thick in the same area. 

Following Johnsonôs (1976) PhD results (with no new stratigraphic data), Johnson et al. 

(2006, Table 1) gave a thickness of 850 m eastward of 22°E. 

The Witpoort Formation is a sandstone-dominated succession that is separated into three 

members (Rooirand Member, Perdepoort Member and Skitterykloof Member) westward of 

25° E (SACS, 1994; Thamm and Johnson 2006). Further east, however, the formation is not 

formally subdivided (Hiller and Taylor 1992). The Rooirand Member is between 250ï300 m 

thick (SACS 1994) and forms the bulk of the Witpoort Formationôs thickness. Its name is 

derived from the Rooirand Hills, west of the Gamkapoort Dam near Prince Albert (Western 

Cape), where J.C. Loock placed the stratotype. The Rooirand Member typically comprises 

brown to red-weathering, fine to medium-grained quartzitic sandstone forming lenticular or 

tabular beds averaging 30 cm in thickness, with poor preservation of internal sedimentary 

structures (Johnson 1976). A minor proportion of mudrock and óstreaky rhythmititeô (6%) is 

recorded in the Rooirand Member at Waaipoort (Eastern Cape) (Johnson 1976). It is 

conformably overlain by the Perdepoort Member, a white-weathering quartizitic sandstone 

unit that is 30ï60 m thick. It was originally known as the White Streak (óWitstreepô) (Loock 

1967) due to a distinctive whitish colour in outcrop visible in aerial photographs. It is 

characterised as being composed exclusively of mature, clean quartzitic sandstone exhibiting 

very regular tabular strata with horizontal and low angle cross-stratification (Johnson 1976). 

The name of this member was introduced by Johnson (1976), derived from Perdepoort north 

of Willowmore (Eastern Cape), where a quarry exposes the entire member. 

The Skitterykloof Member conformably overlies the Perdepoort Member, occurring 

sporadically at the top of the Witpoort Formation (Johnson 1976; Thamm and Johnson 2006). 
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It comprises massive sandstone and a variable proportion of mudrock (10ï40% according to 

Johnson 1976). It is characterised by the presence of coarse-grained, pebbly, immature 

sandstone and conglomerate, distinguishing it from the underlying Perdepoort Member 

(SACS 1994; Thamm and Johnson 2006). The Skitterykloof Member is conformably overlain 

by the Kweekvlei Formation. The Skitterykloof Member was named by J.C. Loock after a 

locality northeast of Ceres (Western Cape) where the whole member is exposed. An 

approximate thickness of 15 m is shown in a stratigraphic log (Fig. 2.1A) derived from 

Waaipoort (Johnson et al. 2006). 
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Figure 2.1: Stratigraphic columns for the study area: A) The Witteberg Group, logged at 

Waaipoort (Johnson et al. 2006). B) The eastern sector (Hiller and Taylor) with enlarged metre-

scale columns for three localities in the vicinity of Grahamstown, showing their approximate 

stratigraphic positions. 
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The transition from the Weltevrede Subgroup/Formation to the Witpoort Formation has 

been suggested to have resulted from a change in shoreline configuration from lobate to 

linear (Johnson 1976; Theron and Loock 1988; Hiller 1990; Hiller and Taylor 1992) and 

represents a shallowing event (Cotter 2000) that is related to a reduction of subsidence in the 

basin (Hiller and Taylor 1992) or falling sea-levels (Cooper 1986). A linear east-west 

trending high-energy shoreline is widely accepted for the genesis of the supermature 

sandstone-dominated Witpoort Formation (Theron and Loock 1988; Hiller and Taylor 1992; 

Thamm and Johnon 2006). Westward-directed palaeocurrent signals in the formation are 

thought to have been generated by shore-parallel currents (Loock 1967; Theron and Loock 

1988; Johnson 1991; Thamm and Johnson 2006). Based on these inferred shore-parallel 

palaeocurrent signals a shoreface setting for the Rooirand Member in the central part of the 

basin was proposed by Thamm and Johnson (2006), whereas further east, southwest directed 

palaeocurrents potentially indicate a fluvio-deltaic influence in this member (Thamm and 

Johnson 2006). The overlying Perdepoort Member is interpreted as a beach deposit based on 

the predominance of low angle cross-stratification and the great lateral extent of strata 

(Theron and Loock 1988; Thamm and Johnson 2006). In the eastern part of the basin near 

Makhanda, where the three members of the Witpoort Formation are not recognised, Hiller 

and Taylor (1992) identified a barrier island setting, represented by shoreface, beach, tidal 

inlet, tidal delta, washover fan, back-barrier tidal channel, and lagoonal deposits (Fig. 2.1B). 

Carbonaceous shale developed in stagnant brackish water lagoons which accumulated and 

buried abundant terrigenous plant and marine algal matter (Hiller and Taylor 1992), in 

counter to the hypothesis that the muds were deposited offshore (Johnson 1976). At the 

nearby Coombs Hill fossil locality, an approximately 80 m thick stratigraphic section of the 

middle (?) Witpoort Formation was interpreted as containing shoreface, beach and lagoon 

deposits (Harris et al. 2021).  
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Clast-poor sandy diamictite from the upper stratigraphic horizons of the Witpoort 

Formation, including above and below the Perdepoort Member, were interpreted as 

glacigenic deposits thought to correspond to late or latest Famennian glaciation events 

recorded in Bolivian strata (Almond et al. 2002).  

Plumstead (1967) suggested that Leptophloeum fossils from this óMain Witteberg 

Quartziteô indicated a Middle to Late Devonian age. In contradiction of the above, Rayner 

(1988) proposed an Early Devonian age for the Witpoort Formation based on ópsilophyteô 

plant remains described by Plumstead (1967). The discovery of Archaeopteris confirmed that 

the Witpoort Formation was Late Devonian (Hiller and Taylor 1992; Anderson et al. 1995). 

