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ABSTRACT

The Witpoort Formatioya Late Devonian (Famennian) coastal siliciclastic sedimentary
successiofhas 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, applieshioination to
form a sedimentological background to the only Hajitude palaeoecological dataset from
its time stage. The results of this thesis indicate amarine, sheebraidal fluvial deposit in
which transgression of the coast led to the development of margaraie, estuarine facies,
favouring the preservation of body and trace fossils. The deposits accumulated in erosively
based, valleyfill fluvio -estuarine cyclothemsong an approximately WNYESE trending
shoreline bordering the Agulhas Sea.

Towards the top of the succession (Perdepoort Member) fluvial progradation, and the lack
of marginalmarine facies, indicate maximuragressionconsistent with a globally
recognised sekevel fall during thdate Famennian. The eiitkvonian 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 preded that careful study of the Skitterykloof Mber 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 FrasnidrFamennian boundary, is not recognised instinelied 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 indicatesulstdsyformed an important

control on sedimentation in the Witpoort Formation. This presents the strongest evidence for



constraining the chronology of its strata. There is an urgent need for furtheprowifi

analyss, 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 uppeariRibo
Member.This deposit appears to have formed in a frésibrackishwater inner estuary,
possibly tens of kilometres from the shoreliAealysis of a new fossil locality, Rabbit
Ridge, from lower in the stratigraphy, presents a compaestlarinalepositional
environment to Waterloo Farrhligher degrees of marine influence at Rabbit Ridge are
indicated by the invertebrate and trace fossil signatiitess ecology of invertebrate
communities and trace fossils indicate variable salinity levels and depositional rates from a
spectrum of estuarine simvironments that occurred at intervals throughout the Rooirand

Member.
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LI1ST OF FIGURES

Figure 1.1: Map and stratigraphic column for the Cape Supergroup. Map (above) reproduced from
Tankardet al.(1982). Stratigraphic column (below) modified from Theron (1994) with thicknesses of
stratigraphic units as given by Tankatdal. (2012)..........coovvriiiiiiieiiiiiee e, 6

Figure 2.1: Stratigraphic columns for the study area: A) The Witteberg Group, logged at Waaipoort
(Johnsoret al.2006). B) The eastern sector (Hiller and Taylor) with enlarged rsetide columns for
three localities in the vicinity of Grahamstown, showing their approximate stratigraphic posifidns.

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 isgbedi at approximately 70° South.
Localities studied are Waaipoort (WP), Alicedal e
Waterloo Farm (WF), Grey Dam (at the same location as WF on map) and Rabbit Ridge (RR). The
distribution of the Witpoort Fonation is shaded black, based on data provided by the Council for
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Figure 3. 2: Left: The Wentworth Scale (grain siz
and Al aminao af.t.er..Camp.hel.l... (+1.968.7.) e 38

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 INCremMeNts are IN.CIM.........cc.uviiiiiiiieeeie e eeer e 39

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 standard4tror.

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 \WaifB) A ridge forming the

southern limb of an open syncline exposing the lowermost strata of the Witpoort Formation at

Howi son6és Poort. The syncline fold axisiis appro
Witpoort Formation contact exposedtie 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 FIQUIre 4.8A..........ooo e 46
Figure 4.2: Composite stratigraphic log section for Waaipoort (YBP.1..........ccccccvvvveeerviccnee 47
Figure 4.3: Symbology for the maps presented in Chaptetr.d...........cccccvvvveeeiieeiiieiieeeeeeen.. . 49

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 crssstion shown in C). C) édlogical cross section (modified

from Booth 2002) along transedttamarked on the map in A. The stratigraphic sections WP 1, WP 2

and WP 3 are marked on .Bo.ot.hdbs..s.t.r.uct.unal.50cr oss s

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 RooifBrelr depoort Member sé con
arrow). A syncline/fault is indicated by a black arrow outlined/nite. Anticline Al 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 betwen 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.1 181

Figure 4.6: Structural fault damage at WaaipooitGAare from WP 1 and D is from WP 2). A)
Photograph and line drawing (below) of a lower Witpoort Formation unit emphasising structurally
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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 scalkns 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...........ccccoiiiiimniiiiiiiiiee e 52

Figure 4.7: Composite stratigraphy for the eastern sector sections, Seven Fountains (SF), Alicedale

(AD) , Howi sondés Poort (HP), Grey Dam (.GD»4, Water

Figure 4.8: Geology and location of Rabbit Ridge: A) Map showing the locations of sectionsi(Lower
LS; Middlei MS; Uppei US). The Rooirand and Perdepoort Members cannot be distinguished from
satellite imagery in this area. B) Stereonet plot of poles to bggdianes from the studied secti@&.

Figure 4.9: Geology andcation of Waterloo Farm and Grey Dam sections. A) Map showing the
locations of sections (Waterloo Farm WF 1a, 1b, 2) and Grey Dam (GD) (For a key to symbols see
Figure 4.3). Though the Perdepoort Member is recognised in this area, it is not mappeelgepara

from the Rooirand Member due to vegetation cover that obscures their contact in aerial imagery. B)
Stereonet plot of poles to bedding planes from the sections. C) Faults from WF sections. D) Faults and
JOINES TrOM GD SECHION......eiviiiiiiiitiiiiititieree e e e e e e e e e e e e e e e e e e e e e e eeee s rmmmr e e e e e e eeeeeeeeeeees 57

Figure 4.10: Structural faults in the Waterloo Farm section: A) Thrusting has emplaced underlying
sandstones into a thick black shale bed (section WF 1a) several metres into the black shale, ruler is 1
m long. B) Enlargement of disturbed shale bedding fiteertop of the photograph in A. C) Thrust

fault resulting in several metres of displacement of the thick shale/siltstone horizon from section WF
2. Bedding is approximately horizontal in the photo. D) Thrust stacking of sandstone overlying the
Blue Layer(adjacent to section WF 1b). This structure occurs on the opposite side of the road to the
thrust in A and shares a similar orientation of thrust propagation. Stippled lines indicate fault surfaces
(1T SN O o o I TR 59

Figure 4.11: Photograph of the Waterloo Farm cutting, as it was exposed in 1990 (photograph
provided by R. W. Gess). Stippled lines outline the two fossiliferous shale horizons, Main Fish Lens
(MFL) and the Blue Layer (BL). The contact between these layassobscured by scree in the
photograph, and may have been influenced by faulting.............ccccooeviiecceiiiieeeeeee 63

Figure 4.12: Slickenside on the lower bounding surface of a bed in the Grey Dam section (scale
ol =T 0l=T ] (T o3 1 4 65

Figure 4.13: A largescale reverse fault in the Grey Dam section with interpretive drawing below. The
main fault plane is indicated with a stippled line. Note the tabular packages of quartz arenite above the
fault that are typical for the Perdepoort Membgrson for scale at bottom right..................... 6.7

Figure 4. 14: Howi MapbofPoHowi spadlso®PporA) showi ng

sections HP 14 (for a key to symbols see Fig. 4.3). B) Stereonet plot of poles to the bedding planes
from the section with an interpretation of the syncline fold axis. C) Structures recorded in thessectio
................................................................................................................................................ 70

Figure 4.15: Outcrop from HP and AD. A) Lowermost Witpoort Formation strata exposed at

Howi sonb6s Poort ( HPNit@dyrt,Fm tontact issbdwn veith a dashed ling.rB)
Vertically tilted uppermost Witpoort Formation strata exposed at Alicgglalenging to left).
Bracketed area designates the | ogged section.
the underlying strata, an asterisk indicates the conglomeratic horizon shown in C and D. The
overlying Kweekvlei Formation (youngg to the right) shale is exposed at far left of photograph. C)

A 1.5 m thick conglomeratic unit overlies a 3 m thick shiadk bed. Their contact (near bottom of
photgraph) is 5 m below the Witpobikiweekvlei Fm contact. Structural faulting and brecoiatis

evident in this exposure. D) Bedding plane view of weathered out, granule to fine cobble mudclasts
(ruler is 50 cm), photographed a few tens of metres to the right along strike from the approximate
horizon Of the TUIEI IN Co....o et e e ene e e e e e aa e 71

Figure 4.16: Locality maps for A) Seven Fountains, B) Alicedale, and C) Stereonet projection of poles
to bedding planes from Seven Fountains (for a key to map symbols see Fig..4.3)................. 13
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Figure 4.17: Seven Fountains section outcrop. Top photo illustrates upper Rooirand Member strata
seen from the base of the section. Bottom photo shows the contact between the Rooirand member
(right) and Perdepoort Member (left), indicated by a stippled Mounging direction is to the left.

The top of section SF is at left of bottom photograph...............ccccvvieeei e ceeeeee 05

Figure 4.18: A thick bed of massive sandstone from the upper Rooirand Member at Waaipoort
showing the oxide minerals that have precipitated along fractures in the rock face, giving the member
(1K =10 (o 1112 0T £0)111Y o I oo o 11 | 18

Figure 4.19: The Perdepoort Member at Waaipoort. Note the extremely tabular packages separated by
slight notches. The Skitterykloof Member is at the level of the top of the cliff. Lake Mentz Subgroup
strata are exposed in the background, north of theosecti.............cccuuiiiiccc, 80

Figure 5.1: Intraformational conglomerate in the Witpoort Formation. A) Pgortgd shale clast

conglomerate (granule to cobble) that is locally developed within a tshged scour at Waterloo

Farm (WF 1Db). B) Boulder sized, deformed shale clasts édagkin a quartz wacke matrix at

Waaipoort (WP 1). Clasts at this horizon are up to 64 cm long. C) Platy mudclasts that are emplaced

at various angles including vertical (top of pho
bed with complexly irgrwoven, deformed sandclasts and mudclasts. D is an enlargement from the

left of the photograph in E. Rulers in A and E represent 1 m. Scale increments in B, C and D are 1 cm.

Figure 5.2: Intraformational conglomerate clasts and bioclasts in the Witpoort Formation. A) Cross
sectionofaclass upported congl omerate from Howi sonds Poo
sand clast with lateral pinabut margins cut transverseljhe clast is surrounded by a veneer of
claystone and other deformed sandclasts (scale bar = 1 cm). B) Beddatigl stringer of rounded,
weathered out mud pebbles lining the lower bounding surface of a cross stratified bed at Waterloo
Farm (WF 2). C) BSand clast from HP 4 in profile view showing its ey@ped morphology with
lateral pinchout at the margins. The clast is coarser grained than the sandstone matrix. D) Sand
pebble from Seven Fountains, about 4 cm in diameter. E) Endocortical cast of a
protolepidodendralean lycopod with spililee leaves attached. F) Lycopod axis with leaf scars from
the bed illustrated in A. G) A putative chondrichthyan fin spine from the uppermost Witpoort
Formation at Alicedale. Scale bars in A, E and G are 1 cm. Bcagaments in B, C and F are 1 cm.

Figure 5.3: Extraformational conglomerate in the Witpoort Formation (Skitterykloof Member). A)
Profile showing stringers of quartz granules emplaced alonghmle crossaminae contacts (scale
bar = 1 cm). B) Poorbgorted conglomerate lining the lower bounding surface of a bed. C) Upper
bounding surface of a sandstone bed at Skitterykloof (Western Cape) with clasts up tsizebble
D) Variable size and sting of clasts is evident in this bed (scale bar =5.cm)..........cccccevvveeee 94

Figure 5.4: Trough crosstratification (St) in the Witpoort Formation: A) An erosive channel cutting

with more than a metre of downcutting relief exposed perpendicular to flow direction from HP 3.

Erosion surface is arrowed. B) Lenticular St with reatiiwasurfaces (arrows) from WF 2. Note that

St is overlain by a thin Sh topset, followed by
(HP 3). (Ruler segment is about 15 cm long). C) A thick, sigmoidal St bedset that shallowly underlies

Fh (Ruleris 1 m long). D) Holloweebut plant axis in St at the top of WF 2 (scale in cm). E) Bedding

plane exposure with large scale rib and furrow structures on the top surface of the bed containing the
fossil in D (Ruler is 1 m long). F) Small scale St with sabeavy mineral laminae that define

foresets that are strongly tangential to the lower bounding surface of the bed (scale.in.cm).95

Figure 5.5: Adhesion ripples and warts (All scale increments are 1 cm). A) Low relief adhesion
ripples with superimposed warts, flow is to bottom right of photograpb) B.dhesion ripples on
slightly muddraped foresets. Flow in D is to left of photogragi) Possible adhesion warts on a
MUA-Araped flat DEA..........ooi e e e 100

Figure 5.6: Planar crosdratified quartz arenite (facies Sp) (ruler is 1 m long). A) An upward
thinning Sp bedset overlain by a 1.6 m thick tabular Sp bed. Stratification is outlined in the
photograph. B) A 1 m thick, amalgmated Sp bedset with a thmKdr bed overlain by medium to
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thin beds. Stratification is unidirectional within the bedset. Small arrows indicate bed contacts, larger
arrows indicate the bedset contact (segment of ruler is 50 cm long). C) Thick Sp bed with well

defined, heavy mineral laminae, which are enlarge®)nwhere the heavy mineral accumulations

can be seen towards the tops of each medium lamina. E) A 1.5 m thick Sp bedset formed by wedge
shaped thick beds passing upwards to tabular medium beds. Slight silty accumulations are seen along
bed lower boundingurfaces. Laminasets of crestsata, separated by slight reactivation surfaces,

show a strong parting due to the textural discontinities at those contacts. Stratification is unidirectional
VLT 1 = =0 R T 102

Figure 5.7: Thick bedded structureless quartz arenite facies (Sm). A) The bed is influenced by jointing
and mineral precipitation in the fractures, no lamination is visible. B) Sm is seen at the top of the
photograph, overlying a thin conglomeratic horifbacies Gi, arrowed). Below this horizon a

sandstone bed with parabolic seéidiment deformation is seen at bottom of photograph (scale bar
represents 50 cm). C) The upper bounding surface of this bed is affected $gdanikent

deformation, which maydve also destroyed prior lamination in this apparently massive .bed.04

Figure 5.8: Lowangle crosstratified quartz arenite (Facies Sl). Above: Lamngle planar cross
stratification (facies Sl (p)) in the Perdepoort Member at Waaipoort (WP 2) (jacob staff is 1.5 m).
Below: Lowangle crosstratification with curved laminae (facies Sl) (metre rule for scale) from

Seven Fountains. Observe amalgamated bedsets of approximately a metre thick in both photographs.

