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I. ABSTRACT
Theé Karoo Basin of South Africa hosts a terrestrial record spanning the latest
Permian and earliest Triassic. One critical(b(glga.w,loeality-i Tweefontein in the
a
Eastern Cape Province. This 100+ m section, S 31° 49.334, W 24° 48.565, is reported V\

a transition from green Permian siltstones to mostly red Triassic siltstone. Our stud

complementing one lower in the section, focused on developing a high resolution
stratigraphy of the upper 9o+ m of a section near the original published coordinates (S
31° 49.089, E 24° 48.121). The project was to develop a high-resolution framework for
complementary geochronologic and paleomagnetic stratigraphic studies, and provide a

model for the depositional environments of paleontological assemblages.

Much of the section is covered but exposures are dominated by olive gray (5 Y 4/1),
fining up, coarse to fine siltstone sequences. Carbonate cemented concretions occur in
several horizons of olive siltstone from which a skull of Dicynodon sp. was collected.
Siltstone color changes to grayish red (5 R 4/2) only near the top of the section. Here, ) (
G B Ton) TRANMD UL
TOC data from subjacent 15 m of olive siltstone, ranging from 0.3 - 6.6 %,|indicate more
algal than terrestrial biomass contribution. This TOC may reflect an abandoned channel

fill complex that underwent pedogenesis and diagenetic overprinting, accounting for

sediment reddening.

A zircon-bearing porcellanite occurs in a donga ~500 m to the west and is
correlative at a stratigraphic height of ~65 m in our section. A suite of euhedral, sharply
faceted grains was analyzed using CA-ID-TIMS with the ET535 EARTHTIME tracer.

The 206Pb/238U weighted mean age of a coherent cluster of 5 concordant data for this

lithology is 254.73+0.24 Ma (late Wuchiapingian).
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There are few localities in which long stratigraphic sections can be measured and
our findings differ from thosé]?%borte for the Tweefontein section. Previousstudies Tiece
illustrate 40 m of Triassic red, concretionary mudstone interbedded with fluvial
sandstone bearing intrabasinal pedogenic conglomerate lags in the upper part of the
stratigraphy. In contrast, we record a predominance of olive gray siltstone and non-

merate-bearing fluvial sandstone, constrained by geochronometric

N\l&&éu Ll (= U(’

pedogenic ¢

datd to the latest Permian.

II. INTRODUCTION

The Permian-Triassic (PT) mass extinction occurred about 252.17+0.06 Ma
(Shen et @l.,/2011), and it is generally accepted as the most extensive loss of life in
Earth’s history (Payne and Clapham,fom). Researchers have suggested that this
extinction event was more severe in the marine realm relative to terrestrial ecosystems.
Recent estimates include é 90% loss of marine species (Black epal{ 2012) and a 62.9%
loss of terrestrial vertebrate families (Benton, /1965). After several decades of research
focused on the PT extinction, opinions are still divided concerning other specifics of the

event that may be central to its understanding.

Central to the controversy is the confusion over whether geochemical signatures
at the Permian-Triassic Boundary (PTB) represent causes or effects of the extinction
(Berner,ﬁ@, along with the fact that the PTB is primary defined by marine fossils
and geochemical data in China (Retallack et4l., 2005). Few researchers have attempted
to correlate marine to terrestrial sediments (Twitchett et al., \3.0/0 1). Recently, Rubidge et

al. (2013) attempted a correlation of Late Permian vertebrate declines in the Karoo

Basin, South Africa, and well-documented Lopingian marine vertebrate losses in South
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China. They found no correlative vertebrate losses between the two sections. Without
precise calibrations of Late Permian sediments in most non-marine sections,

correlations of the PTB across non-marine strata remain controversial.

The Karoo Basin of South Africa consists some of the best-preserved sections to
S below ¥ doul

characterize and deﬁne thiterrestnal Permian-Triassic boundary. The Karoo@m is a
retro-arc basin formed as result of subduction of the Pacific plate below southwestern
Gondwana (Johnson, 2})66). It is reported to have excellent exposures and a complete
stratigraphic record of the continental PTB interval (De Kock & ischviﬁk\yQ({oﬁ; Ward
et al., 29{(0), although (Lindeque et al! eported discontinuities within and at
contacts of some lithological layers. With a maximum thickness of 12 km, the basin
spans the Late Carboniferous to the Early Jurassic (Johnson et al‘./1'§96). The strata
exposed in the Karoo Basin consist of the Dywka Group, Ecca Group, Beaufort Group,
Stormberg Group, and Drakensberg Group (J OhI;SOH et a\lytg96). All strata, combined,

are placed into the Karoo Supergroup.

Karoo Basin Stratigraphy

The Dwyké Group is the lowermost unit in the Karoo Supergroup; it spans the
Late Carboniferous to the Early Permian (Johnson et al., 2006). It was formed from the
accumulation of sediments that were likely deposited by melt-water from one or more
major glacial icesheets on Gondwana during the migration of the supercontinent over
the Carboniferous South Pole (Smith et al., 3). It is composed of unsorted glacial

debris, diamictites, and both sandstor/lé)m/dé\udrock facies (Johnson et é/{o06). Itis

overlain by the Ecca Group.
. A?{Q RE LWOULD ST
TTHE QeMDRRAN fouown Nﬁ
THE STRATGRA pw\
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The Ecca Group is comprised of sediments that accumulated in an extensive
shallow sea during the Permian, subsequent to the melting of the Dywka glaciers
‘. (Johnson et al. 2006). It mainly consists of olive-grey mudstones and rhythmites with
occasional intercalations of sandstones (Johnson, 1896). This sediment package
indicates suspension load settling during the gradual infilling of the closed Karoo basin
(Johnson et al., 2006). There is a transition to fully terrestrial deposits at the top of the

Ecca Group.

The overlying Beaufort Group represents the transition from turbidite deposits to
a continental setting (Smith, 196). It is comprised of alternating mudstone-and-
sandstone units with upward fining sequences, red-and-purple colors, abundant fossils,
desiccation cracks and paleosol horizons. These are interpreted to indicate that
floodplain aggradation dominated the sequence (Smith, 1993). The Beaufort Group is
divided into two subgroups; the Adelaide Subgroup, which refers to the lower
sedimentary units, and the Tarkastad Subgroup, which refers to the uppeQ%KS
The two subgroups are further divided into five formations: the Adelaide Subgroup is
comprised of the Koonap, Middleton, and Balfour formations, whereas the Tarkastad
Subgroup is comprised of the Katberg and Burgersdorp formations (Johnson et al.,

2006).

The Balfour Formation is the uppermost unit of the Adelaide Subgroup and it
spans the PTB. It is dominated by sandstone and mudstone, which are characterized by
sedimentary structures including planar and trough cross beddingiand ripple cross

|

laminations (Johnson et al., 20@6). The Balfour Formation is comprised of five

members. These are: the Oudeberg, Doggaboersnek, Barberskrans, Elandsberg, and
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Palingkloof members (Catuneanu et al., %065). The Palingkloof Member, which is the

uppermost unit in the Balfour Formation, marks the first upward appearance of red

mudstones (Johnson, },9‘?6). Its contact with the underlying Elandsberg Member has

been reported to mark the PTB (Retallack et ‘29./, 200/34¢oney et al.%607).
Permian-Triassic Boundary

The PTB is recognized by a lithological transition from primarily green siltstone
to red siltstbne, which is interpreted to reflect a facies transition in paleosols formed

adjacent to meandering and then braided river systems (Smith,/]x)/gs). The facies change

P

is interpreted as evidence for warming and drying, which lowered water tables, caused a
massive vegetation die off, and subsequently led to low sinuosity rivers due to increased
sedimentation and the absence of roots in the soils (Ward et al., 2600). The boundary is
associated with the Last Appearance Datum (LAD) of the Dicynodon Assemblage Zone
(Retallack et al., 2003), and a basin-wide event bed that was interpreted to separate
Permian paleosols from Triassic paleosols at the lithological transition in the Balfour
Formation (Ward et al., }6/00). The boundary also is characterized by a negative
excursion of carbon isotopes recorded from carbonate nodules and organic matter
(Retallack et al., 2003), and an interval of reversed polarity (De Kock and Kirschvink,
2004). Recently, Gastaldo et al. (2609) disputed the traceability of the event bed across

different localities throughout the basin.