Cooperôs (1986) event stratigraphy model correlated the Witpoort Formation with Johnson et 

al.ôs (1985) TïR cycles IIe and IIf, representing regressive events during the Famennian 

stage. Cooper (1986) proposed that a flooding event at the WitpoortïKweekvlei Formation 

(lower Lake Mentz Subgroup) contact represented an early Tournaisian transgression 

recorded in the Rhenish Slate of Germany, thus placing the DevonianïCarboniferous 

boundary at approximately this horizon. The strongest evidence supporting a Famennian age 

for the Witpoort Formation comes from macrofossils derived from one stratigraphic horizon 

at one locality, whereas microfossils are next to unknown in the unit. Miospores indicating a 

Famennian age were reported from a horizon underlying the Perdepoort Member, but without 

identification or description of the spores (Almond et al. 2002). Fossil fauna and flora from 

Waterloo Farm include various taxa with a Late Devonian signal. The locality is considered 

to be situated in the uppermost Witpoort Formation (Gess 2011; Scholze and Gess 2021). 

Plant genera such as Archaeopteris and Leptophloeum are typical for the Late Devonian 

(Anderson et al. 1995; Osborne et al. 2004; Wang et al. 2005; Cornet et al. 2012). 

Undescribed putative spermatophyte remains from the locality (Gess and Whitfield 2020) 

would strongly indicate a Famennian age (Prestianni et al. 2015). Vertebrates including 
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tristichopterids (Hyneria udlezinye) and stem tetrapods (Tutusius umlambo and Umzantsia 

amazana) from the Waterloo Farm fossil locality likewise indicate a Late Devonian age 

(Gess and Ahlberg 2018, 2023). Apart from its occurrence at Waterloo Farm, Hyneria is only 

known from one other locality, Red Hill in the Catskill Formation of the eastern USA, which 

is late Famennian in age (Broussard et al. 2018). Placoderms are diverse and abundant at 

Waterloo Farm, but do not occur in stratigraphically higher strata (Gess 2016). Placoderm 

extinction at the DevonianïCarboniferous boundary (Sallan and Coates 2010) is consistent 

with the current recognition of this boundary at the top of the Witpoort Formation (Gess 

2016). The anoxic shales of the overlying Kweekvlei Formation are, however, very poor in 

fossils and therefore the absence of placoderms or other Devonian taxa in this formation does 

not prove an Early Carboniferous age. According to Gess (2016), the paucity of vertebrate 

remains in this stratigraphic interval is explained with reference to Romerôs Gap, a 15ï20 

Myr interval spanning the Tournaisian Stage (earliest Carboniferous), during which 

vertebrate and arthropod fossil remains are uncommon (Ward et al. 2006; Sallan and Coates 

2010). Some, however, consider Romerôs Gap to be an artefact of sampling bias (Byrne et al. 

2022). Palaeontological evidence therefore appears to support Cooperôs (1986) event 

stratigraphy correlation of the Witpoort Formation with the Famennian stage (Theron 1994; 

Gess 2016).  

Palaeobotany of the Witpoort Formation was reviewed by Plumstead (1967), Anderson 

and Anderson (1985) and Gess (2011). Anderson and Anderson (1985) performed a 

taxonomic and stratigraphic revision of Plumsteadôs work, including altering the names of 

taxa, performing synonymies, and introducing new taxa. These revisions are explained in 

detail by Gess (2011). Anderson and Anderson (1985) recognised nine plant taxa in the 

Witpoort Formation including four lycopods (Archeosigillaria caespitosa, Leptophloeum 

australe, Palaeostigma robusta and Palaeostigma sewardi), a ópsilophyteô (Dutoitia 
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maraisia) and three plants of uncertain affinity (Howisonia rara, Platyphyllum albanense and 

Praeramunculus alternatiramus). Apart from A. caespitosa and L. australe, all of these plant 

species were derived from a thin black shale horizon in the lower Witpoort Formation at 

Howisonôs Poort.  

Subsequent to Anderson and Andersonôs review, several plant and algae taxa have been 

diagnosed from the Witpoort Formation, principally from one stratigraphic horizon at 

Waterloo Farm. Plants from Waterloo Farm include phaeophyte or rhodophyte alga, 

Hungerfordia fionae and Yeaia africana (Hiller and Gess 1996), charophyte algae comprising 

two genera and four species, Octochara crassa, O. gracilis, Hexachara setaceae and H. 

riniensis (Gess and Hiller 1995b), three lycopods, Leptophloeum rhombicum (Prestianni and 

Gess 2014), Kowieria alveoformis (Gess and Prestianni 2018) and Colpodexylon pullumpedes 

(Harris et al. 2021b), a fern-like plant of uncertain higher affinity, Flabellopteris 

lococannensis (Gess and Prestianni 2022), a sphenophyte, Rhinistachya hilleri (Prestianni 

and Gess 2018) and a progymnosperm, Archaeopteris notosaria (Anderson et al. 1995; Gess 

and Berry 2024). One plant species was diagnosed from Coombs Hill, a lycopod 

Colopdexylon mergae (Harris et al. 2021b). Additional undescribed plant remains from 

Waterloo Farm include zosterophylls and seed plants (Gess and Whitfield 2020). 

Described invertebrate diversity in the Witpoort Formation is limited to a monospecific 

assemblage of bivalves, Naiadites devonicus (Scholze and Gess 2021) from Waterloo Farm, 

representing the oldest record of a nonmarine genus that became widespread in the 

Carboniferous Period (Scholze and Gess 2017) and remains of a terrestrial scorpion 

Gondwanascorpio emzantsiensis (Gess 2013). Undescribed invertebrates include remains of a 

cyrtoctenid eurypterid (Gess and Hiller 1995a; id. by R.W. Gess 2021), possible ostracods 

(Scholze and Gess 2021) as well as various bivalve species from Coombs Hill (Harris et al. 



Chapter 2 ï Literature Review 

29 

 

2021a). Lingulid brachiopods (Dignomia cf. lepta) are reported and described in this thesis 

(Chapter 7) from a lower Witpoort Formation locality (Harris and Gess 2022). 

