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ABSTRACT: The fully continental succession of the Beaufort Group, Karoo Basin, South Africa, has been used in the
development of environmental models proposed for the interval that spans the contact between the Daptocephalus to
Lystrosaurus Assemblage Zones, associated by some workers with the end-Permian extinction event. An aridification
trend is widely accepted, yet geochemical data indicate that the majority of in situ paleosols encountered in this
interval developed in waterlogged environments. To date, the presence of calcic paleosols in the latest Permian can be
inferred only from the presence of calcite-cemented pedogenic nodules concentrated in fluvial channel-lag deposits.
Here, we report on the first empirical evidence of in situ calcic Vertisols found in the upper Daptocephalus Assemblage
Zone near Old Wapadsberg Pass, one of eight classic localities in which the vertebrate turnover is reported in the
Karoo Basin. Seven discrete intervals of calcic Vertisols, exposed over a very limited lateral extent, occur in an~ 25 m
stratigraphic interval. Estimates of mean annual temperature and mean annual precipitation are calculated from
geochemical measurements of one paleosol, and these estimates indicate that the prevailing climate at the time of
pedogenesis was seasonally cold and humid. Correlation with adjacent stratigraphic sections indicates that the late
Permian landscape experienced poorly drained and better-drained phases, interpreted to reflect a climate that varied
between episodically dry and episodically wet. In contrast to a paleoenvironmental reconstruction of unidirectional
aridification from strata in the Wapadsberg Pass region, this study provides new evidence for a wetting trend towards
the Daptocephalus–Lystrosaurus Assemblage-Zone boundary.

INTRODUCTION

The stratigraphic succession in the Beaufort Group of the Karoo Basin,

South Africa, is reported as a continuous record of fully continental

sedimentation in which the terrestrial response to the end-Permian crisis is

recorded. The turnover in vertebrate paleontology, from the Daptocephalus

Assemblage Zone (AZ) to the Lystrosaurus Assemblage Zone, is

considered by many (Smith 1995; Retallack et al. 2003; Ward et al.

2005; Benton and Newell 2014; Smith and Botha-Brink 2014; Viglietti et

al. 2017, 2018; and others) to be coeval with the Permian–Triassic

boundary events recorded in the marine realm (Shen et al. 2018), dated

between 251.941 6 0.037 and 251.880 6 0.031 Ma (Burgess et al. 2014).

The emplacement of the Siberian Traps, a Large Igneous Province (LIP) in

Russia, which initiated ~ 252.20 6 0.12 Ma and endured for less than 2

My (Burgess and Bowring 2015), released large quantities of volcanic

SO2, CO2, and CH4 (Maruoka et al. 2003; MacLeod et al. 2017). It is

suspected that increased atmospheric greenhouse-gas concentrations

resulting from this LIP event, in turn, led to a warmer atmosphere, and

concomitant warming of sea-surface temperatures (Song et al. 2014; Cui

and Kump 2014). Consequences of this global warming trend include

expansive oceanic anoxia (Hotinski et al. 2001) and an impact on terrestrial

ecosystems.

On land, warming, aridification, acid rain, shifting climatic belts, and a

reduction of atmospheric oxygen concentrations are interpreted to have

resulted in enhanced weathering, changes in fluvial regimes (Ward et al.

2000, 2005; Smith and Botha-Brink 2014), and wildfire (Macleod et al.

2017). Several workers (Smith and Botha-Brink 2014) assert a rapid

climate shift towards aridification occurring over a short stratigraphic

interval of ~ 60 meters in the Elandsburg and Palingkloof members,

Balfour Formation (Fig. 1), of the main Karoo Basin in South Africa. More

recently, Viglietti et al. (2018) proposed a more protracted climatic drying

of an unspecified duration based on lithofacies trends. This perceived

unidirectional drying trend, accompanied by increasing temperature, is

thought to have culminated in an extensive, basin-wide playa-lake

depositional system. This playa-lake system has been proposed to act as

a unique stratigraphic datum in the basin (e.g., Smith and Ward 2001;

Botha-Brink et al. 2014). That datum is equated to the transition between

the Daptocephalus–Lystrosaurus Assemblage Zones and reportedly used

for correlation between widely separated fossil sites. The utility of the

proposed basin-wide playa-system stratigraphic datum has been demon-

strated to be problematic and unreliable (Gastaldo et al. 2009; Gastaldo and

Neveling 2016), and no empirical evidence exists to support the presence

of these playa-lake deposits in the basin (Gastaldo et al. 2019a, 2019b).
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The widely accepted model for the terrestrial Permian–Triassic Mass

Extinction (PTME; Smith and Botha-Brink 2014; Viglietti et al. 2017,

2018) in the Main Karoo Basin uses sedimentologic, taphonomic, and

geochemical observations to posit a unidirectional climatic drying trend

across the assemblage-zone boundary, the magnitude of which was

sufficient to induce a recognizable ecosystem disruption (Roopnarine et al.

2017). This climatic shift is associated with the first occurrence of

mudrock reddening (rubification) and basin-wide alteration of the

dominant fluvial regimes (Ward et al. 2005; Smith and Botha-Brink

2014). A reported change, from a meandering to a braided channel system,

is believed to occur at or very near the Permian–Triassic system boundary

throughout the Main Karoo Basin. Support for the proposed shift towards a

drier and more arid climate is based on the reportedly massive nature of the

overlying reddish-gray mudrock Facies D of Smith and Botha-Brink

(2014). This reddening has been attributed to an increased iron-oxide

component resulting from an increased eolian contribution of airborne

detrital grains deposited in arid soils near the assemblage-zone boundary

(Smith and Botha 2005; Smith and Botha-Brink 2014; but see Sheldon

2005; Li et al. 2017; Gastaldo et al. 2018). Increasing aridity over the

interval is also interpreted from stable-isotope d18O data from apatite of

dicynodont teeth and bone (MacLeod et al. 2000, 2017; Rey et al. 2016).

Yet, to date, the only physical evidence for the presence of dryland or

calcic paleosols in either the uppermost Balfour or lowermost Katberg

formations, which would confirm a unidirectional trend, are pedogenic

nodule conglomeratic lag deposits and soil aggregates concentrated at the

bases of fluvial channels (Pace et al. 2009; Gastaldo et al. 2013, 2018).