Precise placement of the PTB at many localities across the central Karoo Basin is
not yet established. The boundary is defined by a single detrital zircon date (252.5+0.7

Ma, Coney et al., /2607), magnetostratigraphic sections at Commando Drift Dam (De

Korschvinkyz604) and Lootsberg Pass (Ward et 'gﬂf, 2005), and vertebrate-taxa
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turnover to the Lystrosaurus Assemblage Zone proposed by Smith and Ward (2000).

Other previous workers (Ward et }l/, 200%'\Retallack et al., 2003) inferred the

placement of the boundary from lithological models, which has resulted in problematic
—2fithological correlations across the basin (Gastaldo et a},/zoog). For example, Ward et

al. (2000) placed the PTB along a nodular horizon below a laminated facies that is

composed of dark-reddish brown and olive-gray mudstone couplets in what they termed

the ‘dead zone.” In contrast, Retallack et al. (29@3) placed the PTB towards the top of the

laminate event bed (see Retallack et al., 2603, their ;%ig.4) based on the presence of Q .

paleosols, nodules, and the LAD of the Dicynodon Assemblage Zone. Hence, no single

lithostratigraphic feature appears sufficient to identify the bounda in the basin

WHAT ABUT GREBWD 4 ANEUNT] Zotz 128PLY]

(Gastaldo et al,,2009, Ward e/bé., 2012 @chmcal commen@. Similarly, placing the

boundary based on the Dicynodon LAD is not a standafd scientific procedure because

an index fossil for the continental PTB has not been formally established (Ward et al.,

2\90/5). Absolute dating of lithological units within the Palingkloof Member is needed to

identify the boundary and allow for correlation with other sections.

This study presents a detailed stratigraphic investigation of a reported Permian-
Triassic section (Ward et al., 2600) on the Blauuwater Farm 87 near Lootsberg Pass,
Eastern Cape Province, South Africa. The results will detail sedimentary facies and

paleosols, and discuss implications of a Dicynodon lacerticeps skull in the section. The

study will also provide a zircon age for a porcellanite bed correlative with this locality.
III. LOCALITY

Fieldwork was conducted at the Blauuwater Farm 87, Eastern Cape Province, South

Africa (Fig,1A). The farm is located on the west side of the Ng highway in between three

B x\&’i&\,\c

,O 0(_3“‘
T Qo
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towns: Graaf-Reneit, Middleburg, and Nieu Bethesda (Fig.1B). The section begins at
S31° 49.090 E24° 49.120 (Fig.1B), and is exposed mainly in dongas and erosional gullies
that previously have been reported to expose the PTB (Ward et al., 2000). The locality
was previously published as Tweefontein with GPS coordinates of S31° 49.334 E24°
48.565 (corrected for East latitude) (Ward et al., 3&)0). It was further correlated to PTB
sections at Lootsberg, Old Lootsberg, Bethulie, and Caledon, using the LAD of the
Dicynodon Assemblage Zone, the occurrences of isotopic anomalies, and the purported

‘laminate’ interval (Ward et al., 2\9&5).
IV. MATERIALS AND METHODS

Field Work and Methods

N\
PRER,

A Jacob staff with a spirit level and|rulers was used to measure bed thickness to
centimeter accuracy. It was initially placed at the top of the basal section'lreported by
Spencer et al. (Z013)/and aligned at right angles to the bedding planes and a @ee;m’ dip of
2.5° A clinometer 01‘1 the Jacob staff was then opened to 2.5°, and an eyepiece was used
to mark a point that is 1.5 m higher stratigraphically. For each 1.5 m, cm-scale rulers,
10x hand lenses, and Munsell color charts were used characterize bed thickness, grain
size, and lithologic colors, respectively. Primary structures, fining/coarsening
sequences, and bed geometries associated with stratigraphic levels were recorded and
described in field notebooks. Field descriptions were used to draw a rough stratigraphic
column for reference purposes. The stratigraphic column was reworked at finer

resolution at Colby College. In addition, photographs, hand samples, a zircon-bearing

porcellanite, and a Dicynodon skull were gathered for laboratory analysis.
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Laboratory Analysis And Methods Corte

Thin sections: Hand samples, marked in he field indicating stratigraphic up,
were sent to Applied Petrographic Services, In@ where they were ground into standard
thin sections for microscopic analysis. Polished thin sections were examined and

photographed on a Leica DFC 290 microscope fitted with a Nikon camera and NIS

Elements Version 3.00 imaging software.ﬂPoint count sampling was used to count 300

grains per slide in transects, and determiﬁe grain size and sorting parameters in
sandstone samples. Matrix and cement were not counted. An Olympus BX41 microscope
was used to assess primary structures and diagenetic features, and to perform 300-
point-counts in transects determine the proportion of quartz, feldspar, and lithics (QFL)
for each thin section. The QFL proportions were ﬁlotted in a ternary diagram using

Grapher 4 software.

Total Organic Carbon (TOC) and Total Organic Nitrogen (TON): A
part of each siltstone sample was ground to powder, loaded into tin capsules, weighed,
and burned in a 2400 Perkin Elmer CHN/O analyzer. Samples were run in a triplicate.
To ensure data reliability, known acetanilide standards (C: 71.09% H: 6.71% N: 10.36%)
were run as unknown among every 10 rock samples. Sample results were averaged and

used to calculate ratios of TOC and TON (Tableg).

Stratigraphic Column: A stratigraphic column, detailing lithologies by grain
size and Munsell colors, and illustrating primary structures, fining up sequences, bed
contacts, a Dicynodon fossil, yxﬁ a zircon-bearing porcellanite, was compiled from field

&
descriptions using Corel/X5 software. The stratigraphic column begins at the contact

9
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with thick channel sandstone at the top of the basal section reported by Spencer et al..

(29@) and continues for 95 m up section.

Paleosols: A detailed paleosol classification scheme for Karoo paleosols is yet to
be determined. There is a need to use a scheme applicable to all paleosols that will
utilize features with greater odds of preservation, standardize paleosol names, and
reduce subjective interpretations to yield paleosol names (Maék yt/al 1993). To this
purpose, Mack et al. (p{@)aleosol classification scheme was used to identify and
classify paleosols. It is based on six field noticeable pedogenic featufes that include
organic matter content, horizonation, redox conditions, lr_l siil—mineral alteratiorﬂand‘ .
illuviation of soluble minerals. ;

Photographs: When possible, photographs from the field were merged into
photomosaics using Adobe Photoshop CS6. With patchy exposures and limited lateral
exposure at Blauuwater Farm, few pho@ mosaics could be constructed or traced to
identify bounding surfaces and bed geometries.

Geochronology: Porcellanite samples were collected from a donga, which is
located ~500 m to the west and correlative at a stratigraphic height of 65 m in our
section. The samples were crushed and milled by standard rock processing methods, or
in some cases, ash samples were milled in a blender or a ring mill. The procedure for

concentrating heavy minerals on a Wilfley table was modified by re-processing the heavy

concentrate until a significantly reduced sample size was achieved.