Vertebrate remains in the Witpoort Formation are almost exclusively reported from 

Waterloo Farm. They include a lamprey, Priscomyzon riniensis (Gess et al. 2006), with an 

ontogenetic series that includes hatchlings to adults (Miyashita et al. 2021), placoderms, 

including an antiarch, Bothriolepis africana (Long et al. 1997), and three arthrodire species, 

Groenlandaspis riniensis (Long et al. 1997), Africanaspis doryssa (Long et al. 1997) and 

Africanaspis edmountaini (Gess and Trinajstic 2017), the acanthodians Diplacanthus acus 

(Gess 2001) and Gyracanthides riniensis (Gess and Burrow 2024), three chondrichthyans 

Antarctilamna ultima and Plesioselachus macrocanthus (Gess and Coates 2015b) and an 

undescribed symmoriid (Gess 2024), an actinopterygian (Gess and Whitfield 2020; Choo and 

Gess, in prep) and various lobed-fin fishes; a coelacanth Serenichthys kowiensis (Gess and 

Coates 2015a), a lungfish Isityumzi mlomomde (Gess and Clement 2019), a tristichopterid 

Hyneria udlezinye (Gess and Ahlberg 2023), an undescribed rhizodont (Gess and Whitfield 

2020), an underscribed onychodont (Gess 2011) and two tetrapod species, Umzantsia 

amazana and Tutusius umlambo (Gess and Ahlberg 2018). Reviewing the palaeontology of 

the Waterloo Farm locality, Gess and Whitfield (2020) proposed an estuarine environment by 

analogy to modern and ancient estuarine ecology, including the occurrence of marine and 

nonmarine fish and algal species, evidence for piscean utilisation of the environment as a 

nursery, and the predominance of a single shelly invertebrate species. Only one other 

vertebrate fossil is reported from the Witpoort Formation, an arthrodire placoderm skull-roof 

(Harris and Gess 2022), which is from a lower Witpoort Formation locality described in this 

thesis (Chapter 7). 

Trace fossils from the Witpoort Formation are to be found in very few reports. 

Spirophyton/Zoophycos is indicated to occur in the Witpoort Formation in various reports 
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(Plumstead 1967; Loock 1967; Gess and Hiller 1995a; Almond 1998), however, the 

distribution of the trace in the formation is difficult to discern. Plumstead (1967) records the 

trace as ranging from the lower Bokkeveld Series to the top of the Main Sandstone of the 

Witteberg Series without providing evidence for this. None of the specimens that she 

described are unequivocally from the Witpoort Formation. Loock (1967) cites Theron (1960) 

as recording the trace fossil Spirophyton ranging into the lower beds of the Witpoort 

Formation, but the highest stratigraphic record of the trace was within a 400 ft thick 

heterolithic unit underlying the Main Witteberg Quartzite (Theron 1960). Gess (2011) 

observed that Spirophyton frequently occurs in black carbonaceous shales near the bottom of 

the Witpoort Formation, and illustrated examples of the trace from the Waterloo Farm black 

shale. The trace fossils Cruziana and Rusophycus were identified from heterolithic sandstone 

underlying the shale horizon (Gess and Hiller 1995a). Hiller and Taylor (1992) recorded 

bioturbation in various stratigraphic logs from the Witpoort Formation, but did not describe 

the nature of the trace fossils. 

Vorster (2013, her Fig. 3.8) illustrated a trace fossil surface with indeterminate vertical 

burrows in the Witpoort Formation near Laingsburg. Brunsdon (2006) illustrated a vertical 

and a horizontal burrow from the Perdepoort Member. 

2.2.3. The upper Witteberg Group 

The upper Witteberg Group includes the Lake Mentz Subgroup and the Kommadagga 

Subgroup (Johnson et al. 2006). The Lake Mentz Subgroup, which conformably overlies the 

Witpoort Formation, records the initial deepening of the basin (Kweekvlei Formation) 

followed by shallowing and outbuilding of a sandy shoreline (Floriskraal Formation), and a 

subsequent deepening indicated by the Waaipoort Formation (Broquet 1992). Marine and 

nonmarine environments are indicated for the Lake Mentz Subgroup (Broquet 1992). 
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The Kweekvlei Formation (25ï200 m thick) is a mudrock-dominated succession with 

subordinate fine-grained sandstone units exhibiting hummocky cross-stratification, 

interpreted as storm influenced marine shelf sediments (Browning and Reid 2017). Fossils in 

the Kweekvlei Formation include indeterminate plant axes (e.g. Praeramunculis sp.) and 

trace fossils (Teichichnus-dominated, with rare Cruziana and Palaeophycus) (Browning and 

Reid 2017). Gess (2016) reported a shark spine from a conglomeratic horizon in the 

lowermost Kweekvlei Formation, but whether this horizon belongs to the uppermost 

Witpoort Formation needs to be reinvestigated.  

The Kweekvlei coarsens upwards into the arenaceous deposits of the Floriskraal 

Formation, which is 70ï130 m thick (Browning and PennïClarke 2016). The Floriskraal 

Formation is considered to represent a storm-dominated shallow-marine setting (Browning 

and Penn-Clarke, 2016). It contains a low diversity of horizontal burrows (Almond 1998) and 

poorly preserved plant remains, including lycopods (Browning and Penn-Clarke 2016). 

Possible fish fragments were reported from phosphatic nodules in the lowermost strata of the 

Floriskraal Formation (Evans 2005). 

The overlying, up to 340 m thick, mud-dominated Waaipoort Formation has been 

interpreted as an extensive lacustrine (Evans 2005) or lagoonal deposit (Broquet 1992). The 

Waaipoort Formation contains the large sweep-feeding eurypterid Cyrtoctenus wittebergensis 

(Waterston et al. 1985), plant remains, bivalves and fishes (Evans 2005). The latter include 

acanthodians (cf. Gyracanthides), chondrichthyans (Plesioselachus-like), actinopterygians 

(seven genera and 11 species) and, possibly, sarcopterygians (Evans 1999; Gess 2016). 

Ichnofossils from this formation include Teichichnus, small Cruziana and Rusophycus of the 

Isopodichnus type, Lockeia, horizontal burrows and arthropod trackways (Almond 1998). 

Trace fossils in the Waaipoort Formation (and Lake Mentz Subgroup as a whole) indicate a 

nonmarine environment for these strata (Almond 1998). 
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Plumstead (1967) suggested a Late Devonian age for the Upper Witteberg Shales (now 

Waaipoort Formation, Lake Mentz Subgroup) based on fossil plant (lycopod) axes that she 

identified as Protolepidodendron eximum (now considered an invalid genus, Bonamo et al. 