Figure 5.9: Crosstrata foreset dips from this study. A) Curved foresets (facies St and Sl). B) Straight
foresets (facies Sp and Sl (p)). Both curved and straight foresets in the study area form continua and
the 15 separation between facies is therefore arbitrary.........cccccovveviieeeeiiiiiiii e, 109

Figure 5.10: Lowangle undulatory crosstratification from the Witpoort Formation (Facies Su). A) A
heterolithic bed ofine-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, interbeddeadidirectional

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 andegz5aem. B is from the Rooirand Member (WPL1R

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 markathmation in this photograph. C) This

lowermost Witpoort Formation bed contains an association of Sh and Sl (p), indicating high energy
conditions. D) Heterolithic,c mudr aped Sh from the upper Weltevred
Poort. A plugshaped burrows 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 thersutntallaminae. This

horizon containgingulichnusburrows and deposit feeding traces..........cccoooeieeiiiicccvieeeeeeeeee. 113

Figure 5.12: Ripple crodaminated sandstone facies in the Witpoort Formation (Sri(&) &r (b)

Di F)) (scale bars and squares are 1 cm, unless otherwise stated). A) Unidirectional, ripple cross
laminae with curved foresets arranged in laminasets vigthtshuddy 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 bidireednal 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) Stragfled current ripple form

sets. H) Linguoid ripple fOrM SELS..... .. 117

Figure 5.13: Horizontaljjaminated shale and mudstone facies (Fh). A}Aedre thick mudstone

horizon showing regular colour stratification (Coombs Hill, 10 horizon). B) A metre thick black shale

horizon with regular thin oxide rich interbeds fromHowisds Poort (HP 3). C) Fin
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 discants, and are the product of secondary
iron oxidation. They are subordinate in thickness to the grey layers..........cccccceeviecceeiiines 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.v&bihis level shale laminae onlap the clasit24

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 thaslkadncordantly filled. Trace fossils are

Skolithos ichnofacies taxa with a very low bioturbation intensity {&)1Stippled rectangle

indicates the area enlarged in B, which shows the mud drapes and couplets. C) A 25 cm thick bed
(uppermost WeltevredeoFmation, Waaipoort) containing horizontalgminated sand with mud

drapes, arranged iri & cm thick laminasets of cyclically fining and coarsening laminae, as

interpreted to the right of the photograph. D) A bed of subhorizontal, pdeatiglated quart 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) aral/fenineral laminae. F) Sigmoidal crestsata

with horizontal, mud rich topset and bottomset (
Many of the mud drapes are confined to the bottomset, some of them continue along the length of the
foreset. The m&t continuous drapes are distinctly coupled (arrows). Multiple slight reactivation

surfaces are evident in the bed. G) Planar estrsdified thin bed with irregular foreset thickness and
alternating sipoor and silrich laminae. The laminasets (LSgeaeparated by slight reactivation

surfaces (R) marked by undulations at the lower bounding surface (stippled line) overlain by the most
sandrich laminae. A horizontal topset erosively overlies the.bed...............cccieeeiiiiiiennen. 126

Figure 5.16: Repeated parabolic cregtification alternating with undeformed thin beds in the
upper Witpoort Formation (RUIET iS 50 &M........cooiviiiieieeeciie e emeeae e 131

Figure 5.17: Parabolic crossratification in the Witpoort Formation: A) Simple, symmetrical

parabolic crosstratification interbedded with undeformed strata in the lower Witpoort Formation at
Howi sonbés Poort (scal e i n-statifigation fBin th&€uppenvWitpoort e d par
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) Smallscale parabolic crossratification overlain by thinly laminated sandstone with
abundant smatkcale convolutions in the uppermost Witpoort Formation strata at a quarry adjacent to
Grey Dam (scale in cm). E) Enlargement of a flame in sandstonediataly underlying the

deformation shown in C (scale bar represents 1 cm). F) Foresets are deformed ishapa S

(compass is 72 mm in diameter). G) Simple parabolic grading lateraltghag®d parabolic cross
stratification in the lower Witpoort Foration at Featherstone Kloof. Note convolutions and

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

Figure 5.18: SSDS in the Witpoort Formation: A) Beddafdjque chevron structure from a horizon
immediately overlying the structure shown in G (ruler is 50 cm squared). B)-Sca#d, bedding

oblique chevrons. C) A sysedimentary fault. D) Centimetseale load casts at the sandstone

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

=5 cm). F) Complex convolution structures with piige features (arrowed) interrupting

sedimentary laminae (rul@rcrements in cm). G) Large scale loading and slump structures at the
sandstoneshale interface, abundant SSDS are recorded in the immediately overlying sandstone (ruler
(K30 R 1 0T (o] o ) PP PPPPPPUPPR 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 sladbase, showing two parallel cracks that
intersect the bedding plane (white arrows), and their intrusion into the underlying bed (highlighted by
o] = Tod = T 0 1Y) PR 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 ini®. A) Profile view of the feature, neither the top nor bastef
structure are exposed in the section. B) Bedgiagllel slip related to the regional structural
deformation is evidenced by displacement of the dyke walls. Arrow shows the direction of
displacement. C) Walbarallel silica deposits. D) Massive dyki £) Stereonet restoration of the
structure shows that it was originially vertical................c..oooiiieeeiiiiiicccccce e 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. Scalefbars:m,B=7cm,C=1cm, D

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 drerq west to east), WP Waaipoort; ADi

Alicedale; SF Seven Fountains; HPHo wi s o n 6 s T \Waiedao Farm ant-Grey Dam; RR

Rabbit Ridge. Rose diagrams are shaded according to geological unit, upper Weltevrede Formation
(We); Rooirand Member (WR)), Perdepoort Member (Wi (P)).......coovvrrimiiiiiiiiieeeeeeeeee, 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 tg\&). 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

7= L 1= =T o R 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 fefided with amalgamated trough cress

stratified quartz arenite, mi ddl e Rooirand memt
erosion with massive infill, upper Rooirand Member at Waaipoort (WP 1). Depth of incision was not
measured due to iNaCCHBBLY Of the OULCTOP. .. ..iiiiiiiiiiiiiiiiee e 150

Figure 5.25: FA 1 in the Perdepoort Member at Waaipoort (WP 2). A) Multiple stacks of tabular FA 1
units (515 m thick) separated by slight notches with negatively weathered finer grained sandstone at
the base of each unit. The position of the outcrop shovB 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

e Tl g =T g (o T or= 1= R 151

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

Howi son6s Poort (HP 4). A) Outcrop photograph wi
thetabular, 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 fesctue 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 224 min the logged section, where it is locally overlain by intraclast

conglomerate (black arrow in D). E) Boulegrzed mudclasts resting directly above the erosion

surface (scale INCrements are L CIML)......coooeeiiiie i et e e e e e e e e e e e e e e e e e e e eeeeeean 152

Figure 5. 27: FAs 1 and 2 from the | ower Witpoort
photograph and line drawing showing the bed contacts. B) Stratigraphic log showing the sedimentary
facies, flow vectors (black arrows) and facies assembl&yesbols are as given in Appendix 1B. C)
Enlargement of the bed shown with a rectangle in A. Reactivation surfaces within this bed are marked

o)V 1 LT 1] o] 0] ST PP P PP PPPPPRN 159

Figure 5.28: Fluvieestuarine 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 (CF). The succession shows a transition from madimg wedgeshaped 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 estisgtified channel sandbar (reactivation
surface arrowed). E) Plug shaped burrows at the bott@thin sandstone bed in a C1-. F)

Plant axis Leptophloeum rhombicumwith line drawing overlay showing the characteristic rhombic
ADSCISSION SCAIS.....ciiiiiiiei e rmmr e e e e e e et e e et e ettt e e et e e e amnna e aan e e e e e e e e e e e e e e e e e e s 160

Figure 5.29: Facies assemblage 2a, interpreted as deposits oeftvasine 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 Fountai@si§al cr)............... 161

Figure 5.30: The relative importance of fluvial and tidal processes in the transition zone during a river
flood event, based on Dalrymp¢ al. (2015). The diagramsi(d) 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 impbrtanc

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 enougb 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 tidaldidigplaced further

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

Figure 5.31: a stratigraphic sequence interpreted as deposits of thetitlalitdansition 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 upwarlstarolithic muerich beds (interflood

deposits). Sandstone beds contain increasingarapes upwards, including paired drapes. They
grade upwards into interflood deposits containing southward (offshore) prograding climbing ripples
and rhythmic very thitaminae of fine sand and silty mud. Although the deposit contains no landward
flow vectors, it is hypothesised that the rmigh strata were deposited when estuarine circulation
prevailed during interflood periods due to the landward shift of the tidal Tiinis deposit occurs at

the top of a 4 m thick upwaifthing sequence, and is erosionally truncated by an intraformational
conglomerate deposit containing pebble to bousiteed shale clasts...........coovvvvvvvivivvieeeneennnnn. 166

Figure 5.32: Thin, sharpased sandstone bed$ {3m thick) separated by nullapes. This bedset
occurs within a 6 m thick mudominated horizon about 90 m above the base of the Witpoort
Formation at Waaipoort. Regular mud drapes (including double dramesitially represent the

largest tidal events in a tidal cycle causing the development of fluid muds during the course of a river
L1070 0 =2 7= o | PSPPSR 167

Figure 5.33The 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

Figure 5.3: 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 uginarg heterolithic unit. In its

lower part, clay draped climbing ripple crdasninae prograding north t@rtheast (landwards) pass
upwards to undulatory and horizontal, very thinly interlaminateddiaéned sandstone and shale.
Weakly developed, rhythmic laminasets fromi@.5m thick show both fining and coarsening

upwards, which do not show a clearly régpee 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 faci@s..............ooooiiiiiiieeerii e 170

Figure 5.5: 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 theagexg.| This stratification is
interpreted as evidence for seasonal CYCHCItY..........oeveiiiiiiiiei s 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. 830). B) Outcrop photographdicating the locations of photograph
enlargements C and D. C) Possible flood tidal inlet channel deposit. Black arrows indicate
reactivation surfaces separating laminasets of-drafged sand foresets (scale bar = 50 cm). D)
Rhythmic laminated sandstonetivimud drapes (scale bar =5 Cm).........cccceeveiiiiiiiiceeeceeeeeen, 174

Figure 6.1:Altichnusin the lower Witpoort Formation (arrows indicate branching, all scale bars = 10
mm, except A, C = 50 mm and B =5 mm):@ 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=DAltichnus(isp. B) in the Lower
Witpoort Formation at Howisons Poort. D) Profilew 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).............ooov i ieccrieeeeeeeeeeee e 180

Figure 6.2:Archaeonassaf. fossulatafrom the upper Weltevrede Formation (A) and Witpoort
Formation (B D) (all traces are epireliefs; scale bars represent 10 mm). A) Specimens from

Howi son6és Poort (AM 7658), showing morphotype 1,
photographjpnd 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 (reseéfgrasking 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) Enlargemémim 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 MOIPNOLYPE 2........o i ee e e e e s 183

Figure 6.3:Archaeonassfrom Rabbit Ridge compared with modern gastropod surface trails. A)
Archaeonassas 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).

I ndeterminate O0Siphonichnidaed origin&@®lbugmg from
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 curvatum the upper Witpoort Formation (scale increments represent 10

mm). A) Close up view of a specimen, note a slight durdbelpe and the presence of a prominent
lining of light-coloured grains. B) General view of the slab containing the monosp&inicolites
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 SPECIMENNS..........o..iiii e e e e e e emmmr e e e e e e e e e e e eeaeereesreees e s 187

Figure 6.5:Cochlichnus anguineudsom Waterloo Farm (upper Rooirand Member) in the Witpoort
Formation (scale iNCremMEeNtS iN CIM).........uuuiiiiiiiiee ettt e e rmmme e e e e e e e e e enee 190

Figure 6.6:.Cruziana problematicandRusophycos carbonaridgom 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 betwé®nzianaandRusophycuguncatalogued
specimen). CCruziana problematicanlarged from bottom left of slab in A. Rusophycudsolated
and serially aligned, enlargement from photograph A, lower middle ofslab......................... 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..............cccovveiieniiiiiiiincen 195

Figure 6.8Lingulichnustraces from the lower Witpoort Formation Rabbit Ridge locality (all scale
bars and squares indicate a centimetre): Ajerticalis oblique view (AM 7786). B) Bedding plane
expression oL. verticalisandL. hamatugAM 7786). Black arrow indicates a pedicle trace central to
a vertical burrow. A white arrow indicates subtle sediment disturbance along the beddind.plane (
hamatu3} suggesting the path followed by the tracemakéb @re interpreted as basal stem traces. C)
Thick-walledL. verticalisshowing internal oxidation (AM 7791a). D) verticalisassociated with a
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disarticulated lingulid brachiopod shell on the same bedding surface (AM 7812). E) A possible
lingulid reburrowing structureL( hamatu}indicated with white arrows arld verticalisshown with
= o] = Tt Q= U (0 1Y A N 1Y = 31 198

Figure 6.9:Lockeia siliquariain the study area (all scale bars and squares are 10 mm). A) This base of
bed (AM 7672) shows bothockeiaandPtychoplasmdike elements, as well as a ptsbaped

burrow. B) Total exploitation of the base of a sandstone bédtkeiatraces. C) Enlargement from