Pb and U isotopes in zircon were analyzed by CA-ID-TIMS (for ‘chemical abrasion
isotope dilution thermal ionization mass spectrometry’) in the Jack Satterly

Geochronology Laboratory at the University of Toronto. Zircon grains were pretreated
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to remove radiation-damaged and \ red zones (‘CA’; Mattinson, 2005) by placing in'a
muffle furnace at ~1ooo°% for @ hours to anneal radiation damage, followed by
partial dissolution in 50% HF in Teflon dissolution (+6N HCI) vessels at 200°C for
approximately 6-17 hours, depending on the degree of visible alteration of the grains.
Each zircon fragment was cleaned in HNOg, HzOLand acetone, and transferred to a
miniaturiied Teflon bomb (Krogh(/1673). Weights were estimated from grain
measurements using photomicrographs. A mixed 205Pb - 233235U spike was added to the
Teflon dissolution capsules during sample loading (‘ET535 EARTHTIME community
tracer, see www.earth-time.org, to facilitate interlaboratory comparisons). Zircon was
dissolved using ~0.10 ml concentrated HF acid and ~0.02 ml 7N HNO; at 2009C for 3-5
days, and re-dissolved in ~0.15 ml of 3N HCl. Uranium and lead were isolated from the
zircon solutions using anion exchange columns, deposited onto out gassed rhenium
filaments with silica gel (Gerstenberger and Haase, 1997), and analyzed with a VG354
mass spectrometer using a Daly detector in pulse counting mode or multiple Faraday
collectors in static mode. Corrections to the 206Pb-238U and 207Pb/206Pb ages for initial
230Th disequilibrium in the zircon data have been made assuming a Th/U ratio in the

magma of 4.2.

All common Pb was assigned to procedural Pb blank. Dead time of the measuring
system for Pb was 16 ns and 14 ns for U. The mass discrimination correction for the Daly
detector is constant at 0.05% per atomic mass unit. Amplifier gains and Daly
characteristics were monitored using the SRM 982 Pb standard. Thermal mass
discrimination corrections are 0.10% per atomic mass unit for Pb and U fractionation is

measured and corrected for each cycle. Decay constants are those of Jaffey et aly@l).

1.4,
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Age calculations were done using an in-house program by D.W. Davis. All age errors

quoted in the text and table, and error ellipses in the Concordia diagrams are given at

\§ the 95% confidence interval. Plotting and age calculations were done using Isoplot 3.00

(Ludwig, 2003).
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lithology. The lithology is intersperseq

section. Most very fine sandstones have

begins on top of a thick sandstone channel (Spencer et al., }@ and continues upward

coarse siltstone, sandy coarse siltstone, and very fine sandstone.

a. RESULTS
lithofacies, the geochronology, biostratigraphy,

Tk

interval at Blauuwater Farm 87. The sectio

with siltstones that are occasionally incised by lenticular sandstones.

[ QR
occur throughout the sectio fine and
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Very fine sandstone: The majority of sandstone is of the very fine sandstone ~ {A\¢ Wt
[
1 as isolated beds at irregular intervals up-the—<__

a quartz component of > 50% (Table 2, Fi
wheies !

5

with)10% matrix; these are classified| as lithic . One $andston& sample 5
’{?) (16.01.1, at 72 m) has a greater proportion of lithics (45%) than the proportion of quartz (\/@ >
\ T
é [y (39%), but it remains in the field of lithic sandstones (Figj.%). Very fine sandstones have NS 0
N
:ﬁ W mean grain Phi sizes of 3.01-3.5 with standard deviations that range from 0.31 to 0.53 q§~é§
ts €0 ,
g\f)j (Table 2). Fining upwafd sequences chaLracterize most sandstone bodi€| rain < 3\;5}
W size statistics indicate very fine ‘gpaiﬁ\sizes and moderate to well sorting. The very fine /Qf ’\\O
ok ¥ A
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Sandy coarse siltstone: The sandy coarse siltstone lithology primarily overlies

thick sandstone channel at the top of the basal section reported by Spencer et al. (2013),
W

-and its occurrences—are limited at higher stratigraphic positions. Sand-sized grains

Y MXTRY
floating 1 masses\f\of silt’vsizad_grains, matrix gnd cement define this lithology. The sand—"

A_sized grains are mainly sub-angular quartz. Sandy coarse siltstone is olive gray (5Y 4/1)
| or greenish gray (5GY 4/1) in color. It may contain plane bed laminations, trough and
planar cross bedding, ripples (Fig%FC), and millimete?:scale mud clasts (Fig.#)). Bed
thicknesses range 3 cm to 30 cm. Isolated bioturbation (FingB) is found under thin
 CxAmNATON]
sectlonf.

Fine and coarse siltstone: The fine and coarse siltstone forms a comparative
major part of the upper interval at Blauuwater Farm 87. This lithology occurs in
discontinuous zones throughout the section. It is colored in shades of olive green (5Y
4/1), brownish grey (5YR 4/1)]and greenish grey (5GY 6/1). Occasionally, the fine and

coarse-grained lithology is rr{ottled (Fig/4B). It may comprise of laminated beds,

massive (homogenous) deposits, fining upward sequences, and lenticular bed

=0 oot S
geometrialcite cemented nodules (F(i%&, 4B)re monly found in this

. : : OlSeRULBLE N
lithology in the outcrop. Bioturbation is generallweseﬁt under thin section$. EAMMETLON].

- Lithofacies
Four lithofacies associations are identified based on a compilation of field-and-
laboratory descriptions of grain sizes, geometries, and sedimentarﬁ—\anégiogenic

structures to delineate different bed forms. The sedimentology is dominated by very
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fine-grained sa ] ‘ siltstone, lenticular siltstone, and homogenous siltstone

-grained sandstone Facies: This facies consists of lenticular,
cross-bedded units of very fine sandstone (Fig A, 4D). It occurs in beds of yellowish

brown (10YR 8/3), greenish-gray (5GY 7/1), or light olive-gray (5Y 5/1). Beds are

normally up to 40 cm thick, but may thin laterally| Sandstones have an overall fining \ACE

upward trend, forming both-single-and multi-storey units. Beds display a varie

erosional towards the underlying siltstone, and reveal slightly inclined bounding
surfaces upon tracing. Upper contacts are generally sharp. One very fine sandstone unit
at 72 m exhibits a tabular sandstone b\a/-r:form.

Interpretations: The lenticular -bed ~geometries indicate deposition in river

channels that flowed to the northwest (Fig.5). The very fine sandstone facies i}therefore,\\ N
'?

interpreted as deposits of several rivers that were bordered by floodplains, which during

%mk flooding received unchannelized sand and silt, and resulted in the overlying

sandy coarse siltstone facies. The presence of soft-sediment deformation structur

el
84 m indicates water-saturated conditions during deposition. The overall fining upward é’jﬂgw\ "S—(
\,J\‘W\‘I
st

trend is indicative of waning flow energy over time. However, the tabular form of the
cross-and ripple-bedded sandstone bed at 72 m indicates an isolated episode of high-
energy deposition. Slightly inclined bounding surfaces indicate pauses in deposition,

which is substantiated by mud-draped contacts and rippled tops. The mud clasts are
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indicative of seasonal precipitation and the presence of flash or seasonal floods (Rust &
Nanson, 1989).

| Sandy Siltstone Facies: This facies comprises of sandy coarse silts
are either dark greenish gray (5GujoY 4/1) or light olive gray (5Y .5 /2) in eoOlor. It usually

overlies fluvial channel sequences and is overlain by finer siltstonefsediments (Fig.12).