1988). This was supposedly supported by palynomorphs indicating a Middle to early Late 

Devonian age (Stapleton 1977). In contrast, Gardiner (1969) described a diverse fauna of 

palaeoniscoid actinopterygians which exhibited a great degree of higher taxonomic overlap 

with Lower Carboniferous (Visean) strata of the Cementstone Group of Scotland, in which 

six out of eight families from the Waaipoort Formation also occur, with the remaining two 

being endemic (Gardiner 1969). Streel and Theron (1999) refuted Stapletonôs palynological 

result, producing miospores from the Waaipoort Formation that indicated a middle 

Tournaisian to early Visean age, in support of Gardinerôs conclusion.  

The Kommadagga Subgroup is considered to contain evidence for the earliest phase of 

glaciation of the Permo-Carboniferous ice age (Theron 1994). The basal Miller diamictite, 

interbedded with the Swartwaterspoort sandstone, provides evidence for overriding glaciers, 

and gives way to laminites of the Soutkloof Fm, and then to the Dirkskraal sandstone, which 

have been interpreted as a nearshore to deltaic deposit (Swart, 1982; Theron 1994). The 

Kommadagga Subgroup is considered to be largely unfossiliferous, except for some 

horizontal burrows of an unknown type from the Dirkskraal Formation (Almond 1998). The 

Kommadagga Subgroup is overlain by the Dwyka Group, representing the Cape Supergroup-

Karoo Supergroup contact. The base of the Dwyka Group is thought to be Late Carboniferous 

to Early Permian in age (Theron 1994). It is generally agreed that a significant hiatus in 

deposition occurred prior to deposition of the Dwyka Group (Dunlevey and Hiller 1979; 

Swart 1982; Theron 1994). 
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3. CHAPTER 3 ï MATERIAL AND METHODS 

3.1. Material:  

3.1.1. Study area 

At the beginning of this study, its scope was determined by visiting 13 Witpoort 

Formation localities along the extent of the Cape Fold Belt. From these, seven in the Eastern 

Cape were selected for stratigraphic and sedimentological analysis. The criteria for selecting 

lithological sections were, firstly, anchorage to stratigraphic contacts, in order to circumvent 

the problem of floating sections that has affected stratigraphic work in the study area (Hiller 

and Taylor 1992; Harris et al. 2021a). Outcrops that presented continuous sections to 

recognisable formational or member boundaries were favoured. Intense structural 

deformation was considered a negative criterion. The second criterion was the presence of 

body and trace fossils, which would provide invaluable palaeoenvironmental information. For 

this reason, six out of seven studied sections are located within a 30 km radius of Makhanda 

(Eastern Cape), from which most of the Witpoort Formation palaeontological record is 

derived. This part of the study area will be referred to as the óeastern sectorô throughout this 

work. Approximately 200 km west of Makhanda, at Waaipoort (near Steytlerville), a well 

exposed cross-section of the Witpoort Formation was selected as a reference. The study area 

includes selected sections of the Witpoort Formation in the Eastern Cape (Fig. 3.1). The 

sections were investigated during three annual field seasons from 2021 to 2023. The Witpoort 

Formation type section at Gamkapoort Dam (near Prince Albert, Western Cape, Theron et al. 

1991) was eliminated from the study because the outcrop was inundated by an unusual rise in 

the dam level in the spring of 2022. Each studied section is presented with a map of 

approximately 1:10 000 scale with stereonet projections of the bedding orientations and 

structures recorded therein. Metre-scale stratigraphic logs for the sections are provided in 

Appendix 1CïL. 
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Figure 3.1: Map of the study area (bottom) showing its location in South Africa (top left) and 

palaeogeographic reconstruction for the Late Devonian (top right) after Torsvik and Cocks (2004), 

with the south pole indicated by a star. The study area is projected at approximately 70° South. 

Localities studied are Waaipoort (WP), Alicedale (AD), Seven Fountains (SF), Howisonôs Poort 

(HP), Waterloo Farm (WF), Grey Dam (at the same location as WF on map) and Rabbit Ridge 

(RR). The distribution of the Witpoort Formation is shaded black, based on data provided by the 

Council for Geoscience. 

3.1.2. Trace fossils 

Ichnotaxonomic descriptions are derived from trace fossils located in situ in each of the 

stratigraphic sections and in museum collections. A collection of 183 trace fossil-bearing 

rock slabs from the study area was accessioned into the catalogue of the Albany Museum, 

reposited at 87 Beaufort Street, Makhanda (Appendix 3). This material was collected by the 

writer and Dr Gess during fieldwork since 2015 and includes Witpoort Formation specimens 

from Coombs Hill (n=31), Rabbit Ridge (n=22), and Howisonôs Poort (n=4) as well as prior 

collections of Dr Gess from Waterloo Farm (n=77) and ónear Firglen turn-offô(n=3), and 
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Weltevrede Formation material from Howisonôs Poort (n=11). The provenance of each 

specimen includes the locality, stratigraphic horizon, collectorôs name and date of collection. 

Stratigraphic horizons for material described in Chapter 6 from Rabbit Ridge, Howisonôs 

Poort and Waterloo Farm refer to log diagrams presented in this work. Those from Coombs 

Hill refer to the stratigraphic logs presented in Harris et al. (2021a). The locality ónear Firglen 

turn-offô (33Á19ô12òS 26Á22ô2òE), approximately 15 km west of Makhanda, was investigated 

by Dr Gess during the excavation of a small farm dam in 1992. The locality was not revisited 

during this study. Satellite imagery and the Grahamstown 1:250 000 sheet (Council for 

Geoscience, 1995, sheet 3326) corroborate Dr Gessô assessment that the cutting is situated in 

the lowermost Witpoort Formation. 

3.2. Methods: 

3.2.1. Stratigraphy 

Stratigraphic logs were measured using a Jacob staff and Abney level, or alternatively, 

where the dip of strata exceeded about 45°, exceeding the capability of the Abney level, a 

metre ruler was used. The logs were hand drawn in the field at a scale of 1.5 cm to a metre. 