B showing the individual traces. D) One isolated trace from a siltstone bed top. E) Numerous
hypichnialLockeig some of them serially aligned (&ftychoplasmpacovering 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..............uiiiiiiireececeeeeeeeeee e eeees e 202

Figure 6.10: Line drawings of specimens from this study illustrating the morphology of epichnial and
hypichnialNereites showing that a medial furrow occurs in the epichnial forms, which are otherwise
SIMIlAr iN SIZ€ @Nd VAIALIOI. ........ciiiiiiiiiiiiiiieee e e e eersr e e e e e e e s s s s bbb e e ennseeeeeeeeas 203

Figure 6.11Nereitessp. in the lower Witpoort Formation (all scale bars are 10 miin)Apichnial
forms, @ G) hypichnial forms. E, F and G are enlargements of traces fram.C...................... 206

Figure 6.12Palaeophycus tubularig the upper Weltevrede Formationi®) and in the lower
Witpoort Formation (C) (all scale bars = 1 Cm).........cooooiiiiiiiii e 207

Figure 6.13Phycode<f. palmatusfrom 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 77B2a)Jaeophycus tubularis seen at the

top right of the PhotOgraph.........ooo i 210

Figure 6.14Planolitesfrom the Witpoort Formation photographed at outcrop (all scale bars and
squares are 1 cm).iB) Small examples from siltstone and fine grained sandstone facies. C
Irregular hypichnia, with examples to the left of the photograph in C intergradingtyithoplasma
Ei F) MonospecifidPlanolitesbeds in the Skitterykloof Member. @Janoliteslike structure that is
parallel to the palaeoflow direction, which might be a tool mark..............cccoovieeeeennl. 212

Figure 6.15Psammichnites implexdiom the lower Witpoort Formation Rabbit Ridge locality (all
scale bars = 1 cm) A) general view of the slab (AM 78B#L) close up of the specimens, note the
slightly darker colour of the median HAdge..............oooiiiiii e 213

Figure 6.16Ptychoplasmdrom 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 PtychoplasmdAM 7748a). F)P. vagansntergrading withP. conica(uncatalogued slab

from Seven Fountains). @). conicafrom Waterloo Farm (AM 18038).......ccccceeeeeiiieiiiiiccmenenen. 216

Figure 6.17Rusophycus carbonaridigom 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)RB3ophycuwvith various degrees of overlap, with
superimposed examples producigizianalike structures. (AM 5402). C) Overlappifyusophycos

forming part of a linear serieS (AM 7609).........coiiuuiiiiiiiii e 218

Figure 6.18: Three serially align&elenichnitesravelling 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................cvveeeneee. 221

Figure 6.19Selenichnites rossendalenfiigm 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

Figure 6.20Scalichnugrom the Witpoort Formation at Coombs Hill i{&) and Weltevrede
Formation (FFH) (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 at®vphial@, where it intersects a bedding
surface (AM 7749aii). B) A single tube emerging from a phgped furrow (AM 7749ai). C) Paired
tubes above a basal ovalular struct@elé¢pusaurgdAM 7748)). D) Paired tubes on a bedding
surface forming a figuref-eight shaped trace (AM 7749f). E) Profile view of the specimen broken
through on the right of the slab in Q.H) Slab from an unspecified horizon in the Weltevrede
Formation (photogrdps courtesy of R. NEl).........covveiiiiiiiiiiiiii e 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)-.........cccvvveeeenes 230

Figure 6.22Zoophycossp. 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)

Howi sonb6s Poort. Specimens shown i nlardgmentdronrand E 3a
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 SUPEIEBM.........ccooveiiiiiiiiii i vrrene e 232

Figure 6.23Spirophytorburrows in profile (scale bars foii B 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 profileDB Three examples from the bloskown in

A. E) An example from the upper ..Wel.t.ev.r.e285e For ma

Figure 6.24Spirophytorfrom 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 theypquitas 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 presedvspreiten 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 ori@mmentat
within the primary lamellae (scale in mm). E) Oblique view of burrow exposed in profile (AM 7652a)
showing inverse conm-cone morphology of axial tunnel. F) Vertical profile of burrow shown in E.

Figure 6shRbpedPdwrgrowsdé from the Wi tpoort For mat
Retrusive structure with three verticallyacked burrows (arrowed) from Waterloo Farm (AM 7611).

B) Retrusive burrow from Coombs Hill (AM 7740). C) Retrusive coreone structure from the

upper Witpoort Formation near Waterloo Farm with two burrows vertically stacked (arrows). D)

Bedding plane expression of the burrow shown in C. E) Several hypichnial burrows from a channel

Figure 6.26: Enigmatic traces from Waterloo Farm MFL (scale bars and increments = 1€n). A
Diminutive plugshaped burrows. D) Micaceous backfill structures.............ccccoeeiiicccninnennenn. 243

Figure 6.27: Compound trace 1. A) Bottom of slab from Waterloo Farm (AM 7626) and
corresponding line drawing B. The areas enlarged in C and D are outlined on the drawing. Arrows
indicate locomotory structures attached to radiating tubes. E) Top of be®R&bbit Ridge with

tubes radiating from what appears to be an underlying locomotory structure (AM 7790). F) Bottom of
slab photographed at outcrop at Seven Fountains. Scale baig=ferCcm...........cccccceiiiiiiien 246

Figure 6.28: Compound tracefrbm Rabbit Ridge (AM 7785) (all scale bars = 1 cripBo same
scale). A) Tubes intersect the bedding surface in vertical clusters and horizontal feathery spreiten.
Arrow indicates the trace enlarged in B.[B The trace is exposed at three levels at@ppt mm
intervals from the lowest level D to the highest level B..............ioiieee 247

Figure 6.29: Compound trace 2 from Rabbit Ridge (AM 7792) (all scale bars = 1ic®))T&o
specimens observed in profile. C) The bedding parallel continuation of the trace shown.in 250

Figure 6.30: Size distribution of spiral coprolites from Rabbit Ridge (RR), Coombs Hill (CH) and
Waterloo Farm (MFL). A) Size range plot. B) Size frequency plot...........cccccoviiiiiemniniiiinnnne. 253
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Figure 6.31: Bromalites from the Witpoort Formation (All scale bars = 1 cm). A) Spiral coprolite in
profile from CH (AM 7734). B) Spiral coprolite (counterpart; AM 5401G) from MFL with bivalve
shell superimposed. C) Spiral (?) coprolite from CH (AM 7738)eulain by bivalve shell. D)

Elongate oval coprolite from MFL (AM 7624a). E) Spiral coprolite from CH (L3 066), with dark grey
inclusions interpreted as bivalve shell fragments. F) A series of two spiral coprolites embedded in a
groundmass from MFL (AM 337b). G) Two superimposed, dumbell shaped coprolites from MFL
(AM 5725). H) Oval coprolite from MFL (AM 5735). ) Putative regurgitalite from MFL (AM

7622a). J) Enlargement from (I) showing scatter of miniscule, intact shells........................ 255

Figure 6.32: (previous page) Distribution of trace fossils in the study.area..............cccoeveeee... 259

Figure 7.1: Location of study area. Geological map (below) of the Makhanda/Grahamstown region
(based on Council for Geoscience, sheet 3326 (1: 250 000)), showing the locations of lingulid bearing
outcrops, RO, R1 and R2, and fossil localities at WatertwmFand Coombs Hill. Stratigraphic units

and their ages are provided at bottom right. Palaeogeographic reconstruction (top right) modified from
GeSS aNd ANIDEIG (2018).... ... rceee et 271

Figure 7.2: Interpretive stratigraphic log diagram of the rock outcrops exposed on Rabbit. Ritige.

Figure 7.3: Geology of the lower section on Rabbit RidgeA Ayughly 3m thick fining upward unit,
(younging direction is to the right) Ripple laminated fing@rained sandstone showing a low angle

of ripple-climb. Camera lens cover is 55 mm in diameterTi¥ erosive base of a unit showing

weathered out mudclasts and associated obstacle scours. Arrow indicates a large scour surrounding a
cobblesized mudclast. Geological compass for sda)eNumeroushypichnial resting traces (cf.
Selenichnites Arrow indicates the trace enlarged irE8¥ Pipetteshaped burrows (cAltichnug

exhibiting erosive truncation (arrow) andeastablishmenat a higher horizon (scale in cnk)).

Enlargement of a single resting trace from D. Scale bar = Gy fragment of plant axis (lycopod)

in sandstone Of the IOWETr SECHIQM........cccoiii e e e e e e e e e e e e e e e e e e enenree 278

Figure 7.4: Geology of the middle and upper sections on Rabbit Rijigtanar crosstratified and
horizontally laminated sandstone from the middle section. Geological hammer foB3&ileuous
current ripple form sets from the middle section. Geological compass for@g&lemolition of the
several metres thick Rabbit mudstone at R1. Arrow indicates an orangeioRidearker horizon in

the lowermiddle part of the layer. Excavator machine in the background provides a sense @f)scale.
One of the authors excavating lingulid brachiopods from the upper part of the Rabbit horizon
mudstone. Note that the former roadway overlies the mudstone. layer.............ccccoovceeeiiinns 279

Figure 7.5: Trace fossils from the upper section on Rabbit Ridgeertical to inclined burrows (cf.
Lingulichnus AM 7786a) exposed in profile (scale square = 1 8hlCross section of a vertical

burrow (cf.Lingulichnus AM 7791a), showing a thick outer wall and internal oxidat@nEpichnial

grazing traceNereites AM 7790, scale bar = 1 cni)) Rippled palaeosurface, burrowed by

horizontal meniscate trails and vertical burrows, with small ladderback ripples formed upon the crests
of larger flattopped ripples (AM 7789, scale square at bottefnis one cm)E) éSpirophytod i n
mudstone (AM 7783acale in cm)F) Spiralshaped granular trace (possible fish coprolite, AM

7807, scale bar = 1 cnth) Slab from (D) showing flatrested ripples in profile....................... 285

Figure 7.6: Body fossils from the Rabbit horizon. All scale bars =1 cm A) A scatter of disarticulated

bedding parallel lingulid brachiopod shells associated with a lycopod axis (AM 7824). B) A
vertically-orientated, in situ lingulid brachiopod shell (AN338). C) An obliquelyorientated in situ

lingulid brachiopod shell (AM 7839). D) Articulated lingulid valves in scissor position (AM 7836). E)

An i solated 6woodyd plant axis (AM 7837). F) Sku
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Figure 7.7: Size distribution of lingulid fossils) Sizefrequency plot for lengths of lingulid
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for the entire sample of lingulid brachiopod shells from the Rabbit horizon (n = 123). Open circles
represent data from R1, full circles represent data from R2 and a line of regression for the whole
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Figure 7.8: Palaeoenvironmental reconstruction of the Rabbit Ridge lingulid bed, modified from
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CHAPTER 17 GENERAL INTRODUCTION

SincePlumstead 1967 opened her monographic work on the Devonian plants of South
Africa with the statement that i1t was fAan un
p i o n gtevassvith historical irony that her work would later be considered pioneering.

This third decade of the TwenBjirst Century is an opportune moment to present a new
investigation into Devonian rocks and fossils in South Afracel specifically those of the
Late Devonian, which Plumstead and contemporary geologists were oninihggim
understand. The South African Late Devonian strata belonging to the Witteberg Gspap
unit of the tripartite Cape Supergro(fig. 1.1) forms one of the lesstudied stratigraphic
units from the country, and one for which, i
understand. What follows in this thesghe first concerted investigation into strata of the
South AfricanLate Devonian this millennium, one that is urgently required, especially in
light of new, and forthcomingalaeontabgical evidence from the Witpoort Formatidt.

the beginning of this study the Witpoort Formation was envisaged as a shalome

deposit characterised by stacks of tabular, supermature quartzitic sarigiosited during
the Famennian Stag€&he sandstone strata are held as shoreface, beach and tidal channel
deposits from a stordominated Gondwanan shoreline, but their diagnostic sedimentary
structures are only vaguely understood, and it could be contended that the sequence
stratigraphy ofts lithologically monotonous sandstones is virtually unknown (Hiller and
Taylor 1992; Thamm and Johnson 2006; Haetial.2021a).

Devising the 6éorigins of bedding6l89d4s a di sc
whenWaltherproposed théaw of Successiof Facies. Progress in great leapth
understandingedimentaryacies successiorad the time scales of their deposition
continuesfor examplewith acuo-sedimentologypft i dal i tes i n the 1960s

German and Dutch schools. With the identificatiome&pspring tidal bundles by Visser
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(1980 the keys to diagnosing tidal processes unlocked a bloom in iistmpancient
tidalites(Williams 1989; Archeet al. 1995) Thenout of thesame school canee
breakthrough imecognsing the deposits afteractngriver floods andhe estuaringurbidity
maximum in dluvial-tidal transition zon€Van den Bergt al.2007) which led a surge of
studies recognising the importance of this zone in ancient sedimentaryegcka{rymple
and Choi 2007; Martinius and Gowland 2011; Dalrynsilal. 2015). In parallel to this the
biological responses to salinity changsseflected in trace fossdsea highly sensitive
proxy for salinity change@Buatoiset al. 1997, 2005; Pescottet al.2014; La Croix and
Dashtgard 2015)perhaps the most reliable salinometer in the sedimentdotpstkit
(Dalrymple and Choi 2007Yhoughfifty yearsagd he fAr el i ab | &etidadt er mi na
subenvironmeng& seensto be virtually impossible for ancient clastic depqstsceptor a
fewcase® (de Raaf ampdd7PBwite detwilechpaldedcurient analysis,
ichnology and the increasing recognitiondeédgnostic sedimentary structuregtrapolation
of tidal processem ancient deposits has become more plausiibiis is but an example of
the progress of orsub-discipline rooted in a vast field sedimentologicatesearch.