The investigation of paleosol profiles is a common approach to

paleoenvironmental and paleoclimatic reconstruction from continental and

mixed marine-and-continental strata through the Phanerozoic. In fact,

many recent studies have sought to assemble large volumes of observations

and measurements from numerous paleosols contained in thick strati-

graphic successions (e.g., Krauss 1987, 1997; Tabor and Montañez 2004)

or along basin-wide transects (Bown and Krauss 1987; Rosenau et al.

2013a, 2013b). Yet, the study of paleosols has its origins associated with

detailed studies of individual profiles to ascertain specific soil-forming

processes and mechanisms that are important for paleoenvironmental

reconstructions (e.g., Abbott et al. 1976). This detailed approach has

remained a mainstay for many recent studies of paleosols and actualistic

studies of modern soils (Wright and Wilson 1987; Retallack and German-

Heins 1994; Caudill et al. 1996, 2008; Gill and Yemane 1996; Capo et al.

2000; Driese et al. 2000). This practice of focused study on individual

paleosol profiles is especially common in geochemical, proxy-based

investigations due, in large part, to the time- and resource-intensive nature

of these investigations (e.g., Hsieh and Yapp 1999; Vitali et al. 2002; Yapp

2004; Tabor et al. 2004a, 2004b; Tabor and Yapp 2005; Feng and Yapp

2009; Gulbranson et al. 2011). The Karoo Basin is no exception in this

regard (Gastaldo et al. 2014). Herein, we extend upon previous detailed

studies of individual profiles via geochemical analysis of a calcareous

paleosol from the upper Daptocephalus Assemblage Zone near Old

Wapadsberg Pass, one of eight classic localities in which the vertebrate

turnover is reported in the Karoo Basin. This paleosol is one of seven

pedogenically altered stratigraphic layers that occur more than 100 m

below the Daptocephalus–Lystrosaurus vertebrate assemblage-zone

boundary. Hence, these represent depositional settings older than the

beginning of the previously interpreted, rapid climatic drying trend

described in Smith and Botha-Brink (2014). We assess the geochemical

weathering trends of the lowermost paleosol profile in the 527/

Quaggasfontein stratigraphic section to evaluate the environmental and

climatic conditions of its formation and, by proxy, place constraints on the

conditions under which the similarly organized six other profiles

developed in the latest Permian Daptocephalus zone of the Main Karoo

Basin.

GEOLOGIC SETTING

The rocks of the current study are a part of the Karoo Supergroup (Fig.

1), which ranges in age from Late Carboniferous to Middle Jurassic

(Johnson et al. 2006). The Karoo Basin is, generally, interpreted as either

as a retro-arc foreland basin (Catuneau et al. 2005) or a foreland basin

(Vigletti et al. 2017) in which continental sediment accumulated as a

consequence of mountain building associated with the subduction of the

oceanic paleo-Pacific plate beneath the Gondwanan plate. In contrast,

Lindeque et al. (2011) interpret the Karoo Basin as having formed ahead of

FIG. 1.—Paleogeographic map of the Late

Permian (after Heydari et al. 2000) on which

continental landmasses and the main Karoo Basin

are located. Generalized stratigraphy of the Karoo

Basin with a focus on the Upper Permian and

Lower Triassic succession. Geochronometric age

constraints for stage boundaries follow the

International Chronostratigraphic Chart v2018/08

(www.stratigraphy.org), the age constraint on the

Elandsberg Member follows Gastaldo et al. (2015,

2018), and the placement of the Permian–Triassic

Boundary in the Katberg Formation follows

Gastaldo et al. (2015, 2017).
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a thin-skinned Jura-type fold belt. Regardless, the formation of the Cape

Fold Belt along the southern margin of the Karoo Basin acted as the

provenance for its sedimentary record, and the stratigraphic succession

preserves, in part, depositional systems resulting from the termination of

the Late Paleozoic Ice Age. Once the southwestern half of the Gondwanan

supercontinent began drifting in the Permo–Carboniferous (~ 300 Ma;

Smith et al. 1993), the early Permian ice sheet receded (Isbell et al. 2008)

impacting the deposition of the Karoo Supergroup for the next ~100

million years (Smith et al. 1993).

Both glacial or deglacial and alpine-derived detrital-clastic sediments

constitute the basin fill. Sediments transported and deposited as a

consequence of deglaciation overlie Precambrian basement rock. These

are the Dwyka and Ecca groups, which represent post-glacial deltaic and

turbidite deposits, respectively (Fig. 1). This glacial succession is overlain

by the Beaufort Group, which is dominated by aggradational floodplain

deposits (Smith et al. 1993) and subdivided into the Abrahamskraal,

Middleton, Balfour, Katberg, and Burgersdorp formations (Fig. 1). Due to

the homogeneity of lithologies and, until recently, a dearth of geo-

chronometric or paleomagnetic data on which to subdivide the succession,

changes in vertebrate biostratigraphy have been used to correlate deposits

across the basin (Rubidge 1995, 2005). The upper member of the Balfour

Formation, the Palingkloof Member, is reported to span the vertebrate-

defined Permian–Triassic Boundary (PTB), whereas the overlying Katberg

Formation is considered Lower Triassic (Fig. 1; Smith and Botha-Brink

2014). This assumption conforms to a paradigm first proposed by Broom

(1906, 1911) that the Dicynodon (Daptocephalus; Vigletti et al. 2016)

fauna is of Permian age and the overlying Lystrosaurus fauna is lowermost

Triassic.

LOCALITY AND METHODS

The stratigraphic succession near Wapdasberg Pass in the Eastern Cape

Province, South Africa, was measured using standard field techniques as

described elsewhere (e.g., Gastaldo et al. 2018, 2019a, 2019b). The

primary section (Fig. 2) traversed an erosional gully (donga) beginning on

the border of farm 527, which today forms part of the farm

Quaggasfontein, continuing to the east onto Farm 80 and Zeekoegat 77,

today incorporated into the farm Pienaarsbaken (see supplemental Fig. 1).

The base of the section, which is referred to as the 527/Quaggasfontein

section, lies ~ 1.25 km northwest of Old Wapadsberg Pass (now

abandoned) and ~ 1.9 km northwest of New Wapadsberg Pass (NWP),

which was created with the construction of the R61 highway (Ward et al.

2000; Gastaldo et al. 2005; Prevec et al. 2010) (Fig. 2). Here, the main

170-m-long 527/Quagasfontein section begins at S31.9094948,

E024.8887928 and ends at S31.910588, E024.905238 (Figs. 2, 3). No

detailed stratigraphic section is published for the succession between Old

Wapadsberg Pass and Lootsberg Pass (seven kilometers to the north), to

date. A Dicynodon laceriteps lower jaw bone (RS 169), near the base of

the 527/Quaggasfontein section, is reported in Smith and Botha-Brink

(2014, Supplemental Table 1) to lie 52 m below that study’s vertebrate-

defined PTB at Old Wapadsberg Pass. Measured stratigraphic sections in

the area are correlated using laterally continuous, resistant sandstone

benches as inter-locality datums following the practice of Gastaldo et al.