. This facies tends to fine upward with upper contacts being gradational with overlying

N ‘9}\(} fine siltstone facies. Lower contacts Merosional and sharp with underlying

15

CF
S &Q sandstone. Beds displa of sand and siltﬁl’c a 300-grain count analysis of a

X N
X %&d sampled bed at 68 m (thin section 19.01.6) indicates a higher proportion of silt than

S
,éé\ ﬂeds have maximum thicknesses of 80 cm, and exhibit sandstone lenses and

\65&” S 5 siltstone lamina. Primary structures typically include thin (1-5 mm) horizontal, or
/ng A, slightly inclined (<3°) laminae. A tracing of bounding surfaces reveals an isolated

%V;\f Lo OCONINE
Y p&senr:zof climbing dunes at 33 m (Fig\6). Secondary features include lenticular bed

O
'E geometries, organic m

, and mm-scale sub—angnlilar mud pebbles (Figy4C). The latter
LIHAT DOEY )

. 7 s o Y
feature is abundant towards contacts. ~ MEN BE

Results of TOC and TON analyses on sandy coarse samples from 38 m, 42 m, and

68 m stratigraphic levels indicate that carbon content ranges from -e-32 to 0.75, and
nitrogen content that ranges frOI\I:e, 0.017 to 0.068 (Table 4).) Most TOC: TON ratios fall
AUAL of

Woles
below 10, with the exception @2\45.11 at 68 m. The results 9@&6;211 origin}:of organic

matter at 38 m and 42 m, and terrestrial originl%/of organic matter at 68 m (Brown et al.,

Interpretations: This facies Wis considered to represent channghi{l

deposits. The sharp erosive bases suggest sudden deposition of sediments during floods,

1998).

followed by a gradual decrease in current energy, which resulted in the characteristic

7
I
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grading, laminations, and climbing dunes observed-'m—ﬂa-is—faci%./ The angular mud

w

p A7

5 ) clasts and organics may be related to the scouring and erosion of ‘qhkl\ preexisting
(ug 3 Mng the floods.

3% Lenticular Siltstone Facies: This facies consists of alternating sequences of

lenticular fine and coarse siltstone exhibiting primary structures. Fine siltstones are

olive gray (5Y 4/1), dark greenish gray (5GY 4/1), or brownish gray (5YR 4/1). They

display primary structures that include abundant millimeter-scale parallel laminations,

EANTLCLAR

>
i

planar cross-beds, and asymmetrical ripples. Beds display lenticular\bﬁge{netries and

generally have a ‘rubbly’ appearance in the field. This facies can be distinguished from

el

the homogenous siltstone facies by the absence of nodules and/or color mottling. Coarse

A

siltstones are typieally-dark greenish gray)(5GY 4/1), light olive gray (5Y 7/2), or
//typ 1 .
are cm-scale in thickness, and well cemented. Primary

\
\
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structures include planar cross beds in cm-scale set, horizontal laminationland minor

{
ripple lamination%’. Most beds display lenticular geometries exhibiting erosional lower
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\ACE- { =i sa-m-pﬁggw 6.37 in carlc))on, and 0.092 i#i
o o

ratio of 4.11. TOC/TON ratios <10 indicate an origin of organic matter from marine

algae (Brown et @1.,4998). With a TOC: TON ratio of 4.11, the lenticular siltstone facies

772 o Yow e THE ORGASIC MATRQ THERE (N ?
has an aquatic source. .

Interpretations: This facies represents overbank floodplain deposits. These lens-

shaped deposits represent discontinuous ripple or dune crgsts and troughs, resulting

from sediment deposition in a low energy setting, punctuated by high-energy sediment
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deposition from sporadic storm floods. These discontinuious ripples or dunes formed

during perio?g of high-energy current, which had inadequate time to form complete
ripples, resulting in this facies.
—honn

Homogeneous Siltstone Facies: This facies consists of fine and coarse

QS
siltstone that has undergone pedogenic alteration. It occu%ht olive gray (5Y 4/1),
dark greenish gray (5GY 4/1), greenish grey (5GY 6/1), or brownish gray (5YR 4/1).
Massive and homogenous bedforms, along with extensive bioturbation in thin sections
. o . . oREoTA 77

(Fig. B)\deﬁne this facies. Burrowing organisms)cd¥ roots| have destroyed original
\ \

stratification. There are rare cross-laminated lenses and streaks of sandstone, but thin

bedding is generally absent. The facies occurs as heavily weathered beds up to 30 cm

 thickness. Mud-draped bedding planes and organic maﬂe@g&ﬁ@ecognizable in

the field and %in sections. Homogenous siltstones also exhibit mottled patches of
brownish gray and greenish siltstones (Fig.l4B), and interspersed iron and magnesium,

or carbonate-eemented, mm-cm scale nodules. The nodules are concentrated in discrete

horizons\(Fig\12).

CHN analysis of homogenous siltstone mﬁe@.n to 0.93 in carbon, and
0.02 to 0.34 in nitrogen (Table 4: samples 1-50, 19.01.3, 19.01.4 and 19.01.8). TOC: TON
ratios all fall below 10, with the exception of ratios 17.33| and 17.5, at 47 m) and 126.8 m,
respectively. TOC: TON ratios <10 represent organic matter from marine algae, whereas
TOC: TON ratio of @:i;gss?an occasional terrestrial plant source of organic

matter (Brown et al., ‘1/99{)

Interpretations: Siltstone containing nodules, exhibiting homogenous and

-
massive begjorms, and color mottling were interpreted as paleosols. Three paleosol

ack et al. ﬁ&)@ualeosol classification

types were identified using the criteria o
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scheme. First, homogenous siltstone scattered with non-calcareous nodules of iroyﬁan%\,

manganese oxide and color mottling were interpreted as hydromorphic gleysols.

~Lacbron)

s

-—@MW%

Second, siltstone exhibiting both calcareousLno ules and color mottling — irregular
SN -
patches of olive gray (5Y 4/1) mixed with brownish gray (5YR 4/1) — were interpreted as 2

Gleyed Calcisols. Third, homogenous siltsto red brown cylindrical and

5
4
=

The Dbprercc Hpee?
(octh WAVE A (NReRoNETE Comp

carbonate-cemented nodules were interpfeted as Stage II Calcisols.
— T N ——

act with the atmosphere/e;d,[\

Paleosols at(ﬁté Earth’s surface are in direct ¢
[

thus|can be used to interpret paleoclimates (Sheldon and T@ﬁf 2009). The presence of

{
hydromorphic gleyso @ terpreted to represent a humid, nearly ever-wet climate,

based on color mottling (Mack et al., 1\996. Color mottling occurs in areas with high
water tables that fluctuate over short periods of time. Fluctuations cause alternating @
oxidizing and reducing conditions, resulting in irregular patches of brown and green
colors (Mack et al.,\;@).

The presence of Gleyed Calcisols suggests that a composite paleosol formed
under fluctuating hydrologic conditions. The duration of fluctuations may have been
seasonal or multi-year.mn that a soil layer was buried %MM
by subsequent increments of sediment (Wright and Mang@. Gleying and

calcification are consistent with soil development under conditions of a greatly variable

distribution of precipitation. Waterlogged soils would characterize humid intervals,

whereas a periodic drawdown of water tables duri imates would to allow color
How NRWT SeASOVA ALY

mottling and nodules to form. PR 77 WY AR 77
g\}g ° CHETK pefwitons RASed of w{#‘f;
? (% E, The literature provides divergent paleoclimatic interpretations of calcisols in the A A
X AR —

g é 3\’? central Karoo Basin. For example, Ward et al. (2@3{) interpreted paleosols bearing PER AR,
F e g g&j nodules as indicative of arid conditions, whereas Retallack et al. (2093) interpreted

o

zaqr \ i ?
£33 \WHERE § THE DESRiphoN of SAGE T GBS

TR LS MEWG -

TREM Lo on Q@&



Copied QoM Sarned)
RevyeT

T § JEMS T HAL Bean Rlock

The Late Permian Stratigraphy Of The Upper Tweefontein Section, Eastern Cape Province, South Africa

carbonate nodule-bearing paleosols, such as Bada, Hom and Som types, as indicative of
stagnant groundwater conditions. Therefore, cmboAAwgen isotopic déta from the
nodules are needed to determine if the Calcisols in this section indicate wet or dry
conditions (Tabor et al., 9(67).