The Devonian Period is popularly known as dhge of Fishe§ but it might equally well
be considered the agewhich plants invaded the land (Gensel and Edwards 2@04nt
diversification during the Devonian fundamentally altered landsd@meses and Gibling
2010),increasedates of carbon burialecarborsing and oxygenatinthe atmosphere
(Algeo and Scheckler 199Bgerner 2004Beerling and Berner 2005jorestation of the
globe and its consequences for the carbon cycle, beginning in the Middle to Late Devonian is
considered to have altered the climate, resultingtimeee quartersdecreasef atmospheric
CO: levelsby the Early Carboniferoy8eerling and Berner 2005; Franksal.2014),which

hassinceremained relatively constantid to mediation by forests (Frangsal.2014).This
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plant excursiorset the stage forlaate Devoniamadiation of aquatic tetrapod fishes and the
subsequent rise of terrestnartebrats (Clack 2012).

The Late Devoniaikpochwas a time otlimate change anpulsatoryextinction events
for which the causdsave been debated for decades, and continue to be (Copper 1986; Algeo
and Scheckler 1998; Caplan and Bustin 1999; Bond and Wignall 2008; Bteke2016;
Babeket al.2016; Carmichaedt al.2019; Fieldset al.2020;Lakin and Marshall 2020;
Rakocinskiet al.2021; Smaret al.2023).Understanding the global expression of these
events is inhibited by a bias towards lemwmid-palaeolatitude systenfieund in present day
North America, EuropeAsia, and AustraliaHigh-palaeolatitude depositd that age are
exclusivelyfoundin western Gondwana, which are exposed in present day South America,
the Falkland Island$SouthAfrica and WesiCentral Africa(lssacsoret al. 2008). These
regions have received significantly less attention in Late Devonian studies thaafthose
Laurussa (Carmichaekt al.2019) Furthermore, Late Devonian strata in South Ametioa
Falkland Islandsand in northernmost outcrops of the Cape Fold &gbear to have been
truncated by subglacial erosion during the latest Devonian and/or farhoniferous
Periodsg(Marshall 2016; de Vargaet al.2020; Lakinet al.2021).The Witpoort Formation
is, perhapainiquely,a continuousub-polarsiliciclastic sedimentary record spanning the
Famennian Stag@72.2 358.9 Ma; Coheet al.2013), uppermost of the Devonian Period
(Streel and Theron 1999; Thamm and Johnson 2006).

Decades of palaeontological researchi@Waterloo Farnfossil lagersitte, 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 hostossiks.
from the Witpoort Formatiomprovidea unique examplefé-amenniarsub-polar biodiversity,
which is critical to understanding tleéfects of latitude on biodiversity, extinction and

recovery in the context of the Late Devonian biotic crisis. The formatieservepossible
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high-latitudeoriginator taxa such as the oldest examples of naiaditid bivalves (Scholze and
Gess 2017) anfdlcatidsharks (Ges2024) relict taxa including antarctilamnid sharks (Gess
and Coates 201, herbaceous plastypical of Middle Devonian Laurussian ecosystems
(Harriset al.2021b), andthe youngest record tihgulid brachiopod®f the genu®ignomia
(this work), as well ascosmopolitarFamenniarplants and vertebraté&ess and Whitfield
2020).0ne black shale bed from Waterloo Farm hostsafitiee most diverse vertebrate and
plant fossil assemblages of its age, inolgdhe only sukpolar Devonian tetrapod remains
(Gess and Ahlberg 2018).

The Witpoort FormatioffWitteberg Group, Cape Supergroupi metasedimentary unit
that is exposed in a thin band along the nortfiank of the Cape Fold Belt, extending for
approximately 800 krand estimated (prior to this study) to be up to 850 m ttdicknsoret
al. 2006)in the Eastern Cap®Vith few exceptionsn the past 85 yeafg.g.Mountain 1964)
primary sedimentologicalataof the Witpoort Formatiois containedn postgraduate
dissertations (Theron 1961; Loock 1967; Johnson 1976; Wright Mxtas 1989Taylor
1990; Gess2003 Olivier 201Q Vorster 2013Harris 2017 Chabangu 2023andresulting
publications (Johnson 1991; Hiller and Taylor 1982ss and Hiller 1995&livier et al.

2011; Harriset al.20214) and to alegredn explanations to geological map sheets by the
Geological Survey of South A€a(e.g. Theronet al.1991;Council for Geoscienc£995.
Since Hiller and Taylor (1992) provided evideriocebackbarrier lagoonal shales
interbedded in the stratigraphic packaterehas beem clearconsensus that the Witpoort
Formation was deposited ghallow to marginamarinesettings(Shone and Booth 2005;
Thamm and Johnson 2006; Gess and Whitfie2i0p with thesoleexception of Broquet
(1992), who, in his review of the Cape Supergroup raised concerns abshb ttegeof

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

lower orthoquartziteunitCooper 6 s (1986) event theWipaotti gr aph
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Formation to a Famennian skexel fall based othe Devonian sekevel curve of Johnsoet
al. (1985).Accordingly, subsequent research places the DevibGenboniferoudoundaryat
the top of the Witpoort Formation (Theron 1994; Gess 2016).

Based on the abovd,is hypothesed thateustasyas opposed to variation in rate of
subsidencewasthedominant control oshallowmarine sedimentation in thW&itpoort
Formation predictingthat sedevel fluctuationf the Late Devonian and Early
Carboniferous Periods will be reflected in the stratigraphic package, mbiiehtially
includes theshortterm, climatedriven eustac perturbationgssociated with extinction
eventgBond and Wignall 2008)e Vleeschouweet al.2013;Kaiseret al.2016;Wichernet
al. 2024. The aims of the present worleaherefore, 1) to assess the palaeoenvironments of
the Witpoort Formation, 2) to test, and pote
for dating the Witpoort Formation with reference to subsequent work on Late Devonian
eustasyand 3) to revise the stratigraphy of the fossil localities of the Witpoort Formation.

The following chaptereviews key literature on the geological setting of the Witpoort
Formation and its Late Devonian contexhich 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 thesand their implications for Devonian studies will be discussed in Chapter

8.
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CHAPTER 21 LITERATURE REVIEW

2.1.The Late Devonian Epoch: climate change, extinction and sea level
The Late Devonian includes the Frasnian Stage (88222 Ma) and the Famennian
Stage (372.2358.9 Ma) (Coheet al.2013). Greenhouse conditions of the Silurian and
Devonian Periods gave way to thate Palaeozoic Ice Ageith alatestDevonian global
cooling episodeluring the Famennian Stag®achimsket al.2009), concurrent with falling
sealevels. Analyses by various proxies project a eustatic fall beginning around the Frasnian
Famennian boundary following peak $ezels in the Middle to early Late Devonian
(Johnsoret al. 1985, 1986; Sandberg al.2002; Hag and Schutter 2008; Beckéenl.2012;
Marcilly et al.2022;Vander Meeret al.2022). Based on estimates of flooded land area
through the Phanerozoic, Marciigy al. (2022) projected a sdavel drop of 124 m during
the Famennian between 370 and 360 Ma. A more modekt\sedall of less than 30 m, for
the same time intervak projected bywan der Meeket al. (2022) based on tectonic
modelling (Sr isotops) and glacieustasyBased on a lithological section in the Catskills,
Haq and Schutter (2008) recognise eight toirdier eustatic cycles within the context of a
long term, second ordér5 Myr) sealevel fall during the Famennian. Similarly, Becletr
al. (2012) projected eightthrdr der cycl es on top of an overa
began in the latest Frasnian. Shorter term, thicter (0.55 Myr duration) eustatic signals
exhibit more variation because they are prone to the effects -aesymentary tectonic
processeand the diverse interpretations of geologi$tse literature on Famenni#imrd-
ordersealevel change from a wide range of stratigraphic sections is review&uapter 8.5
Famennian climate change culminatedliaciation 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 200Batest Famennian glacial deposits are recaghi

from Gondwanan supolarstrata inpresentday Bolivia, Brazil, WesCentral Africa and
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possibly South Africa (Caputo 1985; Isaacstrl,2008; Almondet al.2002; Lakinet al.
2021), extending into subtropigadhlaedatitudes in the Appalachian Basin (Brezinskal.
2010; Ettensohet al.2023). A contemporaneous gla@astatic regression is evidenced by a
third-order sequence boundary marked by the Hangenberg San(Rhmmesh Mass)fand
its equivalents (Kaisest al.2016 Denayeret al.2021), and reports of incised valleys across
North America and Europedn Steenwinkel 1998Breznski et al.2010) These
correspondindatest Famennian (Struniamggressive event beds are correlated global
scaleby miospore and calont biostratigraphyStreelet al.2013; Beckeret al.2016; Lakin
et al.2021) and are suggested to indicate a glaagtatic sedevel fall of approximately 100
m at the end of the Devonian Period (Hag anduSeh2008; Kaiseet al.2011; Kaiseet al.
2016),althoughthe scale of sekevel fall is not universally agreed upond.Denayetret al.
2021). Evidence for glaciation predating theest Famennian was proposed by Issaesah
(2008), indicating glacial conglomerates as oléladdle Famennian in Bolivia and Brazil
Lakin et al. (2016, 2021) argued against this claim, finding no biostratigraphic evidence for
Famennian glaciatiom South Americgredating theéatest Famennian (but see dAthderet
al. 2011). Some research has hypoiteesglaciceustatic sedevel fluctuations beginning in
the Late Frasnian Stage, but there remains no evidence for glacial deposits during this
interval (Sandbergt al.2002; McClunget al.2013 McGhee 2011

The final stages of the Devonian were chargzeiby climatic instability with periodic
ocean anoxic eventelated toclimatic and eustatic perturbations that affected marine and
terrestrial ecosystems (Bond and Wignall 2008; Kaasat.2016). The most impactful of
these anoxic events were the Kellwasser Event near the Fidsamennian boundary and
the Hangenberg Event at the end of the Famennian. Researchers continue to search for causes
for the Late Devonian extinction everfesg.Bond and Wignall 2008; Becket al.2016;

Kaiseret al.2016; Percial et al.2019; Carmichaedt al.2019; Wicherret al.2024).
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2.1.1.The Kellwasser Event

The KelwasselEvent in the latest Frasnian is widely referred to as the second of the of the
OBFiged ext i nc e.g.Bondardwgnatl 2008( Mat al.2022) The BigFive
concept was based on a broad review by Raup and Sepkoski (1982), which may have lumped
the Late Devonian extinctions together (Carmicleaell. 2019).Apparent loss of vertebrates
during this event may be related to a 6édbacks
Hangenberg Event (Sallan and Coates 2 élJwasser has been referred tcaamass
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 Frasnistnomatoporoideef communities and warm water adapted
marine invertebrate taX@€opper 1986; Copper and Scotese 2003; Barad. 2013).

The event is named after a lithological section atwadser Kalke within the Harz
Mountains in Germany (Carmichaatlal.2019).The event is marked bymair of black shale
bedsat the type sectigntheLower andJpper Kellwasser horizonwhich are correlated
acrossseveral basins worldwida therhenanaandlinguiformis conodont zones respectively
(Bond and Wignall 2008; Carmichasial.2019).Po s i t i v e e'SCagsaciatédaviths i n |
these horizons have been recognised at a global scale (JoadtialsRD02).Correlatable
black shalesire widepreadwithin deepmarinesections, mostly withinow to mid
palaeolatitude basirdthoughrecords from basins outside of this geographic zasevell as
its recognition in shallow water settings (Bagtdal. 2013 Mottequin and Poty 2@),
confirm the global scope of the event (Carmicleell.2019)

Recognition of thé-rasniaiiFamennianKi F) boundary based on conodont
biostratigraphyl{nguiformis triangularis boundary) places it at the top of thpper
Kellwasser Horizon (Bond and Wignall 2008his boundary is dated to 371i8¥1.78 Ma

based on high precision radiometric dating (Per@val.2018).The Lower Kellwasser and
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Upper KellwasseEvent are separated by approximaté§Okyr (De Vleeschouweet al.
2017) ord50kyr (Pippengeet al.2023) and lasted approximately 250 and B0
respectively (Wicheret al.2024). The timing of these events has been related to orbital
forcing and related climate change during an intervappiroximatelya million years De
Vleeschouweet al.2017; Maet al.2022; Wicherret al.2024).

Marine anoxia is widely held as the direct causEi&f extinctions (Smargt al.2023), but
the underlying drivingnechanisms not, as yetclearly understood. Late Devonian
volcanism has gained recent attention due to mercury enrichments recorded in the Upper
KellwasseHorizon in many sectiong(g.Rackiet al.2019; Ernset al.2020; Liuet al.
2021; Zhacet al.2022; Smartt al.2023; Pippengeet al.2023). Ernset al.(2020)
suggestedlarge Igneous Provind&IP) volcanismin the Siberian and Biéca Cratons dating
between 380860 Ma, which they implicated as triggers for the Kellwasser and Hangenberg
Events. The YakutsKilui LIP shows peaks in magmatism at 374.1 35 Myr) and at
363.4 (+ 0.7 Myr), whereas the Kola Dnieper LIP is less accurately constréiiraedtet al.
2020) The recorded peaks are only loosely correlated to the events in question: the first peak
occurred at 2 Ma prior to the Kellwas$arent, whereas the second peak is 4y Mior to
Hangenberg. Zhaet al. (2022) produced high resolution geochemical analyses of the
extinction interval in China and North Americaherethey found that mercury isotopesan
correlative of thdJpper Kellwasser horizon in China were consistent with a volcanic source.
This signal is however, not recognised globally whereasphyrastother LIPs in the rock
record associated with extinction horizons produced global mercury spikesgtZila2022;
Svenen et al.2023). Such events would be expected to have produced isotopically light
carbon, but the Kellwasser horizons recexdursionsn i*C and this too is inconsistent
with a globally significant volcanic event (Zhabal.2022). Mercury enrichments

preferentiallyaccumulaten organiecrich marine sediments and may be derived from several
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sources, such as enhanced continental weathering or wildfirest(&il2021; Pippengest
al. 2023). Percivaét al.(2020) document phosphorous fluxes in sevgealgraphically
widespread Upper KellwassEventhorizons According to their study the clearest
explanation for phosphorous flux is increased soil development due to land vegetation, but a
multi-causal triggerincluding volcanism, orogeny and oceanic upwelljvggs not ruled out
(Percivalet al.2020). Similarly, Carmichaalt al.(2019) fawur a complex multicausal
hypothesis, with a top downéi continentally derived) mechanism for oceanic anoxia,
particularly affecting restricted basins in tropical locations. Climate change related to
astronomical forcing has been suggested based on cyclostratigbapkieeschouweet al
2017 Maet al.2022;Wichernet al.2024). Astronomical forcing may have triggered the
event due to a background of increasing soil development by land vegetation (Veicalern

2024).