(2017, 2018, 2019b).

Seven discrete intervals of calcic Vertisols, encompassing a total of ~ 25

m of a siltstone-dominated part of the stratigraphic section, are identified

along the donga wall (S31.908888, E24.890658; Figs. 2–5). Laterally

equivalent and adjacent beds exposed in the same donga are very fine-

grained, yellow-gray wackestone, and total . 12.5 m in thickness (Fig. 3).

Hence, the calcic paleosols are not preserved, but eroded out and back-

filled in the Late Permian, just a very short lateral distance southeastward

from the hillside which preserves the succession with calcic paleosols. A

1.3 m interval spanning the lowermost calcareous paleosols was sampled

every 10 cm in a descending stratigraphic order and labeled successively

280517.1 through 280517.14 (Fig. 4) for lithologic, petrographic, and

geochemical analyses. Twelve thin sections (280517.1–280518.14) were

prepared by Applied Petrographic Services in Greensburg, Pennsylvania;

samples 280517.2, 280517.3, and 280517.9 were incompetent and no thin

sections were prepared for analysis. Standard petrographic descriptions of

lithologies were applied to all thin sections, whereas soil textural and fabric

descriptions (Brewer 1964) were applied to features particular to pedogenic

processes.

Geochemistry

Fourteen bulk-rock and eleven matching billets from thin-section

samples from the calcic Vertisol interval were powdered using a ball mill

and sent to ALS Global, Reno, Nevada, for a full-digestion analysis. There,

samples underwent lithium-borate fusion prior to acid dissolution, and

resulting solutes were analyzed using inductively coupled plasma-mass

spectrometry (ICP-AES and ICP-MS (zircon)) to determine concentrations

of selected major and minor elements. Results from ICP-MS analyses are

presented in Supplemental Data Table 1.

All samples were powdered from bulk rock, reacted with 10% HCl

solution to remove carbonates and other labile compounds, and rinsed with

deionized water. These acid-treated powders were used to determine

weight-percent total organic carbon (%TOC) and total organic nitrogen

(%TON) using a Perkin Elmer 2400 Series II CHNS/O elemental analyzer

housed at Colby College. Samples were analyzed in triplicate to obtain

average %TOC and %TON values. Values are reported against

measurements of an acetanilide standard (C ¼ 71.09%, H ¼ 6.71%, N ¼
10.36%, O ¼ 11.84%), an aliquot of which was analyzed between every

nine bulk-rock powder samples, to ensure data integrity and reproducibil-

ity. The percent total carbon loss-on-ignition (%LOI) was measured at ALS

Global where one gram of powdered material for each sample was

weighed, heated to 10008 C for one hour, cooled, and then reweighed. The

%LOI was calculated from the difference in weight and does not

discriminate between organic and carbonate forms of carbon. To calculate

percent total inorganic carbon (%TIC), %TOC was subtracted from %LOI

values.

Molecular weathering ratios, including base loss, clayeyness, mineral

assemblage stability (MAS), calcification, salinization, and the chemical

index of alteration minus potassium (CIA-K), are calculated from results of

ICP-MS analyses and are plotted versus profile depth following Sheldon

and Tabor (2009). These weathering ratios are calculated using the weight-

percent values of all major elements, on an oxide basis, after conversion to

molar abundance values. Base loss refers to the leaching of major ‘‘base’’

elements (Na, Ca, K, and Mg) relative to an immobile soil element (in this

instance, Ti). Clayeyness is a proxy of Al relative to Si in the soil, and

serves as a proxy for differential clay-mineral accumulation and

composition in a weathering profile. Mineral-assemblage stability (MAS)

is the ratio of Fe (recalcitrant element) to K (labile element) and serves as a

proxy for breakdown and leaching of base-bearing minerals via hydrolytic

reactions (e.g., granite weathering to oxides þ kaolinite). Calcification

([CaþMg]/Al) and salinization ([KþNa]/Al), respectively, are proxies for

the accumulation of calcium and salts in a soil profile. CIA-K values are

calculated using the following equation:

CIA� K ¼ Al2O3= Al2O3 þ CaOþ Na2Oð Þ3 100; ð1Þ

whereas CALMAG (Nordt and Driese 2010) values are calculated using

the following equation:

CALMAG ¼ Al2O3= Al2O3 þ CaOþMgOð Þ3 100: ð2Þ

Bulk-rock geochemical data also were evaluated using a mass-balance

approach, following Brimhall et al. (1988, 1991a, 1991b). This approach

evaluates chemical variations in a soil due to: 1) the closed-system effects
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of residual enrichment and volumetric changes in the soil matrix, and 2)

open-system transport of material into or out of the soil (Driese et al.

2000). Mass-balance relationships account for changes in parent material

(protolith) as a result of pedogenesis. Typically, a sample of the C horizon

is collected and used as representative parent material. Mass-balance

graphs for carbonate leaching, redoximorphy, biocycling, and clay

accumulation are plotted versus profile depth following Driese et al.

(2000). Mass-balance calculations are made with Ti as the immobile

element using materials taken from the interpreted C horizon of the

Quaggasfontein paleosol profile, at a depth 110–120 cm (Figs. 3, 4;

Supplemental Data Table 2). Carbonate leaching, redoximorphy, and

biocycling and clay accumulation measures the enrichment or depletion of

Ca and Mg, Mn and Fe, P, and NaþKþAlþSi, respectively, through the soil

profile.

Mass-balance calculations are made following Driese et al. (2000) using

the following equations:

ei;w ¼
qpCip

qwCiw

� 1 ð3Þ

where e is the strain (volumetric change) of the weathered material; i is an

immobile index element, such as Ti or Zr, in the weathered material (w); qp

and qw are the bulk densities of the parent and weathered material,

respectively; and Ci,p and Ci,w are the concentrations of immobile element

i, in the parent and weathered material, respectively. Strain (ei,w) is used to

calculate the mass fraction of a chemical constituent that has been gained

or lost in open-system transport. Mass transport (tj,w) of a constituent, j, in

the weathered material is calculated by

si;w ¼
qwCj;w

qpCj;p

 !
ej;p
� �

� 1 ð4Þ

where terms are described as above and in Driese et al. (2000). The bulk

density of the paleosols is a factor in the calculation of strain (the positive

or negative volumetric changes; Driese et al. 2000) and translocation of

elements in the paleosol. The bulk densities of the fourteen samples down

the profile were not measured; hence, all mass balance calculations were

made under the assumption that the bulk densities of all samples were 2.2

g/cm2 (S. Driese, personal communication, 25 November 2017).