These columns were redrawn digitally using Inkscape 1.0.1, with reference to field notes and 

photographs (Appendices 1Bï1K). Structural tilt (dip angle and dip direction) of strata was 

measured using a Breithaupt geological compass with declination adjusted to -28°. 

Geological maps were drawn at approximately 1:10 000 scale with reference to field 

observations, existing 1:250 000 geological maps for the study area and satellite imagery 

(Google Earth). A Nikon Laser 550AS rangefinder was used to record distance measurements 

and slope angles. For calibration of thicknesses arrived at by manual logging, and to calculate 

the true stratigraphic thicknesses of intervals where strata were poorly exposed, the following 

formula was used (after Addie 1968): 

 



Chapter 3 ï Material and Methods 

36 

 

44 ,3ÉÎ!$ 3Ȣ
#ÏÓ4$

#ÏÓ!$
 

where     TT is the true stratigraphic thickness 

              AD is the apparent dip of strata 

              TD is the true tip angle of strata 

               L is the length of traverse 

   S is the slope angle 

3.2.2. Sedimentary facies analysis 

The sedimentary facies analysis performed in Chapter 5 follows principles outlined by 

Dalrymple (2010). A sedimentary facies is thereby defined as a body of rock characterised by 

a particular combination of lithology, and physical and biological structures that bestow an 

aspect ("facies") that is different from the bodies of rock above, below and laterally adjacent. 

The characteristics used to define facies are generally those that have genetic significance. 

Accordingly, sedimentary facies do not necessarily imply a particular depositional 

environment, but reflect the conditions and processes responsible for their deposition. The 

facies then provide the building blocks for recognition of facies assemblages, which may, 

according to conventional facies models, reflect stacking patterns and lateral relationships 

characteristic of depositional environments (Dalrymple 2010). 

Each bed is coded according to a two-letter facies code scheme (Miall 1977, 2010; 2014; 

Colombera et al. 2013), where a capital letter represents the dominant grain size of a 

lithofacies, and this is followed by a lower-case letter representing the characteristic 

sedimentary structure or texture (Miall 2010). According to the conventional grain-size code, 

sandstone facies are given an óSô, mudrock are given óFô, and grain sizes larger than sand are 

given óGô for gravel. Twelve sedimentary facies are recognised in the study area (Table 5-1), 

including seven facies from Miall (2006), though five facies do not occur within Miallôs 

scheme. Those not found in Miallôs scheme include intraformational conglomerate (Gi), 
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extraformational conglomerate (Ge), undulatory sandstone and mudstone (Su), rhythmically-

laminated sandstone with mud drapes (Sc), and soft-sediment deformation structures (SSDS).  

Bedform geometry is one of the more definitive properties that separate facies, because 

this is the most detectable characteristic at outcrop and carries genetic significance (Lazar et 

al. 2022). Bedform geometry describes the thickness, lateral extent, nature of the bounding 

surfaces and internal stratification of the bedforms. Description of stratification follows the 

terminology formalised by Campbell (1967, p. 8) in which; 

A lamina is the smallest megascopic stratum; a laminaset consists of a group of 

conformable laminae that form a distinctive structure within a bed; a bed is the stratum that 

reveals the principal rock layering, and a bedset consists of a number of superposed, similar 

beds. 

This set of terminology contrasts with the more widely applied terminology of McKee and 

Weir (1953), in which óbedô and ólaminaô are arbitrarily separated by having a greater or 

lesser thickness than 1 cm. In Campbellôs terminology, bed and bedset approximate the 

bedset and coset of McKee and Weir. For clarification, an example of a bed and a bedset as 

here used is shown in Figure 3.3. These units are described according to the quantitative 

terminology recommended by Campbell 1967, which are tabulated in Figure 3.2.  

Rock types are classified according to mineralogy and grain size. Grain size is assessed 

with reference to a visual estimation chart based on the standard Wentworth scale (Fig. 3.2). 

Sandstones of the Witpoort Formation are fine to medium grained, composed of quartz, mica 

and clay with accessory quantities of heavy minerals and feldspar (Johnson 1991). The 

principal rock types encountered in the study area are intraclast conglomerate, quartz arenite, 

quartz wacke, siltstone and mudrock (laminated shale and mudstone) (Johnson 1991; 

Chabangu 2023). Shale is clearly separable from mudstone in having strongly developed 

lamination and exhibits a flaggy parting, whereas the latter is blocky. Rock samples from one 
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of the studied localities (WP) were collected by the writer and a postgraduate student, and 

were analysed petrographically (Chabangu 2023). Rock identifications are based on these 

results and prior petrographic work on rock samples from Coombs Hill in the study area 

(Harris 2017). According to the Pettijohn classification system (Pettijohn et al. 1973), quartz 

arenites are composed of more than 85% quartz, with less than 5% feldspar and/or lithic 

fragments. Quartz wacke contains between 15 and 75% clay-silt matrix, with the sand 

proportion comprising exclusively quartz and mica. Mudrock (>75% clay-silt) includes shale 

and mudstone, which are distinguished by the presence or absence of lamination respectively 

(Pettijohn et al. 1973; Schieber et al. 2010). 

Rock colour is described qualitatively with reference to a colour chart (GeoExplore Store 

colour reference chart). 

 

 

 

 

 

  

 

 

 

 

 

Figure 3.2: Left: The Wentworth Scale (grain size in mm). Right: Table of descriptive terms for 

ñbedò and ñlaminaò after Campbell (1967). 
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Figure 3.3: Application of the terms Bed (B) and bedset (BS) to an example from the study area 

(Waaipoort). Beds within the bed set are weakly laminated, are separated by mud drapes, and thin 

upwards in the set. Scale increments are in cm. 

3.2.3. Palaeocurrent analysis 

Palaeoflow vectors (n=658) were measured in the field from in situ sedimentary structures. 

Prior to current analysis the vectors were corrected for tectonic tilt using a stereographic 

projection, according to standard procedure (Potter and Pettijohn 1977). Restoration is 
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achieved by interpreting, for each vector, the horizontal surface on which it formed 

(óbeddingô), which then forms the axis of back-rotation. This bedding is restored to its 

original horizontal orientation by rotating first for fold axial plunge and then dip, and the flow 

vector is restored by the same rotation path. The data were restored in the program Stereonet 

(v. 11.0.9), and verified at random using a Schmidt stereonet projection. Palaeocurrent roses 

were generated in the same program with data bins set at 15°. The raw and rotated dataset is 

presented in Appendix 2. 