Geochronology

Abundant zircon was recovered from the porcellanite sample collected from a

donga (Fig&{A) that is ~500 m to the west and correlative at a stratigraphic height of 65

m in our section. The GPS location of the porcellanite bed is S31° 49.0901‘E24° 49.116@ ki,

Zircons include euhedral elongate crystals, equant multi-facetted grains, and many
mechanically-rounded, frosted, detrital grains (Fig{7B). Detritally-rounded rutile is also
present in trace amounts, as is titanite. Particular attention was paid to selecting
sharply-facetted grains that show little surface abrasion from transport and that may
have been deposited during a volcanic eruption. These grains gave concordant data with
a suite of 206Pb/238U ages ranging from 277.8 + 0.9 Ma to 256.98 + 0.27 Ma based on
the average of two grains with ages of 257.0 + 0.3 Ma and 256.8 + 0.5 Ma (Fig. 8A). A

A, 8B). This is interpreted as a maximum age for the time of deposition of

younger coherent cluster of 5 concordant data gives a weighted mean age of 254.73 +
0.24 Ma (Fi é

the unit.

WO o g‘é’eecsmw?

Biostratigraphy /
A Dicynodon lacerticep$ skull was excavated from a

b
f the secrom UADR

concretionary olive siltstone interval about 300m to %he westland correlatlve at the 81 m
S

stratigraphic level (Figl7C, 7D). The GPS location of the skull is S31° 49. 055 E24°

49.528. The Dicynodon Assemblag%;m/has been used to define the latest Permian

19
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10
vertebrate biozone (Rubidge et al., gp’lﬁ and marks the upper position of the Permian- !~27 Q
J h
Triassic boundary in the Karoo Basin (Smith and W_a@,/{om). E%%
83
o
Stratigraphy ‘g 0
> / 4
2E
The upper Blauuwater interval is predominantly comprised of fine and coarse @@% g ~
) L
siltstone with fining upward sequences that range from fine sandstone to fine siltstone w% w 5? g
384T+
(Fié%z). Rippled and cross-bedded lenticular sandstone occasionally pinches out within ) = 250 E
; . N | Hate3 B
L +he sﬂtstone}T Both sandsto Itstone lithologies are yellowish brown (10YR 8/3), % \3 gg w Y
. P 3
greenish gray (5GY 6/1), brownish gray (5YR 4/1), or olive gray (5Y 4/1) in color. ~ éa w % ?g
93
g oF
Siltstone colors change from greenish-gray (5GY 4/1) or olive-gray (5Y 4/1) to (\? 3;&; v ?)
g <o é ©
predominantly brownish gray (5YR 4/1) at the 121 m stratigraphic level, near the top of rﬁ%c‘ﬁ’
gcE2 t
O
the section. Occasional color mottling, calcite-cemented nodule horizons, mud-clasts, iﬁy% L:i:) Z
PN~
organic matter, bioturbation, and planar and lenticular bed geometries characterize the ij 23 =2 =
<STRSTGRSpHY 25 &
llgh,()Jggxes ossils include a single Dicynodon lacerticeps skull that was collected ~500 5\ = g&u @ Z
J99%% E
m west of our section at a correlative 81 m stratigraphic level (Fi;ﬁ 7D). The presence {E ﬁcﬂi“m t_\

of the skull suggests that the Blauuwater section is Late Permian, according to published
biostratigraphic models (Rubidge et al)-.)g 3) iy (aﬁm?zbf“t . A N
V. DISC/W/‘%\S‘@K"BS lot\&

Stratigraphy: A ~95 m interval ngar published GPS coordinates (S31° 49.334 E24°

48.565 by Ward et af7, 2000) M This interval has been reported to consist of

basal olive mudstone and upper concretionary red mudstonev which are both

interbedded with sandstone (Ward et al. }9&) their flg 1). The PTB was placed at a

color transition from olive to domlnantly maroon inter-channel sﬂt.ér}d/‘}'nudstone

facies. A change from seasonally wet to seasonally arid conditions is interpreted across

the PTB on the basis of a change in sandstone 4nd shale architecture from meandering

= W—%éwa?
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to braided rivers (Ward et al(zoop‘;\émith and V}k\r/d, 2001). The PTB also is reportedly
located at the base of a laminate interval, which consists of dark reddish-brown and
olixz@gray mudstone couplets (Ward et alﬁooo). This laminate event bed is reportedly
traceable across Lootsberg, Old Lootsberg, Bethulieland Caledon sections based on the
LAD of Dicynodon (Ward et al.,.2000), and carbon i(sotopic data reported from Bethulie
and Caledon (Ward et al. ,2005). However, Gastaldo et al. (z&)g) demonstrated that the
laminate interval ié neither unique nor traceable across the different localities in the

central Karoo Basin. This discrepancy in the lithological model necessitates high-

resolution descriptions of critical PTB stratigraphic sections such as Blauuwater Farm

87.

The lithostratigraphy observed at Blauuwater Farm 87 in the current study

e
contradicts descriptions reported by Ward et al. (/2(({00). Werd—et—a-ll&eeg)-reported a

total of ~100 m section with ~50 m maroon concretionary mudstone, ~ 20 m olive
M 77 ~

mudstone, an@ndstone. In the current study, most of the ~95 m section (Figli2)

is covered, but the majority of exposed dongas occur in color shades of olive-gray (5Y

4/1) and greenish-gray (5GY 4/1). These colors change to predominantly brownish-gray

(5YR 4/1) within the last ~6 m of the ~95 m section. No concretions were observed

within this continuous brownish-gray siltstone interval as reported by Ward et al.
(2900, their Fig.1).

Ward et al. (2000) identified the PTB based on the stratigraphic presence of a
laminite event bed within a sandstone-shale interval. The laminite bed is described as
void of evidence of life (Smith and Ward,_g&)l) and integral to Permian-Triassic mass

extinction models (Gastaldo et al.%@og). We found no laminite event bed at the

21
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lithological color transition from greenish to brownish gray siltstone. This discrepancy
raises questions about the laminite bed stratigraphic marker of the PTB, and
necessitates refinement of the published lithostratigraphical models of the PTB across
several central Karoo localities.

Paleosols: Paleosols provide evidence for phases of sub-aerial exposure and
modification of sediments and, thus, are powerful tools for a wvariety of
paleoenvironmental purposes (Wright, ;962). Despite such importance, few reseachers

have reported on paleosols in the central Karoo Basin (S]{p,i'f{ 19%}Retallack et al.,

2Q03).
W

Smith (19%) characterized paleosols of a Permian-Triassic transition sequence‘air\‘\\z

oneRe

Bethulie District[ 'two Dicynodon Assemblage Zone paleosols are reported. These are i

- N
hydromorphic gleysol andlimmature entisol. Hydromorphic gleysol are described as the

most common paleosol, and characterized by color mottling, root traces, gypsum
rosettes, septarian nodules, and disarticulated skeletal remains of LDicynodon

Assemblage fauna. These gleysols are interpreted to have formed on floodplain lake and

22

Cu q43)

aean these crueaceR§Tics
of Uo7 <See MAck 6T AC
AR STHERS

pond deposits (Smith, 19%). Immature entisols are comprised of maroon clay-rich —ﬁ (é

horizons, slickensides,: vertical root traces, smooth topped calcareous nodules, and

rhizoconcretions. This paleosol is interpreted to have formed on proximal floodplains

(Srnirt’h/, 199@{ contrast, one Lystrosaurus Assemblage Zone calcitic paleosol was
(X

o, S B . .
identified|on the basis of desiccation cracl

paleosols. Desiccation cracks and nodule morpholegies, which are similar to those of
modern calcretes, are interpreted to indicafe an increasingly semi-arid climate with

highly seasonal precipitation.
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Retallack et al. (2.0{3) offered a more detailed description of Late Permian and
Triassic (paleosols i Karop -basin based on limited criteria of lithological
characteristics and color. They identified 6 protosols (Zam, Pawa, Hom, Du, Patha, and
Barathi)l4 calcisols (Bada, Som, Kuta, and Karie), and 2 gleysols (Sedibo and Budi) that
span the Permian-PTB at Bethulie, Carleton Heights, and Lootsberg Pass. Permian
paleosols include Bada, Du, Hom, Pawa, Som, and Zam, and are described as purple and
bluish in color.