Calcite-cemented nodules of various diameters were collected from four

horizons in the lower Quaggasfontein paleosol profile (Figs. 3, 5). These

were cut at Southern Methodist University, described, and analyzed for

stable carbon- and oxygen-isotope analysis, following Gastaldo et al.

(2014). Micrite and microspar cement samples were drilled from nodules

or polished matching billets from thin sections using an x, y, z drill mount.

Sample powders were reacted with 100% orthophosphoric acid at 258 C in-

vacuo, under closed-system conditions, to produce CO2 (McCrea 1950).

CO2 gas was cryogenically purified and analyzed for stable carbon- and

oxygen-isotope compositions using an Finnigan MAT 252 isotope-ratio

mass spectrometer housed in the Department of Earth Sciences at SMU.

Stable-isotope measurements are made in delta values and are reported

in per mil notation:

d13C or d18O
� �

¼ Rsample=Rstandard � 1
� �

� 1000 ð5Þ

where R¼ 13C/12C and 18O/16O for carbon and oxygen, respectively. The

standards used to report isotope values of calcite are an in-house Carrera-

FIG. 2.—Locality maps of the study area. A)

Generalized map of southern Africa where the star

marks the site in the Eastern Cape Province. B)

Topographic map on which New Wapadsberg

Pass (NWP) lies on the blacktop R61 highway,

Old Wapadsberg Pass (OWP) is located to the

north constructed as a gravel-and-dirt roadway,

with the section measured along a donga oriented

at right angles to it. The base of the 527/

Quaggasfontein stratigraphic section with Verti-

sols begins ~ 1.25 km to the northwest on the

farm 527/Quaggasfontein and continues onto the

farm Pienaarsbaken (solid black line with arrows).

Gastaldo et al. (2014, supplemental data) pub-

lished measured stratigraphic sections from both

NWP and OWP, both of which are shown as

dashed lines with arrows. Surficially exposed

dolerite dikes are shown in orange. Contour

interval is 20 m; scale in meters.
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marble standard with d18O –2.07 6 0.16 % and d13C –2.52 6 0.23 %,

and reported with respect to the Pee Dee Belemnite standard (VPDB; Craig

1957); d18O is reported with respect to Vienna standard meteoric ocean

water (SMOW; Gonfiantini 1984).

RESULTS

All pedogenically altered layers occur within the lowermost 45 m of the

527/Quaggasfontein stratigraphic section, spanning the farms Quaggas-

fontein and Pienaarsbaken (Fig. 3). The lowest pedogenically altered layer

occurs ~ 20 m (19.2–20.8 m) above the base of the section, with seven

other intervals of pedogenically altered intervals at higher positions: 23.4–

24.5 m; 26.7–27.0 m (erosional upper contact); 29.6–33.9 m; 34.0–36.4 m;

36.6–38.6 m; 39.5–41.1 m; and 42.5–45.4 m (Figs. 3, 4). All pedogenically

altered layers display similar field-scale lithological, morphological, and

textural characteristics and patterns. Morphological features of these layers

include pedogenic structure ranging from single-grain (massive) to wedge-

shape aggregate structures with secondary medium-to-coarse angular

blocky structures, arcuate slickenplanes with dip planes up to ~ 158 from

horizontal and extending up to ~ 0.5 m in height and 2 m in length. These

pedogenic layers include disorthic (sensu Brewer 1964) calcareous nodules

and concretions (Fig. 4B–D) ranging in size from a few millimeters to a

decimeter (Fig. 5). Carbonate nodules are common to abundant and show a

coarse pattern of increasing size and abundance downward through each

pedogenically altered layer. The colors of the pedogenically altered

wackestone layers are generally greenish-gray (~ 5GY 4/1), with weak to

moderate contrast dusky red (~ 10R 4/2); medium to coarse, irregularly-

shaped mottles are common (~ 15% of exposed surface) toward the top

and become increasingly rare downward through the profile. Considering

these features in order of their most prominent to least prominent

occurrence in terms of field-scale observations, these pedogenically altered

layers qualify as gleyed calcic Vertisols in the paleosol-specific

classification system of Mack et al. (1993; see also Tabor et al. 2017). A

more detailed field and petrographic description is provided below to gain

a deeper understanding of the morphological, textural, and geochemical

characteristics.

The basal deposits of the gleyed calcic Vertisol that underlie and

gradationally become the lowermost pedogenically altered horizons of the

paleosol profile (Fig. 5) are dark greenish gray (5GY 4/1) to dusky yellow

gray (5GY 3/2), sandy coarse siltstone in which millimeter-sized mud

chips, millimeter-scale low angle cross lamination, and centimeter-scale

bedding are seen in outcrop. Primary sedimentary structures are clear in

thin section and include rippled surfaces, starved ripples, soft-sediment

deformation, and millimeter-scale fining up lamination (Fig. 5G, H).

Micro-XRF analysis of thin sections revealed the presence of a single,

calcium-rich soil aggregate in one thin section (280517.4); soil aggregates

(Gastaldo et al. 2013), though, are not common in thin sections (Fig. 6).

This reflects the fact that many pedogenically altered layers are

characterized by single-grain structure due to the coarse-grained lithologies

from which they are composed. Ped structures are medium to large wedge-

shaped and angular-blocky aggregates and, as such, are too coarse to be

captured on the size of petrographic thin sections used in this study.

Nevertheless, centimeter-scale diameter burrows are present both in

FIG. 3.—Measured stratigraphic section beginning on farm 527/Quaggasfontein

(S31.90905, E024.88879, WGS 84) at an elevation of 1584 m, and it ends on farm

Pienaarsbaken (S31.91058, E024.90523) at an elevation of 1718 m. Smith and

Botha-Brink (2014) report specimen RS169 (Dicynodon (Daptocephalus; Viglietti et

al. 2016) laceriteps), from the base of the section, as lying 52 m below the contact

 
with the overlying Lystrosaurus Assemblage Zone, which they equate to the

Permian–Triassic Boundary. The position of the boundary, as based on this record, is

marked by a solid red line with double arrow tails. The calcic Vertisol interval occurs

below the boundary and is eroded out to the southeast, in less than 120 m, by a 12-m-

thick, multistoried very-fine grained fluvial channel. A short, laterally correlative

measured section to the southeast shows this thick sandstone succession.