2.1.2.The Hangenberg Event

The endDevonian Hangenbergvent was a firsbrder extinction event comparable in
i mpact tFwveetxhtei nécBtiigon eventsdéd, whi sgeciesaused
diversity (Sallan and Coates 2010) and severe extinctions amongst trjlabitasnites and
other marine invertebrate groups (Caplan and Bustin 1999; see &ia#e2016 for
discussion on invertebrate extinctiores well as floral turnoveiMarshallet al. 2020).The
crisis, as it is expressed in the terrestrial realm, indicatedégurns in miospore
biodiversity and plant extinctions, occurred slightly later {BID kyr) than the marine
extinctions (LN/VI zone boundary, Kaiset al.2016). Themarine crisis intervak marked
by widespread black shale deposgite Hangenberg Black Shaie)marine basins (mostly
below 40° latitude according to Caplan and Bustin 199&)erally reconstictedas a
eustatic transgressioammediatelyprecedhg the glacieeustatic Hangenberg Sandstone

regression (Caplan and Bustin 1999; Myretal. 2014; Kaiseret al.2016; Denayeet al.

11
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2021) thoughBabeketal. (2016 preferreda regressive scenario for the black shale. There is

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

crisis during thénypoxic Hangenberdlack ShaleEvent (Myrowet al.2014; Kaiseret al.

2016) and others during tiangenberg Sandstone regresgBackeret al.2021).
Varioustriggering mechanisms apgopose¢bolide impacts, atmospheric perturbations,

volcanism, climatic cooling, climatic warming, oceanic overturns, eutrophicatiotewssa

changesastronomical forcing, supernova explosions and evolution of land plants (Algeo and

Scheckler 1998; Caplan and Bustin 1998;Vleeschouweet al.2013; Kaiseet al.2016

Fieldset al.202Q Rakocinskiet al.2021). Evidence for a bolidenpact includes locaed

microtektites and concentrations of siderophile elements reported from south IZhiaad

Bai 2003, 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

Hangenberdrisis (Caplan and Bustin 1999; Kaissral.2016). Eutrophication and algal

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

to oceanic overturns (Kaiset al 2016) or, based on geochemical evidence, to increased

terrestrial effluent entering marine basins (Carmickaal.2016; Percivalet al.2019). Plant

spores fromatest Famennian strata of the Old Red Sandstone Continent exhibited numerous

malformations, and dark pigmentation (Marsklal. 2020). Following experimental

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

temporary loss of the ozone layer duringla/®interval of rapid warming (Marshadit al.

2020). Malformed spordsom otherbasing(i.e. Poland and Belgiujnvere considered to be

an indicator of the Hangenberg Mass Extinction on land (Prestaahi2016). An

exploding supernova was proposed as a kill mechamstwithoutpresenevidence to

support the hypothesis (Fieldsal.2020).The volcanic hypothesis based on mercury

12
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enrichments in the anoxic HangenbBtgck Shale continues to receive attenti®akocinski

et al.2021 Smartet al.2023).

2.1.3.Late Devonian biotic crisis

This brid review of ongoing debate on the causes of the Kellwasser and Hangenberg
Events shows that no consensugasachievedor the cause of either eveiMost extinction
scenarios point to marine anoxia associated with rapid climate atelséahanges. The
intermittent marine anoxia and extinctiscenario behinthese and othefesseéeventsi
i.e.thelateFamennian Dasberg Crisiddrtenfelsand Becker 200%nd theMiddle
FamenniarannulataEvent (Korn 2004) lends itself to a unifying explanation.

Bond and Wignal(2008 advanced the transgressiamoxia extinction scenaribased on
a thorough investigation of the Kellwas&sentand comparison to other Late Devonian
eventsGeochemical evidence frotheanoxicblack shale event begoints to nutrient
fluxes derived frontontinental rather than sélaor derivedsourcegCarmichaekt al.2019;
Percivaletal.2 0 1 9 ) . Pl-caauven @ | 0 Wt oges of this nutrien
and modification to the landscape by plants. The Devonian Plant Hypothesis proposes that
Late Devonian forestation led to increased weathering of rock and soil developnding lea
to nutrient fluxes to the oceans and climate change associated with increased carbon burial
(Algeo and Scheckler 1998; Algeb al.2001). With environmental instability due this
background of plaAbased alterations to the carbon cycle, likdtymatetriggers for Late
Devonian anoxic events appear to be volcanism (Sehait2023) or climate change related
to orbital cyclicity De Vleeschouweet al.2013; Wicherret al.2024).

2.1.4.Dating the DevoniaiCarboniferousBoundary (DCB)

Problems with stratotype section for the DevorGarboniferoudBoundary at La Serre,

France have led to debates about where the boundary should be placedeBalck2016)

reviewed the geological expression of the Hangenbeegt and the Devonian
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CarboniferousBoundary. 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 horizonimsyme
sectionshave been removed by subsequent regressl@DCB is presently recognised at
within the upper Hangenberg Crisis interval overlying the Hangenberg Sandstone, thought to
represent a postglacial transgressionthe first appearancd the conodonSiphonodella
sulcata(Beckeret al.2020) An average of various estimates for this biostratigraphic horizon
gives a date of 359.3 + 0.3 Ma (Beckeml.2020), which is slightly older than the
previously accepted date of 358.9 Ma (Beaiteal. 2012 Cohenet al.2013. More recently,
researchers from the International Working Group on the p@Bosed globally
correlatable eustatic sequence boundiue top of the Hangenberg Sandstdnemark the
DCB (Aretz and Corradini 2021; Denayetral.2021).

2.2.Geological setting

The Cape Supergroup contaimsup to 8 km thiclsiliciclastic sedimentarguccession
depositedrom the Ordovician Period until the Early Carboniferous Pdariapassive
margin extensional basifo¢ detailedreviewseeBroquet 1992; Shone and Booth 2005;
Thamm and Johnson 200&)unconformably overlies a PrecambrianCambriarbasement
of deformed metasediments and granitic intrusionsspdra to unconfomably overlain by
the Karoo Supergrou@@hamm and Johnson 200&)rata of the Cape Supergpoautcrop in
the Cape Fold Belbccupying a zone within 200250 km of the coast in tHeastern and
Western Caperovinces,extendng a further 00i 200 km inland in the subsurface and
approximatelyl00 km offshore (Tankaret al.2012) The strata were compressed and
metamorphosed duringragional Late Palaeozoic orogenic evirat formed the
Gondwanide mountaingvidenced by contemporaiigid and thrust belts in the Cape,

Antarctica and South America (Millet al.2016).Subsequent extension during the
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Mesozoic breakup of Gondwana initiatearthwestsoutheast andastwest trending normal
faults that furthefragmentedhe Cape Supergroup (Booth 201The Cape Fold Belt
comprises two arms, an eagest trending southern arm, charaistt by intense shortening
(up to 70%) and a nortkouth trending western arm with a lesser de(j¥2@%) of

shortening (Shone and Booth 2005; Patbal.2006; Booth 2011)These meet and interfere
as a syntaxial oroclinal bend in the Ceres area, marked by northeasigfetds (de Beer
1995).The structural strike dhe Cape Fold Bettontrols the preseittay orientation of the
South African coastlineStructural deformation in the Cape Fold Belt reaches its highest
intensity in the Eastern Capeherethe metamorphic grads lower Greenschist facies
(around 30€C) (Patonet al. 2006).This eastward intensity of deformation has caused the
thrust stacking and thickening of all stratigraphic u¢itsothet al.2004;Booth 201).

Booth (2011) comparedavb tectonic modalthat he considered most consistent Wit
characteristics of thfold belt. The Andeattype model infers a subduction zone around 1
500 km to the south of tHeld belt(Booth 2011)Interference folding between the western
and southern limbs in a region known as the syntaxdgplained by the presence of rotating
microplates de Wit and Ransome 1992). The Andagpe model does not adequately
explainskhenédédi structural characteristics o
(Stankiewiczet al.2007; Booth 2011)and many typical features of a subduction zone such
as ophiolites, widespread volcanism and Fggade metamorphisnrelacking (Newtoret

al. 2006) The transpression model proposed by Johnston (2001) invoketatigiat strike
slip motion along a plate boundary to the south. This medmnsistent with the asymmetry
of thesouthern and western arms of t@pe Fold Belas well adroader evidence from
contemporary orogenic belts in Argentina and Antarcatthpughseveral structural
anomaliedhave not been reconciled witthe model (Booth 2011Peformation of the Cape

Fold Belt led to subsidence in the contiraémhterior to the north, forming continental
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foreland basin that accommodated the Permian to Jurassic Karoo Supergroup sediments and
lavas (McCarthy and Rubidge 2005).
The Witteberg Groupyhich is theupper 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 ke Dwyka Group (Loock 1976). It represents a continuous record
of siliciclastic shallowmarine to continental sedimentation from the Givetian (Middle
Devonian) until the Visean (Early Carboniferous) (Broquet 1992; Shah8awoth 2005;
Thamm and Johnson 2008) correlative unit to the Witteberg Grouphich was not
incorporated in the Cape Fold Bett the Msikaba Formatiothatoutcrops along the border
of KwaZulu-Natal and the Eastern Cape (Kingsley and Marshall 200@) Msikaba
Formation ighought to be Late Devonian in age based on plant remains from one horizon in
the formation (Anderson and Anderson 185
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 arlgigf continental source to the tlor
Proterozoic ages for the source rocks derived from detrital zircon studies suggested the
NamaquaNatal Metamorphic Province and PAfrican Orogeny as likely source areas
(Vorster 2013). The sediments accumulated within the Agulhas Sea, a paasiiiemarine
basin to the south of Gondwana, which was envisaged by Marshall (1994) and Rust (1973) to
have been ser@nclosed from the open ocean by the Patagonian and Antarctic Peninsulas.
Witteberg Group stratigraphy was fornsatl in the South African Commissidar
Stratigraphyin 1980(SACS 1980prnd later revisety Johnsoret al. (2006). It contains
three subgroups (each consisting of three formations) and one formation. Lithologically the

Witteberg Group is betweenZD0 m (Western Cape) and’@0 m (Eastern Cape) thick
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(Johnsoret al.2006)andis suggested to contagandstone and mudstone in roughly equal
proportiongJohnson 1976)t conformably overlieshallowmarine deposits of the
Bokkeveld Group, and is unconformably overlaingtgcial tillite of theDwyka Group
(Dunlevey and Hiller 1979Johnsoret al.2006).In the Eastern Cape, however, the
Witteberg Dwyka contact igossibly conformable (Loock 1967).

The stratigraphic hierarchy that is presently used for the Sapergroummand 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 Grouapmied
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 distiatigraphic
unit to A.G Bainbés 1856 geol ogi cal map . Looc
formalising of this stratigraphy beginning around the start of the 20th Century when the
Geological Commission of the Cape of Good Hope employed geolagistsas G.S.
Corstorphine, E.H.LSchwarz, and A.L. Du ToiSeparating 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 MigeGroup is
distinguished from the Bokkeveld Group by several characteristics, including an abundance
of trace fossils$pirophytonn particular), the ubiquity of upwarcbarsening cycles, the
micaceous nature of sediments, the abundance of plant stems and the reddish colouration of
rhythmitites (heterolithic units) (Johnson 1978aughton (1969) placed the Bokkeweld
Witteberg boundary at the first prominent whiteathering sandstone unit, which was
supported by Johnson (1976) and Hiller and Dunle¥8y&) who recognised this horizon as
the base of the Nougaspodtember(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 higbemdstone unit, however, the Nougaspoort
Member was formallgelected as the base of the Witteberg Group (Johetsalr?2006).