; Bada paleosols are described as gray siltstone with shallow and séattered
calcareous nodules and rhizoconcretions (Retallack et al., 2603, their ’table 1). They are
reported to have formed under semi-arid and long)dry conditions. 1:1 contrast, Bada
paleosols are also described as gleyed soils consisting of blue-gray silt mof

e L
large calcareous nodules (Retallack et al.,\g%;?,, p1141 in text). Theyée@ interpreted
PedoGonsSit 1N
to representlﬂoodplain depressions with semi-arid and long)dry seasons. The two
descriptions of the same paleosol are contradictory.

Hom Paleosols are described as white sandstone with shallow and scattered
calcareous nodules and rhizoconcretions (Retallack et al., l,20/03, their ",l',able 1). This
description is indistinct from that of Bada paleosols, except for more abundant relict
bedding in Hom paleosols. Both paleosol types are reported to have deep root traces,
calcareous nodules, and interpreted to have formed under low water table conditions (\thct) Q

—

(Retallack et al., 2603, pg.1143 in text). The absence of distinctive features—ﬂisimc:ﬁm_—(\_iﬁbb
HE

featnres and inconsistencies make it hard to independently recognize Hom paleosols Xt
elsewhere.

Zam paleosols are described as bedded purple-gray siltstone with fine roots

<*F
traces and burrows (Retallack et al., 290{3, their ’i'vable 1). TheK are reported to have had
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vegetation dominated by quillworts, which thrive under water or wet meadows
(Retallack eu,é{ 2003@ 6). However, Zam paleosol paleoclimatic conditions also
are reported as unknown (Retallack et al., 2003, their ’&(/able 1), which raises questlons
about the basis of designating a lake margins paleotopography for Z&m—pa}eesels
(Retallack et al., 2603, their Fable 1).

Som paleosols are des/cribed as gray siltstone surfaces over purple siltstone with
shallow calcareous nodules (Retallack et al.,ﬁ)o;g, their \ljable 1). However, Bada
paleosolsWescribed as blue-gray/dark-greenish sandstone (GSA repository #
2003122), and comparable to Hom, a white sandstone (Retallack et al.,vzc63, pg. 1141 in
text). Such discrepant paleosol descriptions make it hard to recognize the paleosols
elsewhere.

Three Late Permian paleosols are identified in the current study using the Cex &‘
classifications of Mack et al. (1993). These are gleysols, gleyed calcisols anq stage II 18"
calcisols. Gleysols are defined as horizons with low Cﬁroma colors, such as gray and
green, nodules of iroyérwanganese oxide, and color mottling (Mack et al., 993).
Siltstone at 42 m, 116 m, and 120 m stratigraphic levels at Blauuwater exhibit mottled
patches of brownish-gray (5YR 4/1) and olive-gray (5Y 4/1). Non-calcareous, weathered

nodules of 1r0}14ﬁ<}41anganese\ omde@a}{c\ observed at the 120 m stratigraphic

height. These irregular siltstone intervals are identified as gleysols and resemble Smith'S

(1995)’s hydromorphic gleysols at Bethulie District. Hydromorphic gleysols are the most Q
l La.@

common paleosols within the Dicynodon AZ at Bethulie, and are described as having

pervasive color mottling, root channels, septarian nodules, and gypsum rosettes (smith,
1%. In contrast to Bethulie hydromorphic gleysols, no root channels or gypsum

rosettes were observed in gleysols at Blauuwater.
TAKLE Yoo ™ @ AT col lecd

RE THE MT@ TS 1] PREFOMED B
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Gleyed calcisols are paleosols in which a calcic horizon is prominent but also
display evidence of periodic waterlogging, such as mottles of drab colorsjaeeordingto-
éflack et al. 1399{ An isolated siltstone interval at 91-92 m stratigraphic level, which

exhibits both carbona}A‘amented nodules and drab color mottling, is characterized as a

isol. None of Retallack et al.j(2003) g Late Permian paleosols at Bethulie,

Calton, Heights and Lootsberg Pass, of Smith (19}5@' ynodon AZ paleosols are

similar to the gleyed calcisols. The differences can be attributed mainly to different
paleosol classification schemes that are solely based on color and lithology, and often
include primary structures (Sm';trglg%‘]t{etallack et al.,/z(fog).

Calcisols are paleosols with subsurface horizons enriched in carbonate (M
al., 1993). Siltstone at 42 m, 52 m, and 97 m stratigraphic levels have scattered brown,
carbonate-cemented nodules (40 cm max diameter), and are characterized as calcisols.

Siltstone intervals with scattered carbonate nodules correspond to stage II calcisols

(Mack et al., 199/3). Neither Retallack et al. (2\906) no Late Permian
paleosols are similar to the Blauuwater calcisols. Only Sedibo, a Triassic gleysol
described by Retallack et al. (29,06) as a greenish-gray siltstone exhibiting deep, well-

focused calcareous nodules, resembles Blauuwater calcisols paleosols. However, no

information is provided about Sedibo nodules, which would allow for comparison with

nodules at Blauuwater.

Depositional Environment Interpretationsqgegdimentary facies determined
at Blauuwater suggest an aggradational floodplain, adjacent to fluvial channels of the
Late Permian. Occasional flood events inundated the floodplain, raised water tables, and

\

deposited silt in abandoned channels and overbankj. Sedimentary facies include very
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fine-grained sandstone facies, sandy siltstone facies, lenticular siltstone facies, and
homogenous siltstone facies.

Very fine-grained sandstone facies consists of lenticular, rippled, and cross-bedded
units of very fine sandstone, which are interpreted to be fluvial channel deposits based
on Zedimentary structures. Sandstong bodies with erosional bases and sharp tops (upper

| PR :
laminated sandstone)|are considered to have formed by traction and suspension

contacts) form chanril like deposits. Primary structureslsuch as current-rippled cross-
\

deposition. Similar facies of lenticular, rippledi and cross-bedded sandstone at

Wapadsberg, Lootsberg, Tweefontein, Old Lootsberg, and Bethulie are interpreted to

represent highly sinuous fluvial systems during the late Permian (Smith, 1995;|Ward et

)

al., 2000). Overlying this facies association is the sandy siltstone facies.

The sandy coarse siltstone facies is characterized © of sandstone lenses and

siltstone lami @: r?([{ ' is interpreted to represent channgl—fjll deposits based on
sedimentary structures and facies distribution. It mainly overlies sandstone lithofacies.
Siltstone lamina within beds of sand and silt suggest periods of low energy conditions,
and deposition from suspension during channel abandonment. Sandstone lenses within
the facies association were introduced during periodic flood events. Fining upward
sequences suggests variation of current energy.