Geochemical analyses reported, herein, originate from the basal paleosol interval

marked as a red bracket. Scale in meters.
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outcrop (Fig. 7A) and in thin section (Fig. 6C, E–G), with the cylindrical

Katbergia (Gastaldo and Rolerson 2008) commonly encountered in both

vertical and subhorizontal orientation. Carbonate cement is present in the

burrow fill and in the surrounding siltstone matrix (e.g., Fig. 6G). In

addition, unidentifiable millimeter-wide plant axes lie parallel to bedding,

and pollen assemblages have been recovered from these deposits. The

upper boundary of the paleosol with overlying lithologies is clear and

wavy, whereas the overlying material is homogeneous and monotonous

lithologically, with little color variation. Large (10–20 cm diameter)

spherical calcareous nodules are concentrated near the contact with the

underlying paleosol profile.

The lowermost paleosol profile in the 527/Quaggasfontein section is

variably thick, 100–120 cm, due to a wavy erosional upper contact back-

filled by a lenticular siltstone (Fig. 5). In general, the materials in the

paleosol profile are coarse to fine, dark greenish-gray siltstone to

wackestone which, in some cases, may exhibit discrete reddish-gray

(10R 4/2) vermicular mottled horizons up to several decimeters thick.

Homogeneous (Fig. 6D) and bioturbated (Fig. 6A–C, F) fine siltstone is

predominant in the succession, with point counts of silt in thin section

dominated by quartz grains with varying opaque and feldspar þ mica

components (Fig. 8). A down-profile trend of increasing proportions of

opaques and weathering products occurs in the Bkss and Btk horizons (Fig.

5). Also present are occasional degraded plant remains, isolated 0.5-mm-

scale pyrite (Fig. 6E), 2-mm-diameter mud chips, and fractured peds. In

thin section, burrows may be up to 3 mm in diameter and are filled with

coarse silt. Slickensides are present (Fig. 7C), scattered calcite-cemented

nodules are ubiquitous, and bedded nodular horizons characterize the

paleosol at several horizons. Three sizes of discrete nodules occur, the

surfaces of which may appear light olive gray (5Y 6/1), yellowish-gray (5Y

8/4), or bluish-white (5B 9/1) upon exposure and weathering. Centimeter-

diameter nodules, generally, are scattered throughout, whereas nodules

ranging from 5 to 20 cm in diameter are concentrated at, although not

restricted to, the lower parts of the paleosol (Fig. 7B). The larger-diameter

nodules are dark greenish gray (5GY 4/1) to medium gray (N5) and

micritic, and may show signs of central cracking and spar-fill (Fig. 7D).

Millimeter-diameter unidentifiable and centimeter-diameter sphenopsid-

plant axes occur in the upper parts of paleosols where the density of

nodules decreases, and millimeter-diameter vertical and subhorizontal

rooting may be preserved sporadically. Due to the fissile and highly

fragmentary nature of the matrix, rooting characteristics cannot be detailed.

Geochemical Trends

The geochemical trends of one well-defined calcic Vertisol interval,

occurring between 24.35 and 25.2 m (Figs. 4A–C, 7, 8), are presented.

Unlike the Protosols reported by Gastaldo et al. (2014) at New Wapadsberg

Pass, 1.9 km to the east where O horizons are preserved that allow for the

recognition of stacked-soil boundaries, neither an O nor an A horizon are

recognized at Quaggasfontein. Rather, the paleosol base is identified by the

presence of primary sedimentary structures, interpreted as the C horizon

(Figs. 5, 6G, H), and the upper soil horizons by siltstone samples in which

primary structures are not preserved. A down-profile trend in weathering

products with an increasing proportion of opaques is used to circumscribe

FIG. 4.—Field images of calcic Vertisol intervals. A) Calcic Vertisol interval exposed on northwestern face of erosional gulley, which is the focus of the current study. The

paleosol lies above a thin sandstone bench, and can be traced laterally for ~ 35 m (S31.908868, E024.890618). B) Image of the upper 30 cm of calcic Vertisol exposure in Part

A. C) Distribution of calcite-cemented nodules in greenish-gray, fissile siltstone at ~ 45 m stratigraphic height (S31.908858, E024.8938478). D) Distribution of calcite-

cemented nodules in greenish-gray, fissile siltstone at ~ 37 m stratigraphic height (S31.908948, E024.893918). E) Two calcic Vertisols, each overlain by an erosional

wackestone, at ~ 45.4 m stratigraphic height (S31.908608, E024.891208). F) Limited exposure of calcic Vertisol at ~ 34.5 m stratigraphic height (S31.908688, E024.891148).
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the Vertisol interval (Fig. 8, curved arrow). Hence, the calcic Vertisol

detailed herein, has a total thickness of 80 cm (Figs. 9, 10; Table 1).

Carbon.—All weight %TOC values are , 1%, with an overall trend of

decreasing values down the paleosol profile. A maximum value of 0.87%

is attained at a depth of 20 cm below the top of the soil, reflecting organic-

carbon concentration in the B horizon (Fig. 9A). The values for weight

%LOI follow the same trend, with maximum values (6.28 % carbon and

water, possibly sulfate or SO2 from pyrite noted in petrography) in the

upper 30 cm, and minimum values (3.07 %) in the lower parts of the

profile (Table 1).

Molecular Weathering Ratios.—Plots of base loss (Fig. 9) are a proxy

for the leaching of major base elements—including Mg, Na, K, and Ca—

relative to Ti, and two distinct trends can be seen in the profile for bulk

non-calcareous paleosol matrix. There is a distinctive trend in decreasing

translocation of Ca relative to Ti, which appears to be in two steps (Fig.

9B). The upper 30 cm of the interval shows markedly higher, whereas the

lower 50 cm show markedly lower, proportions of Ca/Ti values; Na, Mg, or

K relative to Ti do not show a trend similar to that of Ca/Ti. Rather, Na

remains relatively constant to a depth of 50 cm and, thereafter, increases

towards the bottom of the paleosol profile; both Mg and K remain

relatively constant showing a slight decrease in values downward through

the profile. Base loss uses only bulk-rock compositional data and excludes

any material associated with paleosol nodules. Hence, the Ca/Ti trend

reflects only that of the matrix, which also plots similarly to profile trends

for calcification (Fig. 9E). Other molecular weathering ratio trends show a

two-stepped change over the profile, although the position at which these

excursions occur is not always coincident.