In the study area, bedding measurements were taken from laterally extensive planar 

surfaces (flat surfaces of erosion or horizontally-laminated strata). As it was not possible to 

recognise such surfaces at every horizon, they were recorded where found. Vertically 

adjacent bedding surface measurements were averaged where variance in strike and/or dip 

was less than 10°. 

Fold axial plunge was recorded as 3ï4° in the Makhanda synclinorium (sections HP, GD 

and WF). Plunge was not corrected for in sections SF and RR. In the west of the study area, 

plunge was measured at between 9 and 12°. However, Booth (2002) recorded a plunge of 8° 

for the same locality. Given the larger sample set of bedding measurements from Boothôs 

study, his result was used for the rotation. According to Potter and Pettijohn (1977), if axial 

plunge is less than 10° compensation for plunge is unnecessary. As a test, data from one of 

the sections (WP 2, plunge = 8° ESE), that with the steepest fold axial plunge recorded in the 

study area, was rotated with and without compensating for plunge (Fig. 3.4, A and B). These 

corrections had a small impact on the resulting palaeocurrent roses, altering the vector means 

by 5°, in accord with Potter and Pettijohnôs evaluation. 

Palaeoflow vectors were measured from directional indicators; cross-strata foresets, rib 

and furrow structures, trough axis orientations (cf. Michelson and Dott 1973), clast 

imbrications and scour tails, and asymmetrical ripple crests. Where no bedding surface 
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measurement of planar cross-strata could be attained, foreset dip was reconstructed on the 

stereonet using two apparent dip measurements, where the true dip and strike is defined by 

the great circle intersecting two lines of apparent dip on the same plane (Lisle and Leyshon 

2004). 

Bidirectional trend indicators, such as parting lineation, symmetrical ripple crestlines, 

plant fossil alignments and gutter casts are reported in the facies analysis (Table 5-1), but 

were excluded from the other analyses. Cross-strata that resolved at below 5° from horizontal 

were removed from the dataset. 

 

Figure 3.4: Flow vectors for Waaipoort, (section 2), without fold axial plunge correction (A), and 

with plunge correction (B). Black dots each represent a restored flow vector. Fold axial plunge for 

this section is 8° ESE (after Booth 2002). Error margins to the mean vector record one standard 

error.  

3.2.4. Ichnology 

Trace fossils were studied to better understand and interpret sedimentary processes, and 

for palaeo-environmental comparisons with other records. Accurate description and 

identification are important for this purpose. Trace fossils that could not be confidently 

assigned at the ichnogenus or ichnospecies level were placed in open taxonomy (Chapter 6, 

incertae sedis). Diagnosis of new ichnotaxa should be made with care because unwarranted 
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naming of trace fossils muddies the ichnotaxonomic literature and hinders 

palaeoenvironmental comparisons (Bertling et al. 2006) and it is considered beyond the scope 

of this study. The International Code of Zoological Nomenclature defines a trace fossil as the 

fossilised work of an organism (Bertling et al. 2006). Ichnotaxa are identified based on a 

morphological, rather than ethological, classification system (Mángano et al. 2002b; Bertling 

et al. 2006). Morphological traits that reflect the size or identity of the tracemaker, the 

substrate or the environment of deposition do not constitute ichnotaxonomic characters or 

óichnotaxobasesô (Bertling et al. 2006). 

Ichnofossils were measured directly, in the lab with a dial caliper, and in the field with a 

ruler, or indirectly from photographs using the digital software MB Ruler (v.5.4, 2022). 

Photographs were taken in the lab using a copy stand with low angled illumination. 

Photographic tone and contrast were altered using the program Adobe Photoshop CC 2017. 

Degree of bioturbation is estimated with reference to the Bioturbation Index of Taylor and 

Goldring (1993), which was based on Reineck (1963). This index uses visual estimation to 

quantify the bioturbation intensity from BI 0 (no bioturbation) to BI 6 (complete 

bioturbation). This method has become standard usage by ichnologists and sedimentologists, 

enabling comparisons with established facies models (e.g. Buatois and Mángano 2011; 

Gingras et al. 2012; Dalrymple et al. 2015). 

A bedding plane bioturbation index (BPBI) was developed by Miller and Smail (1997). It 

is a semiquantitative method describing the intensity of bioturbation on bedding surfaces 

using visual estimation. This method is less widely applied than the BI method, but serves for 

quantifying bioturbation that is limited to bedding surfaces and sometimes not visible in 

profile (Buatois et al. 1997b; Shchepetkina et al. 2019). 
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4. CHAPTER 4 ï STRATIGRAPHY  

4.1. Introduction  

According to section 2.2 of the literature review above, lithostratigraphic units of the 

Witteberg Group have remarkable lateral persistence across the Cape Fold Belt (except where 

removed by Permo-Carboniferous subglacial erosion westwards and northwards). This, 

however, did not appear to be the case for the Rooirand, Perdepoort and Skitterykloof 

Members of the Witpoort Formation, which are only recognised westward of 25° E in the 

Cape Fold Belt (Thamm and Johnson 2006) and are mapped as far east as Kirkwood in the 

Eastern Cape (Sheet 3324, Council for Geoscience 1991). According to early work and 

subsequent reviews, the Witpoort Formation thickens from 300ï400 m in the Western Cape 

to 850 m in the region of Makhanda (Johnson 1976; Theron 1994; Johnson et al. 2006). A 

more recent stratigraphic study in this eastern sector argued against this apparent thickening 

(Hiller and Taylor 1992). Moreover, structural geologists have suggested that increasing 

apparent thickness of Cape Supergroup units eastward was related to the greater degree of 

shortening and prevalence of thrust-related duplexing, and called for better integration 

between stratigraphic and structural studies (Shone and Booth 2005; Booth 2011). 