There was much disagreement, prior to Johnson (1976), about the position of the
Witteberg Groupdbs upper contact. Historical/l
Floriskraal Formation (Lake Mentz Sibr oup) wer e named the OLower
however,du Toit (1926) and Rossouet al.(1953) included a portion of these units
(Waai poort Formation) in the OUpper Witteber

(now the Miller Formation) within the overlying Dwyka Series, placing the G&geo

Systans 6 contact at what is today the base of t
was supported by Loock (1967). Loock regarde
conformable with the overlying 6Dwyka Tillit

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 (Jolesdr2006), pacing the
Cape SupergroltifKaroo Supergroup boundary at the base of the Dwyka Group.
2.2.1.The lower Witteberg Group

The lower Witteberg Groumcludes 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 Swartruggei$)e 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 twiee Bokkeveld Group,
Theron (1972) suggested that the Witteberg Group was Late Devonian to Early
Carbonitrous in age. In agreement with this, the Weltevrede Formation/Subgroup was
indicated to predate the Famennian Stage based on occurrences of the articulate brachiopod

Tropidoleptusear the base and top of the unit (Bowtadl. 1983). By comparison with
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Bolivian occurrences of the genus, a Givetian to Frasnian age was considered most likely
(Boucotet al.1983). Cooper (1986) considered the black shale horizons in the upper member
of the Wagen Drift Formation (Bynest Krakkembej) to indicate a maximum flooding
surface, and thus correlated this eventit® Tycle lla of Johnsoat al.(1985), indicating a
mid-Givetian age for the Wagen Drift Formati@hallow to marginamarine depositional
environments ascribed to the lower Witteberg Grmgfude deltac deposits (Theron and
Loock 1988; Hiller 1990andstormdominatedshallowmarine deposits (Cole and
Labuschagne 128 Cotter 2000)Much like the Bokkeveld Group, a proxiradistal gradient
from north to south is evidenced figw vectors, isopach maps atite southward
attenuation of sandy units (Theron and Loock 1988; Cotter 2086)lower Witteberg
Group is considered to represent shallowing of the basin with respect to the Bokkeveld Group
(Theron and Loock 1988Miller (1990) described various deltaic sebvironments for the
uppermost strata of the Weltevrede Formation near Makhanda (Eastern Cape), recognising
interdistributarybay fill deposits, prograding distributary mouth bar deposits and tidal flats.
Cole and Labuschagne (1®8nade 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 interpresasd@marine tempestite deposited
below fairweather wave base. Likewise, Cotter (2000) favoured a sdominated shallow
marine model. The Weltevrede Subgroup, according to Cotter (2000) comprises
approximately 40 upwarghallowing parasequencageraging 12 m thickgpresenting
innershelf to shoreface deposits.

By comparison to the Bokkeveld Group there is a general paucity of marine invertebrate
remains in the Lower Witteberg GrouUpare marine invertebrate assemblagdte Wagen
Drift Formationinclude a low diversity of articulate and inarticulate brachiopzoutk

bivalves (Boucoet al. 1983).These groupsas well as trilobite and a gastroppdere
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identified from the uppermost strata of the Weltevrede Formation (Hiller 183@jorly
preserved, putative conchostracan (Rennie 19@dich was later identified as a bivalve,
possiblyNaiadites devonicuéScholze and Gess, 2024af well as fragments of a eptgrid
identified asHasimimaby Woodward (1909)were found in the vicinity of Port Alfred, in
strata that Rennie and Mountain (1942) included in the upper Bokkeveld S&vigswere
subsequentlynapped in théower Witteberg GrougBoothet al. 1999, but may have come
from theWitpoort Formation (Scholze and Gess 20P1ant 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 exceptiospirophytordescribed by Plumstead (1967),
who considered the trace to be an aquatic plant. Aimb®@B( repored from the Weltevrede
Subgroupa low to moderate diversity of trace fossils includdapphycosTeichichnus
ScoliciaGroup meniscate burrowingulid brachiopod burrows?alaeophycus
Diplocraterionand 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 GroApderson and Andersdi985 reviewed

the Cape Supergroup flora with antapdate stratigraphy. They identified enigmatic plant
taxaDutoitia alfreda, Palaeostigma sewaraind the lycopodbklaplostigma irregularis
Haplostigma kowiensiandArchaeosigillaria caespitosiom the upper Weltevrede
Formation, whereas the lower Weltevrede Formation containdHaplostigmaand rare
Archaeosigillaria Gess (2016) reviewed the vertebrate fossil record of the Witteberg Group,
noting from the Weltevrede Formatioonly fragmentary fish remains froenlag deposiin

the Wagen Drift Formation, whidie identifiedasshark spines of thelesioselachusype

and arthrodire placoderremains reminiscent @arrydaleaspis
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2.2.2.The Witpoort Formation

The Witpoort Formation forms the middle unit of the Witteberg Group (Johetsan
2006).1t conformably overlies the Weltevrede Formation with a sharp or gradational contact,
that,according to Johnson (197@ sharper eastwards in the basiohnson (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 shrairierbngued, with a transition
zone of a few metres thick (Johnson 1972@cording to Loock (1967) this Witpoort
Formation to Lake Mentz Subgroup transition is usually not well exposediherte visible,
it is a 25 fee{7.6 m)thick alternation of sandstones, siltstones and micaceous shales. The
contact is defined as the base of the shalminated Kweekvlei Formation (lowermost
formation of the Lake Mentz Subgroup) (Johnson 1976@r to Johnson (1976), the
Witpoort Formation had been referred to as thénNBage of the Witteberg Seribg 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 Gamitdpam near Prince
Albert, Western Cape, where the formation is fully exposed, and which defines the stratotype
section (Johnson 1976; Therenal. 1991).Near its westernmost extent the Witpoort
Formation is as littlesa140 m (Theron and Loock 1988). In the central basin around the
Eastern Cape/Western Cape border, between 23°E and Bisiaess 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 (Jatredon
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 Witpoat Formation to be 800 m thick in the Grahamstown alelanson considered
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Meyerd6s (1965) suggestion that o6drag folding
the Witpoort Formation in this area to be implausibléler and Taylor (1992), however,
estimated the Witpoort Formation to be approximately 350 m thick in the same area.
Foll owi ng Johns onMithnonewSstraégjaphie dgfalohnsoretal. t s
(2006, Table 1) gave a thickness of 850 m eastward of 22°E.

The WitpoortFormationis a sandstondominated succession thatseparated into three
members (Rooirand Member, Perdepoort Member and Skitterykloof Member) westward of
25° E SACS, 1994Thamm and Johnson 2006). Further east, however, the formation is not
formally subdivided (Hiller and Taylor 1992). The Rooirand Member is betweei3RB0m
thick (SACS 1994) and forms the bulk of the
derived from the Rooirandills, west of the Gamkapoolam near Prince Albert (Western
Cape), where J.C. Loock placed the stratotype. The Rodil@maber typically comprises
brown to redweatheringfine to mediumgrained quartzitic sandstone forming lenticular or
tabular beds averaging 30 cm in thicknegash poor preservation of internaldienentary
structures (Johnson 1976). A minor proportio
recorded in the Rooirandember at Waaipoort (Eastern Cape) (Johnson 1976). It is
conformably overlain by the Perdepobtember, a whiteveathering quartizitic sandstone
unitthatis306 0 m t hi c k. I't was originally known as
1967) due to a distinctive whitish colour in outcrop visible in aerial photographs. It is
characterised as being composed exchligiof mature, clan quartzitic sandstorexhibiting
very regular tabular strata with horizontal and langle crosstratification (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 SkitteryklooMember 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 mudrédo$a@ccording to
Johnson 1976). It is charaasad by the presence cbarsegrained, pebblyjmmature
sandstone and conglomerate, distinguishing it from the underlying Perdijmkter
(SACS 1994 Thamm and Johnson 2006). The Skitteryklb@mber is conformably overlain
by the Kweekvlei Formation. The Skitteryklogfember was named by J.C. Loock after a
locality northeast of Ceres (Western Caplgrethe whole membes exposedAn
approximate thickness of 15 m is shown in a stratigraphi¢Hmg 2.1A) derived from

Waaipoort (Johnsoet al.2006).
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Figure 2.1: Stratigraphic columns for the study area: A) The Witteberg Group, logged at
Waaipoort (Johnsonet 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 197@heron and Loock 198&iller 1990; Hiller and Taylor 1992and
represents a shallowing event (Cotter 2000) that is related to a reduction of subsidence in the
basin (Hiller and Taylor 1992) or falling séavels (Cooper 1986). A linear eagést
trending highenergy shoreline is widely accepted for the genddiseosupermature
sandstonelominated Witpoort Formation (Theron and Loock 1988; Hiller and Taylor 1992;
Thamm and Johnon 2006). Westwaicected palaeocurrent signals in the formation are
thought to have been generated by stpamallel currents (Loock 1967; Theron and Loock
1988; Johnson 1991; Thamm and Johnson 2006). Based on these inferrguhsditaie
palaeocurrent signals a shoreface setting for the Rooirand Member in the central part of the
basin was proposed by Thamm awthnson (2006), whereas fugtheast, southwest directed
palaeocurrents potentially indicate a flindeltaic influence in this member (Thamm and
Johnson 2006). The overlying Perdepoort Member is interpreted as a beach deposit based on
the predominance of loangle crosstratification 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 (199Ridentified a barrier land setting, represented by shoreface, beach, tidal
inlet, tidal delta, washover fan, bablrrier tidal channel, and lagoonal depogfig. 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 1876). A
nearby Coombs Hill fossil locality, an approximately 80 m thick stratigraphic section of the
middle (9 Witpoort Formation was interpreted as containing shoreface, beach and lagoon

deposits (Harriet al.2021).
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Clastpoor sandy diamictite from the upper stratigraphic horizons of the Witpoort
Formation, including above and below the Perdepoort Memigge interpreted as
glacigenic deposits thought to corresponthte orlatest Famennian glaciation events
recorded in Bolivian strata (Almoret al.2002).

Plumstead (1967) suggested thaptophloeuni o ssi | s from this O0Main
Qu a r tindicateda Bliddle to Late Devonian age. In contradiction of the above, Rayner
(1988) proposed an Early Devonian age for th
plant remains described by Plumstead (196 discovery oArchaeopterisonfirmedthat
the Witpoort Formation was Late Devonigtiller and Taylor 1992; Anderscet al. 1995)
Cooperbds (1986) event theWipaeit Fognat@rmpwhyJyohmaed e | cor
al.6 €1985)Ti R cycles lle and lIf, representimggressive events during the Famennian
stage Cooper (1986) proposed that a flooding event at the Witgdadekvlei Formation
(lower Lake Mentz Subgroup) contact represented an early Tournaisian transgression
recorded in the Rhenish Slate of Germany, thus placing the DevQagroniferous
boundaryat approximately this horizoithe strongest evidence supporting a Famennian age
for the Witpoort Formation comes from macrofossils derived from one stratigraphic horizon
atone locality, whereas microfossils are next to unknown in theMiospores indicating a
Famennian age were reported from a horizon underlying the Perd®jerofier, but without
identification or description of the spores (Almaetdal. 2002).Fossil fauna and florérom
Waterloo Farmincludevarious taxa with a Late Devonian signghe locality is considered
to be situated in the uppermost Witpoort Formation (Gess 2011; Scholze and Gess 2021).

Plant genera such aschaeopterisandLeptophloeunare typcal for the Late Devonian
(Andersoret al. 1995; Osbornet al.2004;Wanget al.2005;Cornetet al.2012).
Undescribed putative spermatophyte remains from the locality (Gess and Whitfield 2020)

would strongly indicate a Famennian age (Prestianal.2015). Vertebrates including
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tristichopterids lyneria udlezinygeand stem tetrapod3tusius umlambandUmzantsia
amazanafrom the Waterloo Farm fossil locality likewise indicate a Late Devonian age
(Gess and Ahlberg 2018, 2023). Apart from its occurrence at Waterloo IHgneriais only
known from one other locality, Red Hill in the Catskill Formation of the eastern USA, which
is late Famennian in age (Broussatal.2018). Placoderms are diverse and abundant at
Waterloo Farm, but do not occur in stratigraphically higher sf@¢gs 2016). Placoderm
extinction at the Devonidi€arboniferous 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 Kweekvlenkation are, however, very poor in
fossils and therefore the absence of placoderms or other Devonian taxa in this formation does
not prove a EarlyCarboniferous age. According to Gess (2016), the paucity of vertebrate
remains in this stratigraphicintetiva i s expl ai ned with #i20f erence
Myr interval spanning the Tournaisian Stage (earliest Carboniferous), during which
vertebrate and arthropod fossil remains are uncommon (B¥ald2006; Sallan and Coates
2010). Some, however, consider Romerebat Gap t
2022) . Pal aeont ol ogi cal evidence therefore a
stratigraphy correlation of the Witpoort Formation with the Famennian stage (Theron 1994;
Gess 2016).

Palaebotany of the Witpoort Formation was reviewed by Plumstead (1967), Anderson
and Anderson (1985) and Gess (20Bhderson and Andersqi985 performed a
taxonomicand stratigraphic e vi si on of tludimgsatteers thé mames ofr k
taxa, performing synonymieandintroducing new taxal' hese revisions are explained in
detail by Gess (2011). Anderson and Anderson (1985) recogmiseplant taxa in the
Witpoort Formation including four lycopodaicheosigillaria caespitosa, Leptophloeum

australe Palaeostigma robustandPalaeostigma sewarji, a OpbBdtitimphyted (
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maraisig and hreeplants of uncertain affinity{owisonia rarg Platyphyllum albanensand
Praeramunculus alternatiramyusApartfrom A. caespitosandL. australe all of these plant
species were derived from a thin black shale horizon in the lower Witpoort Formation at
Howi sond6s Poort.

Subsequent to Ander sseveralpland andalgdegaxashave been r e v i €
diagnosedrom the Witpoort Formation, principally from one stratigraphic horizon at
Waterloo Farm. Plants from Waterloo Farm inclpti@eophyter rhodophyte alga,
Hungerfordia fionaeandYeaia africangHiller and Gess 199), charophyte algae comprising
two genera and four speci€3gtocharacrassa O. gracilis,HexacharasetaceaandH.
riniensis(Gess and Hiller 1999, three lycopodd,eptophloeum rhombicu@®restianni and
Gess 2014)owieria alveoformigGess and Prestianni 2018) abdlpodexylon pullumpedes
(Harriset al.2021b), a fernlike plant of uncertain higher affinitylabellopteris
lococannensi¢Gess and Prestianni 2022), a sphenopiRh@istachya hiller{Prestianni
and Gess 2018) and a progymnospeknahaeopteris notosarigAndersonret al. 1995 Gess
and Berry 2021 One plant species was diagnosed from Coombs Hill, a lycopod
Colopdexylon mergagHarriset al.2021b). Additional undescribed plant remains from
Waterloo Farm includeosterophylls and seed plants (Gess and Whitfield 2020)

Describednvertebrataliversity in the Witpoort Formation is limited to a monospecific
assemblage of bivalveNaiadites devonicu&Scholze and Gess 202tpm Waterloo Farm
representing the oldest record of a nonmarine genus that became widespread in the
Carboniferous Period (Scholze and Gess 2@hd)remains of a terrestrial scorpion
Gondwanascorpio emzantsienfizess 2013)Undescribednvertebrates includeemains of a
cyrtoctenid eurypteri§Gess and Hiller 1985 id. by R.W. Gess 2021possible stracods

(Scholze and Gess 20243 well as various bivalve species from Coombs(Hiirriset al.
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20219). Lingulid brachiopodsignomiacf. lepta) are reporte@dnd describeth this thesis
(Chapter 7¥rom a lower Witpoort Formation locality (Harris and Gess 2022).