Trends in clayeyness (Al/Si) and mineral maturity (Si/Al) mirror each

other in the profile (Fig. 9C, G). There is a decrease in mineral maturity to

a minimum value at 50 cm below the top of the soil, whereafter the values

increase. In contrast, an increasing trend in clayeyness occurs to a depth of

50 cm, whereafter values decline. Values for salinization ([KþNa]/Al) do

not vary significantly in the uppermost 50 cm and increase towards the

base of the profile (Fig. 9F). Similarly, mineral-assemblage stability (Fe/K)

values show a decreasing trend in the upper 20 cm, beneath which the

maximum value occurs (Fig. 9D). Thereafter, mineral-assemblage stability

values decrease to a depth of 60 cm and, then, increase up to near the

maximum value in the profile. CIA-K values calculated for this Vertisol

profile range from a low value of 64 at a depth of 10 cm to a high value of

82 at a depth of 50 cm, which is the same horizon at which there is an

inflection point in the molecular weathering ratios and highest mineral-

stability values. CALMAG values range from a low of 51 at a depth of 20

m to a high value of 68 at a depth of 80 cm (see Fig. 9E).

Mass-Balance Trends.—Mass-balance plots show the relative translo-

cation of major cations down the paleosol profile relative to Ti, which is

considered to be an immobile element (Driese et al. 2005). Mass-balance

values are calculated using geochemical data from the C horizon,

interpreted in the profile where primary structures are preserved (Figs. 5,

6). Due to the high variability in relative cation enrichment or depletion

depending on which immobile element is used in the calculation, only the

major trends are described here. Studies of modern Vertisols often have

chosen to use Ti (Driese et al. 2000). This is because calculations using Zr

are demonstrated to be biased when sand and coarse-silt clasts are present

(Stiles et al. 2003a) and the distribution of zircon minerals amongst the

profile lithologies is often heterogeneous. In contrast, Ti generally is

preserved in the clay-rich intervals and is better suited for mass-balance

calculations of volume change and mobile-element translocation during

petrogenesis (Stiles et al. 2003a, 2003b). Hence, although plots for both

FIG. 5.—Centimeter-scale measured section of the basal paleosol interval in which

the most complete profile occurs. A thin, lenticular siltstone eroded into the top of

the profile, and is indicated by a white arc. Fourteen samples are identified from

which whole-rock geochemistry (G) and thin sections (T) were completed, and

representative nodules (N) were cut, surfaces polished, and d13C and d18O stable-

isotope analyses undertaken. Sample numbers coordinate with thin sections imaged

in Figure 6. Scale in decimeters.
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FIG. 6.—Representative thin sections of each Vertisol horizon identified in Figure 4. A) Sample 280517.5 in the Bkss horizon shows homogenization, millimeter-scale

mudclasts (MC), and opaque sub-millimeter scale euhedral pyrite (P). B) Sample 280517.6 near the contact between the Bkss and underlying Btk horizons in which clay

linings and homogenization occur. C) Sample 280517.7, showing peds (Pd) and inclined silt-filled burrows (B). D) Sample 280517.8 from the lower part of the Btk horizon

where mudclasts or peds (MC/Pd) occur in a silty matrix with opaque sub-millimeter scale, opaque euhedral pyrite crystals (P). E) Sample 280517.10 from the mottled Bw

horizon in which relict bedding (Rb) is crosscut by a millimeter-scale vertical burrow (B) and sub-millimeter scale opaque, pyrite crystals occur. F) Sample 280517.11 from

the mottled Bw horizon in which a centimeter-scale, inclined silt-filled burrow is observed. G) Sample 28057.12 from the underlying C horizon in which basal lamination is

overlain by centimeter-scale ripples. A centimeter-scale burrow (B) that is silt-filled contains sub-millimeter scale, opaque pyrite (P). H) Sample 290517 from the base of the

C horizon in which sub-millimeter scale lamination and ripples are preserved, along with either soft-sediment (Sd) or dewatering (Dw) structures. Vertical, sub-millimeter

scale burrows (B) cross cut lamination. Scale in cm; arrows on slide indicate stratigraphic up.
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sets of calculations were undertaken (Fig. 9A–H), the results focus on the

trends exhibited in the graphs using Ti as the immobile element (Fig. 10).

Four proxies are presented from these mass-balance calculations:

redoximorphy, clay accumulation, carbonate leaching, and biocycling.

Redoximorphy measures the translocation of Mn and Fe (Fig. 10A), and

although Fe relative to Ti appears to be somewhat enriched near the top of

the soil profile, Mn exhibits a marked two-step plot similar to those data on

molecular weathering ratio (e.g., Fig. 9E, H). Here, an increase in Mn is

found in the upper 30 cm of the soil profile, whereafter there is a

significant decrease in the element to a relatively constant value

approaching zero. That negative excursion in Mn begins beneath a nodular

horizon in which concretions attain a length of 20 cm. Clay accumulation

measures the translocation of Si, Al, Na, and K (movement of authigeni-

cally formed and detrital phyllosilicates downward through the soil). Once

again, there is a two-stepped trend in all of these values with significant

changes below a depth of 50 cm (80 cm in graphs; Fig. 10B) in the soil

profile. Si exhibits a relatively constant value across the interval, with the

maximum value at 60 cm depth in the profile (90 cm in graph). Both Al

and K are enriched in the upper 50 cm of the profile and decrease towards

the bottom of the paleosol, indicating a decrease in phyllosilicate in the

lower part of the profile. In contrast, Na exhibits a trend opposite to those

of Al and K, with negative values in the upper soil horizons and a distinct

positive excursion at a depth of 60 cm (90 cm in graphs; Fig. 10B).

Carbonate leaching measures the translocation of Ca and Mg. Mg is

slightly enriched from 10 to 50 cm beneath the paleosol top (40–80 cm in

graphs) and decreases to values near zero below in the profile. Ca in the

matrix, however, is relatively concentrated between 10 and 30 cm from the

profile top and decreases to the lower soil horizons (Fig. 10C). Biocycling

tracks the translocation of P and, again, there is a two-stepped trend in

these data (Fig. 10D). The uppermost 30 cm of the interval shows an

oscillation in positive values of P relative to Ti, followed by a distinct

negative excursion at –30 cm. A decrease from positive to negative values

occurs in the underlying siltstone (–40 to –100 cm).