In the eastern sector, Witpoort Formation stratigraphy is complicated by intensive 

structural deformation. Booth et al. (1999) documented the effects of asymmetrical folding, 

thrust faulting and normal faulting at Port Alfred to the southeast of Makhanda, 

demonstrating thrust-stacking of beds to be a particular hinderance to Witteberg Group 

lithostratigraphy. Based on the correlation of fossiliferous mudstone marker beds and the 

reversal of younging direction of strata across a tight, overturned syncline, Harris et al. 

(2021a) documented the duplication of an 80 m thick stratigraphic section at Coombs Hill to 

the east of Makhanda. Thickening of the formation in the vicinity of Coombs Hill inhibits the 

placement of its fossil-bearing horizons in the Witpoort Formation stratigraphic column, 
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precluding age comparisons for the site with Waterloo Farm (Harris et al. 2021a), the 

stratigraphic horizon of which is also not equivocal. Hiller and Taylor (1992) placed the 

Waterloo Farm black shale horizon in about the middle of an undifferentiated 350 m thick 

Witpoort Formation sandstone, while Gess (2011) considered the Waterloo shale to fall in the 

uppermost Witpoort Formation. New evidence from a systematic log of overlying strata will 

have implications toward resolving the disagreement. The fossiliferous horizons of 

Makhanda, including known sites at Waterloo Farm and Howisonôs Poort and a recently 

discovered locality at Rabbit Ridge are assembled in a composite stratigraphic framework, 

which hypothesises their positions in the column. by comparison to a reference section 200 

km to the west. 

The pass at Waaipoort exposes a full cross-section of the Witpoort Formation, which has 

been incorporated in prior stratigraphic (Johnson et al. 2006), petrographic (Olivier et al. 

2011) and structural studies (Booth 2002). The sole published stratigraphic log showing the 

whole formation, including its upper and lower contacts, as well as the three members, is 

recorded from the site (Johnson et al. 2006). A re-investigation of this classic exposures 

provides a critical dataset for understanding the sedimentary and structural characteristics of 

the formation as a whole. 

Based on the relationship of surface topography to underlying geological structure, some 

indication of Witpoort Formation stratigraphy can be formed. The Witpoort Formation is 

more competent than overlying and underlying formations and thus gives rise to prominent 

topographic highs in the study area. This topography is strongly influenced by structural 

folding of the strata, resulting in parallel WNW-ESE trending ridges that expose the 

formation. All strata in the studied sections are inclined parallel to the shortening direction, 

except for those occurring at the axes of fold structures, which, if the fold axis is open, may 

be sub-horizontal. Exposures of the lower Witpoort Formation tend to form óinverted 
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topographyô (Theron 1960, p.18), in which hills or ridges are underlain by synclinal 

structures. Adjacent anticline axes will form valleys due to uplift of the underlying 

Weltevrede Formation that is more easily eroded than the Witpoort. This is the case at lower 

Witpoort Formation localities at Howisonôs Poort (Fig. 4.1 B) and Rabbit Ridge. The normal 

condition, whereby an anticline forms a ridge, is observed wherever the upper Witpoort 

Formation is exposed in the study area, as found in sections measured at Waaipoort and Grey 

Dam (Fig 4.1 A, C). 
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Figure 4.1: Normal (A, C) and inverted (B) topography, illustrating  the relationship of 

geomorphology to underlying geological structure and stratigraphy in the study area. A) An 

anticlinal ridge exposing the upper strata of the Witpoort Formation at Waaipoort. B) A ridge 

forming the southern limb of an open syncline exposing the lowermost strata of the Witpoort 

Formation at Howisonôs Poort. The syncline fold axis is approximately 300 m north (to left) of the 

WeltevredeïWitpoort Formation contact exposed in the treeline to the right of the photograph. C) 

The National Highway intersects the ridge defined by an open anticline exposing the uppermost 

strata of the Witpoort Formation at Grey Dam. The overlying Kweekvlei Formation is exposed in 

the syncline that defines the valley to the left of the photograph. The anticline axis intersets the 

ridge at the far right of the photograph, as mapped in Figure 4.8A. 
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Figure 4.2: Composite stratigraphic log section for Waaipoort (WP 1ï3)
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4.2. Stratigraphy and structural geology of sections 

4.2.1. Waaipoort 

Horizon: upper Weltevrede Formation to lowermost Kweekvlei Formation 

Descriptionï The studied section is situated 190 km west of Makhanda, where a 1 km long 

continuous outcrop through Waaipoort exposes the upper Weltevrede Formation, the 

Witpoort Formation and the Kweekvlei Formation (Figs 4.2 and 4.4A). The strata are 

recorded in road cuttings and natural exposures along the R329 regional road, as well as in 

the adjacent valley formed by the Andries Buys River. Structural deformation is evident 

throughout the section, in places affecting the stratigraphy. The continuity of the stratigraphic 

section is interrupted by a series of thrusts and folds that repeatedly duplicate the upper strata 

of the Witpoort Formation towards the northern perimeter of the pass (anticlines A1 and A2, 

Fig. 4.4C). The strata were measured as a composite section (WP 1ï3) to compensate for this 

deformation. 

WP 1 is a continuous 307 m thick section through the upper strata of the Weltevrede 

Formation (25 m), the Rooirand Member (278 m) and lowermost Perdepoort Member, 

whereupon the section is interrupted with large scale faulting and a change in younging 

direction (Fig. 4.5A). Bedding in WP 1 is subvertical, dipping between 60°ï80° NNE, and 

striking from 278°ï294°. Small scale and medium scale faults with cm to m of displacement 

(Fig. 4.6AïC), slickensides and localised brecciation of strata affect the section throughout, 

increasing in frequency towards the large-scale thrust and fold axis that truncates the section. 

These small deformations often affect the superposition of strata, particularly around 

sandstoneïmudrock contacts, and in places with duplication and/or fragmentation of beds 

(Fig. 4.6A and B). 