Vertebrateremaingn the Witpoort Formatiomarealmostexclusivelyreportedfrom
Waterloo FarmThey include a lampreyriscomyzon riniensif€Gesset al.2006), with an
ontogenetic series that includes hatchlings to adults (Miyasth#a2021) placoderms
including an antiarciBothriolepis africangLong et al. 1997) and three arthrodire species,
Groenlandaspis riniensidonget al. 1997),Africanaspis doryssé.ong et al. 1997) and
Africanaspis edmountairiGess and Trinajstic 2017), the acanthodidiacanthus acus
(Gess 2001) an@yracanthides riniensi@sess and Burrow 2024hreechondrichthyans
Antarctilamna ultimaandPlesioselachus macronthus(Gess and Coates 2d)%nd an
undescribegdymmoriid(Gess 202} an actinopterygian@ess and Whitfield 202@hoo and
Gess, in prepandvarious lobesfin fishes;a coelacantlserenichthys kowiengi&ess and
Coates 2018, a lungfishlsityumzi mlomomdg@Gess and Clement 20), a tristichopterid
Hyneria udlezinygéGess and Ahlberg 2023), an undescribed rhizodont (Ges#&/hitiield
2020, an underscribed onychodont (Gess 2Grigtwo tetrapod specieklmzantsia
amazanandTutusius umlamb{Gess and Ahlberg 2018eviewing the palaeontology of
the Waterloo Farm locality, Gess and Whitfield (2020) proposed an estuarine environment by
analogy to moderand ancienéstuarine ecology, including the occurrence of marine and
nonmarine fish ad alga species, evidence for piscean sétion of the environment as a
nursery, and the predominance of a single shelly invertebrate spgaaig@ne other
vertebrate fossil is reported from the Witpoort Formation, an arthrodire placodermosiull
(Harris and Gess 2022), which is from a lower Witpoort Formation loakdsgribed in this
thesis (Chapter 7).

Trace fossils from the Witpoort Formation are to be found in very few reports.

SpirophytowZoophycoss indicated to occur in the Witpoort Formation in various reports
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(Plumstead 1967; Loock 1967; Gess and Hiller 898fmond 1998), howevethe
distribution of the trace in the formation is difficult to discdPtumstead (1967) records the
trace as ranging from the lower Bokkeveld Serighéaop of the Main Sandstone of the
Witteberg Seriesvithout providing evidence for thidlone of the specimens that she
described are unequivocally from the Witpoort Formatiamuck (1967) cites Theron (1960)
as recording the trace fosSipirophytorranging 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). @é49)(
observed thaBpirophytorfrequently occus in black carbonaceous shatesar the bottom of
theWitpoort Formation, and illustrated examples of the trace from the Waterloo Farm black
shale.The trace fossil€ruzianaandRusophycusvere identifiedrom heterolithic sandstone
underlying the shale horizon (Gess and Hiller E)9Biller and Taylor (1992) recorded
bioturbation in various stratigraphic logs from the Witpoort Formabanhdid not describe
the nature of the trace fossils.

Vorster(2013 herFig. 3.8) illustrated a trace fossil surfagith indeterminatevertical
burrows in the Witpoort Formation near Laingsbuigunsdon (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 (Johnscet al.2006).The Lake Mentz Subgroygvhichconformably 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 Feam@roquet 1992). Marine and

nonmarine environments are indicated for the Lake Mentz Sub@Boaquet 1992)
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The Kweekvlei Formatiof25i 200 m thicR is a mudrockdominated succession with
subordinate fingyrainedsandstoneinits exhibiting hummocky crossratification,
interpreted as storm influenced marine shelf sediments (Browning and Reid R@5si)s in
the Kweekvlei Formation include indeterminate plant areg Praeramunculis sfp.and
trace fossilsTeichichnusdominated, with rar€ruzianaandPalaeophycus(Browning and
Reid 2017)Gess (2016) reported a shark spine from a conglomeratic horizaa in th
lowermost Kweekvlei Formatigiout whether this horizon belongs to the uppermost
Witpoort Formation needs to be reinvestigated.

The Kweekvlei coarsens upwarid$o the arenaceous depositsthe Floriskraal
Formation which is 70130 m thick (Browning and Pen@larke 2016). The Floriskraal
Formation is considered to represent a stdominated shallownarine settindBrowning
and PenrClarke, 208). It contains a low diversity of horizontal burrows (Almond 1998) and
poorly preserved plant remaijriacluding lycopods (Browning and Peftarke 2016).
Possible fish fragments were reported from phosphatic nodules in the lowermostfdtrata
Floriskraal Formation (Evans 2005).

The overlying up to 340 m thickmud-dominated Waaipoort Formation has been
interpreted as an extensive lacustrine (E2089 or lagoonal deposit (Broquet 199Zhe
Waaipoort Formation contains the large swésgaling euryptericCyrtoctenus wittebergensis
(Waterstoret al. 1985), plant remains, bivalves and fishes (E\20G5. The latter include
acanthodianécf. Gyracanthidey chondrichthyangPlesioselachudike), actinopterygians
(sevengenera and 11 species)d possibly sarcopterygians (Evans 1995ess 2016
Ichnofossils from this formation includeeichichnussmallCruzianaandRusophycusf the
Isopodichnusype,Lockeig horizontal burrows and arthpod trackways (Almond 1998).
Trace fossils in the Waaipoort Formation (and Lake Mentz Subgroup as a wdate)e 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 asProtolepidodendron eximufmow considered an invalid geniBynamoet al.

1988. This wassupposedlyupported by palynomorphs indicating a Middle to early Late

Devonian age (Stapleton 197W).contrastGardiner (1969) described a diverse fauna of
palaeoniscoid actinopterygians which exhibited a great degree of higher taxonomic overlap

with Lower CarboniferougVisear) 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 19689t r eel and Theron (1999) refute
resut, producing miospores from the Waaipoort Formation that indicated a middle
Tournaisian to early Visean age, in support

The Kommadagga Subgroup is considered to contain evidence for the earliest phase of
glaciation of the Perm@arboniferous ice age (Theron 1994). The basal Miller diamictite,
interbedded with the Swartwaterspoort sandstpravides evidence for overriding glaciers,
and gives way to laminites of the Soutkléah, and then to the Dirkskraal sandstone, which
have been interpreted as a nearshore to deltaic deposit (Swart, 1982; Therom994).
Kommadagga Subgroup is considered to be largely unfossiliferxaeptefor 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 iaté 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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CHAPTER 37 MATERIAL AND METHODS
3.1. Material:

3.1.1.Study area

At the beginning of this studyts scopewvas determined by visiting3 Witpoort
Formationlocalities along the extent of the Cape Fold Belt. From these, setles Eastern
Capewere 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 thHas affectedtratigraphic workn the study areéHiller
and Taylor 1992Harriset al.2021a). Outcrops that presented continuous sections to
recognisable formational or member boundaries were favountetise structural
deformation was considered a negative criteridre second critésn was the presence of
body and trace fossils, which would provide invaluable palaeoenvironmental information. For
this reasonsix out of seven studied sections are locatétin a 30 km radius oMakhanda
(Eastern Capejfrom which most of the Witpoort Formation palaeontategrecordis
derived.Thispartot he st udy area wil| be referred to
work. Approximately 200 km west of Makhanda, at Waaipoort (near Steytlerville), a well
exposedrosssection of the Witpoort Formation was selected as a referéheestudy area
includes selected sections of the Witpoort Formation in the Eastern Cape (Figh8.1).
sections wer@vestigatedduring three annual field seasons from 2622023. The Witpoort
Formation type section at Gamkapoort D@rear Prince Albert, Western Cagéieronet 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 oriengatibns
structures recorded therein. Met®ale stratigraphic logs for the sections are provided in

Appendk 1Ci L.
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Figure 3.1: Map of the study area (bottom) showing its location irSouth 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) , Al i cedal e (AD), Seven Fountains
(HP), Waterloo Farm (WF), Grey Dam (at the same location as WF on mand 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 collectioB®frace fossHbearing
rock slabs from the study area was accessioned into the catalogue of the Albany Museum,
reposited at 87 Beaufort Street, Makhanda (AppeB8diXhis material was collected by the
writer andDr Gess during fieldwork since 20Hnd includes Witpoort Formation specimens
from Coombs Hill (n=3), Rabbit Ridge (n22) , and H ory(h=4) aswellsas Fiar o

collections of Dr Gess from Waterloo Farm (@37 and & ne aaf fF8,(am4 en t ur n
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Wel tevrede Formati on mat e rThegprhoverfance oheatho wi sonod s
specimen includes thecality,s t r at i graphi ¢c horizon, collecto
Stratigraphic horizons for materidéscribed in Chapterf6r om Rabbi t Ri dge, Hc
Poort and Waterloo Farm refer to log diagrams presented in this work. Those from Coombs
Hill refer to the stratigraphic logs presented in Haetial.(2021a). The | ocal ity On
tunof f & (33A196120S 26A2206 dfdMBKhandaavainvestigatedat e | y
by Dr Gess during thexcavatiorof asmall farmdam 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) corrobdbat&ée s s 6 assessment that the
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 scalewnf th % metre.
These columns were redrawn digitally using Inkscape 1.0.1, with reference to field notes and
photographs (Appendes1Bi 1K). Structural tilt (dip angle and dip direction) of strata was
measured using a Breithaupt geological compass wilindgon adjusted te28°.
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 Laser550ASrangefinder 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 wa usedafter Addie D68):
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44 , 3E1$ 387#]. ok
; #1 0%

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.Sedimentaryaciesanalysis

The sedimentary facies analysis performed in Chayfigltows principles outlined by
Dalrymple (2010). A sedimentary facies is thereby defined as a body of rock chasddigr
a particular combination of lithologgnd 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 necesyariply 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 modeéf|ect stacking patterns and lateral relationships
characteristic of depositional environments (Dalrymple 2010).

Each bed is coded according to a detier facies code scheme (Miall 192D10; 2014
Colombereet al.2013), where a capital letter represents the dominant grain size of a
lithofacies, and this is followed by a lowease letter representing the characteristic
sedimentary structure or texture (Miall 2010). According to the conventionatgjrairtode,
smdstone facies are g¢gi v,amgransizés$adger thamsahd arec K ar
gi ven 06 GOoTwélvesedingentarywfacies. are recoggd in the study arddable 51),
includingsevenfacies from Miall (206), though five faciesdonatc cur wi t hi n Mi al

schemeT hose not found in Miall s scheme includ:
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extraformational conglomerate (Ge), undulatory sandstone and mudstone (Su), rhythmically
laminated sandstone with mud drapes (Sc), anessaiitment deformation structures (SSDS).

Bedform geometry is one of the more definitive properties that separate fetagse
this is the most detectable characteristic at outcrop and carries genetic sign{liceracet
al. 2022) Bedform geometrgescribes the thickness, lateral extent, nature of the bounding
surfaces and internal stratification of the bedforms. Description of stratification follows the
terminology formabked by Campbell (1967, &) 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 sigzkrpiosilar
beds.

This set of terminology contrasts with the more widely applied terminology of McKee and
Weir (1953), in which O6bedd and o6l aminadé are
lesser thicknessthanlcmn Campbel | 6s ter minol otheg, bed an
bedset and coset of McKee and Weir. For clarification, an example of a bed and a bedset as
here used is shown in Figure 3These units are described according to tentjtative
terminology recommended by Campbell 1967, which are tabulatEdjure3.2.

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 sc82)Fig.
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
principalrock types encountered in the study aredrdraclast conglomeratguartz arenite,
quartz wacke, siltstone and mudrock (laminated shaleranistone}Johnson 1991;

Chabangu 2023ghale is clearly separable from mudstone in having strongly developed

lamination and exhibits a flaggy parting, whereas the latter is bl&dgk samples from one
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of the studied localitieBNVP) were collected by the writer and a postgraduate studedt,
were analysed petrographically (Chabangu 20R8ck identifications are based on these
resultsand prior petrographic work on rock samples from Coombs Hill in the study area
(Harris 2017)According to the Pettijohn classificatiegstem (Pettijohet al. 1973) quartz
arenites are composed of more than 85% quartz, with less than 5% feldspar and/or lithic
fragments. Quartz wacke contalmetween 15 and 75% clajit matrix, with the sand
proportion comprising exclusively quartz and mica. Mudrock (>75% silgyincludes shale
and mudstone, which are distinguished by the presence or absence of lamasgatively
(Pettijohnet al. 1973;ScHheberet al.2010).

Rock colour is described qualitatively with reference to a colour (BadExplore Store

colour reference chart).
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Figure 3.2: Left: The Wentworth Scale @rain size in mm). Right: Table of descriptive terms for
ibedo an daftBriCampbeh (4987).
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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 drapesd thin

upwards in the set. Scale increments are in cm.
3.2.3.Palaeocurrent analysis
Palaeoflow vectors (n=658) were measured in the field frositu sedimentary structures.
Prior to current analysis the vectors were corrected for tectonic tilt using a stereographic

projection, according to standard procediret{er and Pettijohh977). Restoration is
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achieved by interpreting, for each vector, the horizontal surface on which it formed
(6beddingd), whi ch -totatem This beddimgis tedtoeedtatsi s of b a
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 velied at random using a Schmidt stereonet projecBaaeocurrent roses

were generated in the same program with data ktnst45. The raw and rotated dataset is

presented in Appendix 2.