Stable-Isotope Geochemistry.—Four large calcite-cemented nodules

were analyzed. Two nodules originate from the calcic Vertisol, collected at

a depth of 40 cm in the profile, and two of which were collected in a

nodular horizon in an incomplete soil profile immediately above the top of

FIG. 7.—Macroscopic features of upper Daptocephalus Assemblage Zone calcic Vertisols. A) Katbergia burrows of . 1 cm diameter in the basal intervals. B) Scattered

small (1–2 cm diameter) and large (5–20 cm diameter) calcite-cemented nodules in the Btk horizon. Large-diameter nodules in the upper part of the image define a horizon

that can be traced laterally across the limited outcrop. C) Slickensides of a grayish-red color crosscutting greenish-gray siltstone. D) Cut and polished surface of a septarian

cracked nodule, with a light greenish-gray surface color, from the Bw horizon from which stable d13C and d18O stable-isotope analyses were done (Table 1). Scales in

millimeters, centimeters, and white-and-orange decimeters.
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the interval. Only micrite cements were sampled, and both the centers and

periphery of the nodules were analyzed (Fig. 7D). Values for d13C

(%VPDB) range from –8.6 to –5.4, and values for d18O (%VPDB) range

from –21.2 to –21.7 (Table 2).

DISCUSSION

The recognition of a succession of calcic Vertisols in the Upper

Daptocephalus Assemblage Zone, along with the petrographic and

geochemical characterization of one paleosol interval, allow for an

assessment of their stratigraphic and paleoclimatologic implications for

the Changhsingian of the Karoo Basin. When we compare our results with

previous climate interpretations for this time, estimates of mean annual

temperature (MAT) and mean annual precipitation (MAP) differ from those

previously proposed by other workers using different proxy data (see

below). Herein, we propose a landscape-drainage model for the latest

Permian landscape to account for the variance in observed physical and

geochemical features of these polygenetic soils.

Stratigraphic Implications

Late Permian (Lower Beaufort) and Early Triassic paleosols in the

Karoo Basin were reported first by Smith (1990, 1995), who recognized

three Permian and one Triassic pedotype. Originally, each pedotype was

interpreted to represent a component of a lateral gradient across one

floodplain landscape in the Pristerognathus Assemblage Zone, Lower

Beaufort Teekloof Formation (Wuchiapingian; Rubidge et al. 2013). Smith

(1990) envisioned a relatively immature greenish calcic paleosol (¼
Protosol; after Mack et al. 1993; Tabor et al. 2017) in which vertical

calcareous tubules, rhizoconcretions, and small (, 10 cm diameter)

calcareous nodules characterized pedogenesis along a channel bank or

levee. Proximal to this soil type, and interpreted as having formed adjacent

to meanderbelt slopes, were paleosols of a reddish-brown (maroon) color

in which slickensides and calcareous glaebules are common (¼Vertisol). In

the more distal parts of the floodbasin, dark brown to green paleosols are

reported in which laminated green siltstone and sandstone beds and

calcareous nodules are less common, and are often accompanied by small

septarian nodules and ‘‘rosettes’’ of quartz pseudomorphs after gypsum (¼

Gypsisols; Smith 1990). Subsequently, this paleosol continuum also was

interpreted to occur in the upper Beaufort Formation of the Dicynodon

(Daptocephalus) Assemblage Zone (Smith 1995). A single pedotype

replaced these in the overlying Lystrosaurus Assemblage Zone, interpreted

by many workers as Triassic in age (but see Gastaldo et al. 2015, 2017,

2018, 2019b, 2020). That pedotype is characterized as mainly reddish-gray

and exhibiting sporadic green mottling around rhizoconcretions, in which

horizons of well-developed calcite nodules and sand-filled desiccation

cracks occur (¼ Calcisol; Smith 1995). Subsequently, Retallack et al.

(2003) proposed an array of latest Permian and earliest Triassic pedotypes

for the stratigraphic interval encompassing the transition from the

Daptocephalus to Lystrosaurus Assemblage Zones. We retain the

classification of Mack et al. (1993) and Tabor et al. (2017) because the

paleosol scheme of Retallack et al. (2003) has been shown to be non-

utilitarian and ambiguous (see discussion in Gastaldo et al. 2014). As such,

it has not been applied to paleosols in the basin by subsequent workers

(e.g., Ward et al. 2005; Smith and Botha 2005; Smith and Botha-Brink

2014; Viglietti et al. 2016, 2018).

The gleyed calcic Vertisols in the 527/Quaggasfontein section share

physical characteristics with previously described pedotypes in the

Teekloof Formation (Smith 1990). The presence of abundant and scattered

1–5-cm-diameter spherical nodules, rare horizons of bedded larger

nodules, occasional septarian concretions, and slickensides compare well

with features described for that formation’s proximal floodbasin facies

(Smith 1990;¼ Entisols of Smith 1995). Mottling is a reported feature of

the distal-floodplain pedotype (Smith 1990), although this character is a

function of redox conditions in response to water-table oscillation rather

than to any specific position along a floodplain gradient (e.g., Tabor et al.

2017; Gastaldo et al. 2019a). Hence, these upper Daptocephalus

Assemblage Zone paleosols, as defined by their stratigraphic position

relative to the boundary between vertebrate-assemblage zones (Viglietti et

al. 2016, 2018), exhibit the general characteristics of many Late Permian

paleosols. As discussed below, several additional macroscopic features are

components of these intervals.

The ichnotaxon Katbergia, interpreted by Gastaldo and Rolerson (2008)

as a decapod crustacean burrow inhabiting wet (oxygenated) soil

conditions, is common. Its centimeter-diameter burrow casts (Figs. 6F,

7A) are preserved in the limited exposures of four of the seven gleyed

calcic paleosols. These trace fossils, generally, are restricted to the lower

half of each interval. In contrast, adpressions of millimeter- to centimeter-

diameter plant axes are encountered where Katbergia burrows were not

observed, indicating that these paleosols experienced a range of pore-water

geochemistries from oxic to dysoxic or anoxic (Gastaldo and Rolerson

2008). Fluxes in redox conditions also are indicated by the presence of

small, 0.5 mm crystals of euhedral pyrite (a petrographically opaque

mineral) in both burrow fills and surrounding matrix (Fig. 6E, G) where

there was activity of sulfur-reducing bacteria. Pyrite crystals often are

found at bedding contacts and scattered across their surfaces in crossbed

sets of the very-fine-sandstone bodies of the 527/Quaggasfontein–

Piernaarbaken, and other, stratigraphic sections in the area (Kus et al.