The lenticular siltstone facies is characterized by alternating fine and coarse siltstone

sequences that exhibit primary structures but no pedogenic features. This facies

association is interpreted to represent floodplain overbank deposits based on

sedimentary structures and facies distribution. It maybe attributed to deposition from

extensive overflow of fluvial systems of the Late Pefmian. Parallel and cross-laminated

siltstones were probably deposited on-fop of often-underlying sandy siltstone beds
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The Late Permian Stratigraphy Of The Upper

associated with abandoned channel and floodplain conditions, during period of low

current energy.

Previous sedimentology studies of PTB localities in South Africa have highlighted a
facies changeover from high sinuosity to low arid sinuosity fluvial river systems, along
the lithological color transition to dominantly maroon siltstone (Smith,/1995). Ward et
al. (zﬁ&), their Eig.l) extended the observation by demonstrating that the facies change

is basin-wide. No facies change is observed at the onset of reddening siltstone at

B

J
Blauuwater. This is expected given that Blauuwater is a Wuchiapingian section, not a\\ -33 [%
PTB section as suggested by Ward et al. (2900/). However, the suggestion that the facies g \%,

~
change to braided stream architecture is traceable basin-wide at the lithological color % &

P

transition is questionable.

Paleoenvironmental Interpretations: Previous researchers have
it

-
interpreted the presence of shallow nodules and channel architecture in Late Permian

strata as indicative of arid and seasonally fluctuating climatic conditions (Ward et al.,
%@6,‘ Retallack et al.,vzﬁg). A lithological association of maroon siltstone in the

central Karoo strata has been interpreted to indicate cooler femperatures and wetter
AN WETIER coMSTTONS
conditions (Tabor et al., 2qp7) or warmerJ temperaturesl(Retallack et al., 2003).

However, the inconsistent paleosol descriptions by Retallack et al. (2003) identified in

\WTERERE TRt op 7

this study may suggest that their warmer climate hypothesis is questionable.

Interspersed gleysols, gleyed calcisols, and calcisols at(irregular intervals thrpughout the
“weetofen

upper Blauuwater interval potentially record high-frequency paleoclimate fluctuations,

and may be indicative of strong seasonality in the Late Permian, an interpretation
= |
I<EFErRenC !

similar to others.
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Blauuwater paleosols formed under at least two fundamentally different.
paleoclimatic conditions characterized by gleysols and calcisols. Gleysols are
characterized by low Chroma colors and extensive mottled horizons. These mottles are
typical of humid, nearly ever wet regions, and probably indicate processes related to
periodic rise and fall of watggtable% seasonal flooding from overland flooding (Mﬁﬁ(

et al., 1993). Stage II calcisols M characterized by scattered calcite-

cemented nodules. A pedogenic origin for these nodules has not been established;

the oLy

)

nevertheless, they form in situ, in a carbonatic, poorly drained system in a semi-arid

{

environment (Sanz et al., 1996). The calcisols may reflect conditions of aridity that

Rt
ENVCOVMENT (A LIHLCH
THERE (AN FORAAT

existed at least seasonally during the Late Permian.
TOC: TON values (Table 4) calculated from Blauuwater samples are mostly under
10, with a few values greater than 10, representing mostly algal and occasionally

terrestrial plant signatures of organic matter. Paleosols with algal signatures likely

INTTHE StRETICRA DN

fu for the

formed in high water table conditions while those with terrestrial plant signatures may
have developed under better-drained soil conditions. Such divergent soil conditions
likely resulted from seasonal changes in hydrology as well large events such as storms

that may have influenced the dispersion of organic matter.

WL LU

SWE CONTEX

Geochronology: The porcellanite bed with a zircon age of 254.7%% .24 Ma at
the 65 m stratigraphic level indicates that Blauuwater Farm 87 is a late Wuchiapingian
locality. The Wuchiapingian spans the time between 259.8?%.4 Ma and 254.14/H0.07 Ma

(Fig\o).) This age contradicts a report by Ward et al. (2ge0) that indicates the section has

e PTB, which is dated at 252.17+0.06 Ma (Shen et al., 320(1) They inferred the

“boundary based on a lithological transition from green to red siltstone, and the presence

S
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e
ofllaminate interval. The discrepancy suggests that the lithological transition model

used to trace the PTB across the central Karoo Basin is invalid.

Biostratigraphy: The zircon age also confirms that the Dicynodon lacerticeps
skull in the section is latest Permian in age. The skull was collected at 81 m up section,
which is 16 m above the zircon age of 254.73+0.24 Ma. This zircon age falls within the
Dicynodon AZ, which spans ~3 million years before the Permian-Triassic extinction

N/\M—’v/
(Rubidge et %013, theirﬁigz). The Dicynodon skull finding in accord with published

vertebrate biostratigraphic models that used the Dicynodon Assemblage Fauna to define
the latest Permian vertebrate biozone across the Karoo Basin (Smith, 1995; War
Smith, 2%\Rubidge et al., 2013).
VI. CONCLUSION

The majority of exposures at Blauuwater, Eastern Cape Province, South Africa
occur as olive-gray or greenish-gray siltstone. The sedimentology is dominated by four
main facies associations: (i) very fine-grained sandstone, (ii) sandy siltstone, (iii)
lenticular siltstone, and (iv) homogenous siltstone. The very fine sandstone facies
association” is thainly attributed to channel deposits of likely high sinuosity fluvial

e
7
systems (Smithy " 19/95§\Wa The sandy siltstone facies is interpreted as

sandy channel fills, and represent low energy conditions and deposition from

Load }

suspension{during channel abandonment. The lenticular siltstone facies are floodplain

overbank deposits. They are attributed to deposition from extensive overflow of fluvial
systems during the Late Permian. The homogenous siltstone facies association i

; \ ; ; ; . e
interpreted as paleosolstf gleysols and calcisols. Lithological indicators

0n structures,l

)

10R
- SeE R
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carbonate-cemented nodules, color mottling and soft sediment defor
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support the formation of homogenous siltstone facies under fluctuations from seasonal
wet conditions to seasonally dry paleoclimatic conditions.

A zircon age of 254.73 %.24 Ma from a porcellanite bed at the 65 m stratigraphic
level indicates that Blauuwater is a Wuchiapingian locality. It also indicates that a
Dicynodon lacerticeps skull, collected at the 81 m stratigraphic level, is a late Permian
vertebrate. Thislin turn&conﬁrms that the Dicynodon AZ can be used to define the latest
Permian vertablé biozon\e, as indicated by published vertebrate biostratigraphic models
(Rubidge et al., 2613). Both the zircon age and Dicynodon lacerticeps skull indicate that
the color transition to maroon siltstone at the 121 m stratigraphic level occurs within the

Dicynodon AZ in the Wuchiapingian. This suggests that the lithological model used to

mark the PTB at Blauuwater is questionable.
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Siltstone

Lithology # | Grain Size | Color

1 Fine & | Olive-gray (5Y 4/1), Brownish-gray (5YR 4/1),
Coarse Greenish-gray (5GY 6/1)

5 Sandy Shades of Olive-gray (5Y 4/1) or Greenish-gray
Coarse (5GY 6/1)

Sandstone
Very Fine | Greenish-gray (5GY 6/1), Light olive gray (5Y 5/2),

3 Sandstone | Vey Pale Brown (10YR 8/3)

TABLE 1. Lithologies identified based on field and laboratory grain size and color

descriptions.
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19.01.7 | 116.5 VESS 80:20 -0.52
TABLE 2. in section data showing sandstone sample sand to silt ratios, QFL

proportiong, Ayerage Phi grain sizes, sorting standard deviation, and kurtosis. All data
were colleck om 300-grain counts per slide in transects.