In the study area, bedding measurements were taken from laterally extensive planar
surfacegflat surfaces of erosion or horizontalgminated stratajAs it was not possible to
recognise such surfaces at every horjtlbey were recorded where found. Vertically
adjacent bedding surface measurements were averaged where variance in strike and/or dip
was less than T0

Fold axial plunge was recorded d<}3in 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 arfdH@wever, Booth (2002) recorded a plunge of 8
for the same locality. Given the larger samg#é ofbedding measurements frddno ot h 6 s
study, his result was used for the rotation. Accordingdtier and Pettijoh(i1L977), if axial

plunge is less than 1@ompensation for plunge is unnecessaga test, data from one of
the sections (WP 2, plunge £BSE), that with the steepest fold axial plunge recorded in the
study areawas rotated with and without compensating for plunge @# A andB). These
corrections had a small impact on the resulting palaeocurrent atteemg the vector means
by 5°, in accord with Pottesind Pettiond s eval uati on.

Palaeoflow vectors were measured from directional indicators;-sti@da foresets, rib
and furrow structures, trough axis orientations (cf. Michelson and Dott 1973), clast

imbrications and scour tails, and asymmetrical ripple crégtere no bedding surface
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measurement of planar crestsata could be attained, foreset dip was reconstructed on the
stereonet using two apparent dip measurements, where the tareldifrikes defined by
the great circle intersecting two lines of apparentodiphe same planiisle and Leyshon
2004).

Bidirectional trendndicators such as parting lineation, symmetrical ripple crestlines,
plant fossil alignments and gutter casts are reported in the facies analysis (ITpldets

were excluded from the other analyses. Csissta that resolved at belowfsom horizontal

were removed from the dataset.

WP 2 vectors (no plunge correction) WP 2 vectors (corrected for plunge)
n=29 nh=29
Mean Vector = 200° +- 25° Mean Vector = 195° +- 25°

Figure 3.4: Flow vectors for Waaipoort, (section 3, without fold axial plunge correction (A), and
with plunge correction (B). Black dots each represent a restored flow vectoFold 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 palaeeenvironmental comparisons with other records. Accurate description and
identificationareimportant for thigpurpose Tracefossilsthat could not be confidently
assigned at the ichnogenus or ichnospecies level were placed in open taxGhaptgr 6,

incertae sedis Diagnosis of new ichnotaxa should be made with care because unwarranted
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naming of tracdossilsmuddiesthe ichnotaxonomic literature and hinders
palaeoenvironmental comparisons (Bertlgtigl. 2006) andt is considered beyond the scope
of this study. ThenternationalCode ofZoologicalNomenclaturelefines a trace fossil as the
fossilised work of an organism (Bertlingt al. 2006).Ichnotaxa are identified based on a
morphological, rather than ethologicalassification systemMangancet 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
0i chnot axobetald®). ( Bertl ing
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 anglehétion.
Photographic tone and contrastrne@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
guantify the bioturbation intensity from BI O (no bioturbation) to Bl 6 (ptate
bioturbation). This method has become standard usage by ichnologists and sedimentologists,
enabling comparisons with established facies moeéejsBuatois andviangana2011;
Gingraset al.2012; Dalrympleet al.2015).
A bedding plane bioturbation index (BPBI) was develdpeiiller and Smail(1997. It
is a semiquantitative method desaripthe intensity of bioturbation on bedding surfaces
using visual estimation. This method is less widely applied than the Bl method, but serves for
qguantifying bioturbation that is limited to bedding surfagedsometimes notisible in

profile (Buatoiset al. 1997; Shchepetkinat al.2019).
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CHAPTER 41 STRATIGRAPHY

4.1. Introduction

According tosection 2.2 ofhe literature revievabove lithostratigraphic units of the
Witteberg Group have remarkable latgratsistenc@across the Cape Fold Bétxcept where
removed by Perm@arboniferous subglacial erosion westwards and northyvariis,
howeverdid not appear to be the ca®e the Rooirand, Perdepoort and Skitterykloof
Membersof the Witpoort Formationwhich are only recognised westward of E5n the
Cape Fold Bel{Thamm and Johnson 200&)d are mappedas far east asirkwood in the
Eastern Cape (She&824, Council for Geoscience 199According toearly work and
subsequent reviewthe Witpoort Formation thickens from 30 m in the Western Cape
to 850 m in the region of Makhan{lzohnson 1976; Theron 1994; Johnstal.2006) A
more recenttsatigraphic stug in this eastern sector argued against this apparent thickening
(Hiller and Taylor 1992)Moreover gructural geologists have suggested thateasing
apparent thicknessf Cape Supergroup units eastwaraks related to the greater degree of
shortening and prevalence of thrustated duplexingand called for bettantegration
between stratigraphic and structural studi&sone and Booth 2005; Booth 2011).

In the easterrsector Witpoort Formation stratigraphy is complicated by intensive
structural @formation Boothet al.(1999 documented the effects of asymmetrical folding,
thrust faulting and normal faulting at Port Alfred to the southeast of Makhanda,
demonstratinghruststacking of beds to be a particulanderancdo Witteberg Group
lithostratigraphy. Based on the correlation of fossiliferous mudstone marker beds and the
reversal of younging direction of strateross a tight, overturned synclindarriset al.

(20213 documented the duplication of an 80 m thick stratigraphic seatiQoombs Hilko
the east of Makhanda. Thickening of the formation in the vicinity of Coombs Hill ialineit

placement of its fossthearing horizons in the/itpoort Formation stratigraphic column,
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precluding age comparisons for the site with Waterloo Ratanriset al. 20213), the
stratigraphichorizonof whichis also notequivocal Hiller and Taylor (1992) placedeh
Waterloo Farnblack shale horizom aboutthe middleof an undifferentiate@50 m thick
Witpoort Formatiorsandstongwhile Gess (2011) considered tWéaterlooshale to fall inthe
uppermost Witpoort Formatioiew evidence from a systematic log of overlying stvéth
have implications towartesolvingthe disagreement. The fosfalious horizons of
Makhanda, including known sites at Waterl oo
discovered locality at Rabbit Ridge are assembleccoma@positestratigraphic framewortk
which hypothesises their positions in the coluhncomparison to a reference section 200
km to the west.

The pass atVaaipoort exposes a full cressction of the Witpoort Formatipmhich has
been incorporated in prior stratigraphiokinsoret al. 2006) petrographic (Olivieet al
2011)and structural studs(Booth 2002) The sole published stratigraphic log showing the
whole formation, including its upper and lower contaassyell as the three membess,
recorded from the site (Johnsenal 2006) A re-investigation of tis classieexposures
provides a critical dataset for understanding the sedaneand structural characteristics of
the formation as a whole.

Based on the relationship of surface topographynderlyinggeologicalstructure some
indication of Witpoort Formation stratigraphy canfoemed The Witpoort Formation is
more competent than overlying and underlying formations and thus gives rise to prominent
topographic highs in the study area. Tioigographyis strongly influenced by structural
folding of the strata, resulting in parallel WNBSE trending ridges that expose the
formation. All strata in the studied sections are inclipadallelto the shortening direction,
except for those occurring at the axes of fold structures, which, if the fold axis is open, may

be subhorizontal. Expoaures ofthe lower Witpoort Formationtendfoor m 6i nvert ed
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topographyé (Theron 1960, p.18), in which hi
structuresAdjacentanticline axes will form valleys due to uplift of the underlying

Weltevrede Formation that is more easily eroded tha Witpoort.This is the case at lower

Witpoort Formation localitieatHo wi s o n 6 s. 4.R B and Rablit Ridgglhe normal

condition, whereby an anticline forms a ridge, is observed wherever the upper Witpoort

Formation is exposed in the study ar@sfound in sections measured at Waaipoort and Grey

Dam(Fig4.1 A, Q.

45



Chapter 4 Stratigraphy

Figure 4.1: Normal (A, C) and inverted (B) topography,illustrating the relationship of

geomorphology to underlyinggeological structureand stratigraphy in the study area A) An
anticlinal ridge exposingthe 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
Formati on at HbessynslinenfddsxisRseppoximately 300m north (to left) of the
Weltevreded Witpoort Formation contact exposed in the treeihe 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 photograpf.he anticline axis intersets the
ridge at the far right of the photograph, as mapped in Figure 8A.
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4.2. Stratigraphy and structural geology of sections
4.2.1.Waaipoort

Horizon: upper Weltevrede Formation to lowermost Kweekvlei Formation
Descriptioni The studied section is situated 190 westof Makhanda, where a 1 km long
continuous outcrop through Waaipoort exposes the upper Weltevrede Formation, the
Witpoort Formation and the Kweekvlei Formation @42 and 44A). 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 B&yger. Structural deformation is evident

throughout the section, in places affecting the stratigraphy. The contintitg sfratigraphic

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 Al and A2,
Fig. 44C). The strata were measured as a composite sectioni(8yfolcompensate for this
deformation.

WP 1 is a continuous 307 m thick secttbroughthe 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. 45A). Bedding in WP 1 is subvertical, dipping betweefi®0° NNE, and
striking from 278i 294°. Small scale and medium scale faults with cm to m of displacement
(Fig. 46Ai1 C), slickensides and localised brecciation of strata affect the séwtaarghout,
increasing in frequency towards the lasgale thrust and fold axis that truncates the section.
These small deformations often affect the superposition of strata, particularly around
sandstoniemudrock contacts, and in places with duplicatind/ar fragmentation of beds
(Fig. 46A 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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BuysRiver 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. 45B). Uppermost beds of the Skitterykloof Member are heavily deformed and faulted
(Fig. 46D). 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 redasuthe sulvertically
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 Kweeekvlei Formation (Fig. 4C).

The Skitterykloof Member, distinguished from the Perdepoort by the appearance of
extraformationalithic clasts, is 20 m thick. Minor faulting affects this upper contact and

another sandstonshale contact lower in the s@&mn.

KEY TO MAP SYMBOLS

anticline

R quarry UNDERLYING GEOLOGY
[N2=— major road
e path of stratigraphic section ~ _—__
AALALAAAALAL foult === Lake Mentz Sub-Group e
. = . Perdepoort and
it fold axial plane ) -
50 . . . . . Skitterykloof Members
strike, dip angle L . . . ‘
— and dip direcfion of strata -« :| Witpoort Formation (where differentiated)
—+ vertical st;ata Rooirand Member
—‘1— overturned strata Weltevrede Formation
_*_ syncline

Figure 4.3: Symbology for the maps preented in Chapter 4.
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4.3). B) Stereonet projection of poles to bedding planes recorded in sections WP 1 and WP 2

(compare the data to the structural crosssection shown in §. C) Geological cross section

(modified from Booth 2002) along transect Bb marked on the map in A. The stratigraphic sections

WP 1, WP 2 and WP 3 are marked on Bootho6s structual
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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 Members éontact

(white arrow). A syncline/fault is indicated by a black arrow outlined in white. Anticline Al 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 Wipoort Formation (Skitterykloof Member) and the Kweekvlei
Formation shale is exposed in section WP 3.ounging direction is to left of photograph, ruler for
scaleis 1 m.
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Figure 4.6: Structural fault damageat Waaipoort (A1 C 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 bedor beds?)is heavily fragmented. Ruler scale is 1 m long. C) A small scale fault with
about 8 cm of displacement indicated by white arrow. D) Deformation of the top of the

Skitterykloof Member in WP 3. Bedcontacts are emphasised with stippled lines.
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Remarks 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 foldBig 44C). 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 pd&tlaeozoic extension in the basin (Booth 2002).
Stratigraphic thicknesses learecorded are in close agreemeith the section illustrated by
Johnsoret al.(2006), which was, presumably, also a composite section of the Waaipoort.
The Rooirand Member is measured at 278 m thick, whereas Jottreslof20086 their Fig. 2)
illustratea thickness of approximately 280 m. The Perdepoort Member is 63 m thick in
section WP 2 compared with 60 m shown by Johrga@h (2006). The Skitterykloof
Member is 15 m thick at the top of WP 2, and 20 m thick in WP 3. Though the section,
particularlythe Rooirand Membeappears to dwve been thickened by regular, snsalale
thrustrelated 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 cqrare with the remainder of the study airethe eastern sector
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4.2.2 Rabbit Ridge

Horizont lower Witpoort FormatiorfRooirand Member)

Descriptiori Rabbit Ridge exposescontinuous composite section comprising three
outcropslower, middle and upper sectiorapng a 1 km WNW transect adjacent to the N2
highway, approximately 20 km east of Makhanda (#i8A). It records a stratigraphic
thickness of 80 m of predominantly arenaceous strata underlying an unusually-10ick)(
laterally extensive grey mudstone horiZéigure 47; Appendix 1K) The strata in the
section are structurally tilted, forming part of the SW dipping limb of a syncline. Bedding dip
measurements aiconsistently between 680° (n=18;x3=70°), striking at 290320, with no
change in younging directidifrig. 48B). The section begins at or near the base of the
Witpoort Formation at the lowestratigraphiexposure along this ridg8trata in the section
appear to be in stratigraphic oradgthout disruption by folding or faultingA zone of
structural buckling to the northwest associated with brecciation and multiple changes in
younging directiorformsa negatively weathered anticlinorium that appears to have uplifted
strata of the underlying Weltevrede Formation.

Remarks The prominent Rabbit Ridge mudstone horizon was traced for 4.5 km along
strike (see Chaptéd). It occurs at a similar stratigraphic level to conspicuous sidle
horizons at Howi sonds Poort and Waaipoort, a
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
(Loweri LS; Middlei MS; Upperi US). The Rooirand and Perdepoort Members cannot be

distinguished from satellite imagery in this areaB) Stereonet plot of poles to bedding planes from

the studied sections.
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