WP 2 includes the strata of the Perdepoort Member (63 m thick) to the apparent top of the 

Skitterykloof Member (15 m thick), measured on the northern limb of A2 in the Andries 
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Buys River valley (eastern bank). The section begins at the axis of A2 where bedding dips at 

30° NNE, progressively shallowing to about 10° NNE at the top of the Skitterykloof Member 

(Fig. 4.5B). Uppermost beds of the Skitterykloof Member are heavily deformed and faulted 

(Fig. 4.6D). Brecciation and weathering obscures their former contact with the Kweekvlei 

Formation, which has been erosionally removed from the top of WP 2. This contact is 

however observed in WP 3, where it is less deformed. WP 3 is measured on the sub-vertically 

dipping northern limb of A1 and records the uppermost 25 m of the Witpoort Formation, 

beginning at the first shale bed approaching the top of the Perdepoort Member, through the 

Skitterykloof Member to a conformable contact with the Kweekvlei Formation (Fig. 4.4C). 

The Skitterykloof Member, distinguished from the Perdepoort by the appearance of 

extraformational lithic clasts, is 20 m thick. Minor faulting affects this upper contact and 

another sandstoneïshale contact lower in the section. 

 

Figure 4.3: Symbology for the maps presented in Chapter 4. 
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Figure 4.4: Location and geology of Waaipoort. A) Map of the area (for a key to symbols see Fig. 

4.3). B) Stereonet projection of poles to bedding planes recorded in sections WP 1 and WP 2 

(compare the data to the structural cross-section shown in C). C) Geological cross section 

(modified from Booth 2002) along transect aïb marked on the map in A. The stratigraphic sections 

WP 1, WP 2 and WP 3 are marked on Boothôs structual cross section. 
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Figure 4.5: Studied exposures at Waaipoort. A) WP 1 is a continuous section from the uppermost 

Weltevrede Formation (black arrow at right) to the Rooirand-Perdepoort Membersô contact 

(white arrow). A syncline/fault is indicated by a black arrow outlined in white. Anticline A1 is seen 

at far left of the exposure. Motor vehicle for scale is circled. B) WP 2 is recorded from the axis of 

anticline A2 along its northern limb to the top of the Witpoort Formation at far left of photograph. 

C) A sharp contact between the Witpoort Formation (Skitterykloof Member) and the Kweekvlei 

Formation shale is exposed in section WP 3. Younging direction is to left of photograph, ruler for 

scale is 1 m. 
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Figure 4.6: Structural fault  damage at Waaipoort (AïC are from WP 1 and D is from WP 2). A) 

Photograph and line drawing (below) of a lower Witpoort Formation unit emphasising structurally 

deformed bed contacts (black lines). B) Ductile deformation of a sandstone interbed (thick lines) 

from a thick shale unit in which formerly horizontal lamination (thin lines) is disturbed. The 

sandstone bed (or beds?) is heavily fragmented. Ruler scale is 1 m long. C) A small scale fault with 

about 8 cm of displacement indicated by a white arrow. D) Deformation of the top of the 

Skitterykloof Member  in WP 3. Bed contacts are emphasised with stippled lines. 
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Remarksï The structural geology of the Waaipoort pass was studied by Booth (2002). He 

recognised two oppositely verging anticlines in the section and recorded forethrust faults on 

the southern limbs of the folds (Fig 4.4C). The fault system that interrupts WP 1 was 

interpreted as a complicated system of thrust and backthrust faults that were later influenced 

by normal faulting associated with post-Palaeozoic extension in the basin (Booth 2002). 

Stratigraphic thicknesses here recorded are in close agreement with the section illustrated by 

Johnson et al. (2006), which was, presumably, also a composite section of the Waaipoort. 

The Rooirand Member is measured at 278 m thick, whereas Johnson et al. (2006, their Fig. 2) 

illustrate a thickness of approximately 280 m. The Perdepoort Member is 63 m thick in 

section WP 2 compared with 60 m shown by Johnson et al. (2006). The Skitterykloof 

Member is 15 m thick at the top of WP 2, and 20 m thick in WP 3. Though the section, 

particularly the Rooirand Member, appears to have been thickened by regular, small-scale 

thrust-related duplications it is, nonetheless, in the correct stratigraphic order and provides an 

important reference of sedimentary facies of the Witpoort Formation, its members and 

stratigraphic contacts to compare with the remainder of the study area in the eastern sector. 
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Figure 4.7: Composite stratigraphy for the eastern sector sections, Seven Fountains (SF), Alicedale 

(AD), Howisonôs Poort (HP), Grey Dam (GD), Waterloo Farm (WF) and Rabbit Ridge (RR).
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4.2.2. Rabbit Ridge 

Horizon: lower Witpoort Formation (Rooirand Member) 

Descriptionï Rabbit Ridge exposes a continuous composite section comprising three 

outcrops (lower, middle and upper sections) along a 1 km WNW transect adjacent to the N2 

highway, approximately 20 km east of Makhanda (Fig. 4.8A). It records a stratigraphic 

thickness of 80 m of predominantly arenaceous strata underlying an unusually thick (~10 m), 

laterally extensive grey mudstone horizon (Figure 4.7; Appendix 1K). The strata in the 

section are structurally tilted, forming part of the SW dipping limb of a syncline. Bedding dip 

measurements are consistently between 60ï80° (n=18; xↄ=70°), striking at 290ï320°, with no 

change in younging direction (Fig. 4.8B). The section begins at or near the base of the 

Witpoort Formation at the lowest stratigraphic exposure along this ridge. Strata in the section 

appear to be in stratigraphic order without disruption by folding or faulting. A zone of 

structural buckling to the northwest associated with brecciation and multiple changes in 

younging direction forms a negatively weathered anticlinorium that appears to have uplifted 

strata of the underlying Weltevrede Formation. 

Remarksï The prominent Rabbit Ridge mudstone horizon was traced for 4.5 km along 

strike (see Chapter 7). It occurs at a similar stratigraphic level to conspicuous shale-rich 

horizons at Howisonôs Poort and Waaipoort, about 90 m above the base of the Witpoort 

Formation. The stratigraphy, sedimentology and palaeontology of this mudstone and 

underlying strata is given particular attention in Chapter 7. 
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Figure 4.8: Geology and location of Rabbit Ridge: A) Map showing the locations of sections 

(LowerïLS; MiddleïMS; UpperïUS). The Rooirand and Perdepoort Members cannot be 

distinguished from satellite imagery in this area. B) Stereonet plot of poles to bedding planes from 

the studied sections.  
























































































































































































































































































































































































































































































































































































































































































































