LITHOFACIE | GRAINSIZE | COLOR FEATURES
SFACIES
Very fine- | Very fine | Greenish-gray (5GY | Laminae, mm-scale cross-
grained Sand 6/1), Light olive gray | beds, asymetrical ripples, and
Sandstone (5Y 5/2), Vey Pale|soft deformations, abundant
Brown (10YR 8/3) organics, moderate to well
sorting, and higher quartz
component
Sandy Sandy Coarse | Olive-gray (5Y 4/1) or | Bands of sand and silt,
Siltstone Silt Greenish-gray  (5GY | sandstone lenses and siltstone
6/1) lamina, isolated climbing
dune, angular mud pebbles,
erosoional bases and sharp
tops
Lenticular Fine & Coarse | Olive-gray (5Y 4/1), | Lenticular beds, mm-scale
Siltstone Silt Brownish-gray (5YR | parallel laminations, planar
4/1),  Greenish-gray | cross-beds, ripples, absence of
(5GY 6/1) nodules and color mottling
Homogenous | Fine & Coarse | Olive-gray (5Y 4/1), | Massive, homogenous
Siltstone Silt Brownish-gray (5YR | bedforms, extensive
4/1),  Greenish-gray | biortubation, mud-draped
(5GY 6/1) bedding, organic  matter,
carbonate cemented nodules,
color mottling, rare cross-
laminated lenses

TABLE 3. Lithofacies based on a compilation of field and laboratory descriptions of
grain sizes, geometries, and sedimentary and biogenic structures.




Nitro
gen

Nitro
gen

127.7 | 50 0.26 |0.087 |3 123.2 20 0.19 0.063 | 3.05
127.55 | 49 0.14 0.053 | 2.56 123.05 |19 0.21° | 0.033 |6.2
127.4 | 48 0.26 0.073 | 3.59 122.9 18 0.24 |0.047 |5.21
127.25 | 47 0.16 0.047 | 3.5 122.75 |17 0.15 0.05 3
127.1 | 46 0.16 0.076 | 2.11 122.6 16 0.16 0.053 | 2.94
;26'9 45 0.12 0.037 | 3.27 122.45 |15 0.21 0.056 |3.76
126.8 | 43 0.93 0.053 |17.5 122.3 14 0.17 0.06 2.89
;26'6 44 0.24 | 0.043 |5.46 122.15 |13 0.16 0.053 | 3.06
126.5 |42 0.19 0.053 | 3.56 122 12 0.19 0.063 | 3.05
;26'3 41 0.19 0.04 4.75 121.85 |11 0.14 0.043 | 3.31
126.2 | 40 0.43 0.096 | 4.48 121.7 10 0.16 0.053 | 2.94
;26'0 39 0.15 0.047 | 3.29 121.55 |9 0.22 | 0.057 |3.94
125.9 |38 0.25 0.06 4.22 121.4 8 0.18 0.076 | 2.35
125.75 | 37 0.183 | 0.076 | 2.39 121.25 |7 0.27 0.083 | 3.59
125.6 | 36 0.15 0.07 2.07 121.1 6 0.11 0.34 0.33
125.

- 54 35 0.21 0.063 | 3.37 120.95 |5 0.32 | 0.09 3.59
125.3 | 34 0.18 0.06 3.06 120.8 4 0.15 0.045 | 3.3
125.15 | 33 0.18 0.07 2.57 120.65 |3 0.13 0.045 |2.89
125 32 0.13 0.073" | 1.77 120.5 2 0.23 | 0.04 5.87
;24'8 31 0.27 0.063 | 4.26 120.35 |1 0.16 0.065 |2.46
124.7 | 30 0.17 0.047 |3.71 115.5 19.01.8 [ 0.29 | 0.073 |4
;24'5 29 0.17 0.043 |3.85 114 19.01.9 | 0.37 |0.092 | 4.11
124.4 | 28 0:22 0.05 4.4 68 19.01.6 | 0.75 0.017 | 45.1
124.2 .

5 4 27 0.17 0.04 4.33 47 19.01.4 | 0.35 | 0.02 17.33
124.1 | 26 0.14 0.037 | 3.91 42 19.01.3 | 0.32 |0.045 |7.11
;23'9 25 0.18 0.083 | 2.16 38 19.01.2 | 0.62 | 0.068 |9.2
123.8 | 24 0.22 0.057 | 3.88

123.5 | 22 0.13 0.023 | 5.43

;23‘3 21 0.17 0.057 |3.85
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TABLE 4. TOC/%‘ON values are shown with their corrg$ponding stratigraphic
positions!/ Values <10 indicate algal organic matter signatdres, whereas values >20
indicate strongly terrestrial plant organic matter signatures/ Most values are <10, with
the exception of highlighted values, indicating the presence of terrestrial plant organic
matter signatures.
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FIG 1. — Locality map for Blauuwater Farm 87, Eastern Cape Province, South Africa. A:

An overview map of South Africa, showing the location of Blauuwater Farm 87 (Red

drop pin). B: GPS Coordinates (S31° 49.090)E24°

49.120 — marked by red drop pin) of

Blauuwater Farm 87. The locality is located in between three towns (marked by red

dots): Graaf-Reinet, Middleburg, and Nieu Bethesda, and west of the N9 and R61

highways.
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FIG 2. A ternary diagram constructed from 300 point-count analyses for sandstone

samples (TABLE 2). All sandstones fall in the lithic

field.
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Photographs of thin sections from the upper interval at Blauuwater Farm 87.
(A)Cross-beds in a very fine sandstone at the 56 m stratigraphic level. (B) A
biortubated coarse siltstone from a stratigraphic height of 117 m. (C) Ripples in sandy
coarse siltstone at the 68 m stratigraphic height.
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surrounding carbonaté cemented nodules at the 91 m stratigraphic position. (C)

carbonate-cemente%e found at the 52 m stratigraphic level. (B) Mottled sﬂtstoneé‘/

Millimet

cale mud clasts found in a sandy coarse siltstone at a stratigraphic height of

.(DT h -beds at th level. P
34 m. (D) Trough cross-beds at the 55 m leve Scaké.,
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Figure 6. Photograph and tracing of an isolated climbing dune structure at a
stratigraphic height 33 m. The red and black arrows show the paleocurrent directionbASed
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- SK12-04A
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Figure 7. Photographs of a zircon bearing porcellanite and a Dicynodon lacerticeps
skull before and after laboratory preparation. (A) John Geissman examining a zircon
bearing porcellanite bed, which is located ~500 m west of the upper Blauuwater interval
and correlative at a stratigraphic height of ~ 65 m. The GPS location of the skull is S31°
49.090 E24° 49.116 (B) Zircon crystals extracted from porcellanite bed for U-Pb
isotopic analysis. The crystals are shown at a/scale of 200 mi¢rons. (C) A Dicynodon
lacerticeps skull before collection from a dgnga ~300 m west of the section and is
correlative at stratigraphic height of 81 m. The GPS lotation of the skull is S31° 49.055
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Figure 8. Concordia diagram and plots of 206pb/238u zircon single grain ages from
porcellanite bed (fig.7a, 7b). (A) Concordia diagram showing concordant single grain
data. (B) Plots of 206pb/238u single grain .age. The youngest five data have a weighted
mean age of 254.73 + 0.24 Ma (20) and is interpreted as a maximum for the time of
deposition of the unit. -
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Cross-beds

Figure 10. Photograph and tracing of cm-scale cross beds in a very fine sandstone at
the 56 m stratigraphic level.
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Figure 11. Photograph of soft sediment deformation structure in a very fine sandstone

interval at the 84 m stratigraphic height. {{ow AU AV ARRAO " PEET
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Figure 12: See attached stratigraphic column.
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