2017). These pyrite concentrations in bedload deposits indicate a

paleoenvironmental origin associated with landscape degradation, erosion

of calcic Vertisols in response to changes in fluvial gradient (Gastaldo and

Demko 2011), and depositional stasis in fluvial channel systems. To date,

isolated or distributed pyrite, either in paleosol profiles or fluvial deposits,

has not been reported from the Daptocephalus Assemblage Zone, and its

genesis is still not understood fully.

The unexpected occurrence of pyrite throughout the lowermost 70 m of

the stratigraphy at 527/Quaggasfotnein indicates that there must have been:

1) a significant and somewhat repetitive or persistent sulfur source, 2) early

diagenetic conditions promoting sulfur-reducing bacterial activity, and 3)

periodic pore-water anoxia. Thomas et al. (2011) note that sulfur in modern

soils typically originates from a marine source. However, there is no

FIG. 8.—Ternary diagram plotting quartz, opaques, and feldsparþmica of thin-

section point counts (N ¼ 3134) of coarse-silt-sized grains along paleosol profile.

Arrow indicates a down-profile trend in the relationship of these clasts, and the

boxed samples in the legend delimit the upper and lower boundaries of the calcic

Vertisol profile detailed herein.
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FIG. 10.—Mass-balance plots for redoximorphy, clay accumulation, carbonate leaching, and biocycling versus profile depth following Driese et al. (2000). Data were

calculated against C horizons identified at depths of 30 cm and 110–120 cm. A) Translocation of Mn and Fe through the calcic Vertisol profile versus Ti as the immobile

element. B) Translocation of Si (dashed line), Al (long dashed line), Na (solid line), and K (short dashed line) across the Vertisol profile using Ti as the immobile element. C)

Translocation of Mg and Ca in the 1.3-m calcic Vertisol profile using Ti as the immobile element. D) Translocation of P in the calcic Vertisol profile using Ti as the immobile

element.
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evidence for any marine influence in this part of the Karoo Supergroup;

marine-influenced waters are responsible for deposition of the older

Dwyka and Ecca groups in the Karoo Basin (Fig. 1). The Beaufort and

overlying lithostratigraphic groups are fully continental in origin. Where a

marine source is absent, an alternative sulfur source is atmospheric dust or

sulfur-rich aerosols (Thomas et al. 2011). Maruoka et al. (2003) report

elevated sulfur concentration in rocks at, and just below, the vertebrate-

defined PTB in two sections at the town of Senekal in the northern Free

State Province where outcrops represent a more condensed stratigraphy. In

contrast, Coney et al. (2007) were not able to replicate these results from

the more complete stratigraphic record exposed at Old Wapadsberg Pass.

Enhanced sulfide values were attributed by Maruoka et al. (2003) to acid

rain as a consequence of volcanism and, specifically, the emplacement of

the Siberian Traps. Another, perhaps more likely, sulfur source for the Old

Wapadsberg Pass succession is repeated Late Permian volcanic activity in

the Cape Fold Belt where a final phase of orogenesis is dated at ~ 253 Ma

(Blewett and Phillips 2016).

Paleoclimate Implications

Paleosol geochemical data can be used to estimate several paleoclimate

components, or factors, including mean annual precipitation (MAP) and

mean annual temperature (MAT; Sheldon and Tabor 2009), using molar

ratios of CIA-K and salinization, respectively. MAP estimates are derived

from CIA-K and CALMAG values, and are calibrated for precipitation

values between 200 and 1600 mm/year using the equation

MAP mm=yearð Þ ¼ 221e0:0197 CIA-Kð Þ ð6Þ

where the CIA-K¼ 100 x [Al2O3/(Al2O3þCaOþNa2O)] with an error of

6 181 mm/year (Sheldon and Tabor 2009). Nordt and Driese (2010) also

developed an empirical equation relating MAP to CALMAG:

MAP ¼ 22:69 � CALMAG� 435:8 ð7Þ

with a standard error of 6 108 mm/yr and an R2¼ 0.90 for the empirical

fit. The CIA-K and CALMAG values of the Bt horizon are used to

calculate MAP (Sheldon and Tabor 2009), which is 50 cm below the top of

the Quaggasfontein soil profile (Fig. 9 at arrow; Table 3). The MAP

estimate from the Vertisol soil profile is 1080 6 181 mm/year using CIA-

K and is similar (1110 6 108 mm/year) to the CALMAG value at the same

position in the paleosol profile.

MAT is estimated from salinization values, S (Fig. 9F) as follows:

T 8Cð Þ ¼ �18:5 Sþ 17:3 ð8Þ

where S is the salinization ([KþNa]/Al) value of the Bt horizon (located

30–60 cm from the paleosol top) and standard error is 6 4.48 C with an R2

¼0.37 for the empirical fit (Sheldon and Tabor 2009). Similar to above, the

salinization value originates from the same position in the Bt horizon, 50

cm below the top of the soil profile (Fig. 9 at arrow; Table 3). The estimate

of MAT is 10 6 48 C.

Values of d13C obtained from micrite cements of the larger nodules in

the paleosol profile cluster at –8.6 and –5.4 (Table 1). As established in

previous work (Tabor et al. 2007; Gastaldo et al. 2014), large differences of

d13C between calcite and organic matter (OM) indicate that soil

development occurred under well-drained conditions at the time of

calcite-cement genesis and nodule formation (Gastaldo et al. 2014). The

TABLE 1.—Results of major-element-oxide (including Ti and Zr) ICP-MS analyses, ALS Laboratories, Las Vegas, Nevada (January 27, 2018) and total

organic carbon (TOC) and total organic nitrogen (TON), Perkin Elmer 2400 Elemental Analyzer, Colby College.
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SAMPLE SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Cr2O3 TiO2 MnO P2O5 SrO BaO LOI Total TOC TON Zr

DESCRIPTION % % % % % % % % % % % % % % % % % ppm

280517.1 70.3 13.8 2.82 1.87 1.59 2.8 2.46 , 0.01 0.47 0.05 0.18 0.05 0.06 3.07 99.52 0.59 0.04 252

280517.2 65.5 14.55 4.37 2.69 1.88 2 3.23 0.01 0.54 0.08 0.14 0.03 0.06 4.62 99.7 0.24 0.05 213

280517.3 63.9 14.3 4.67 3.41 1.79 1.82 3.32 0.01 0.53 0.13 0.15 0.03 0.06 5.22 99.34 0.71 0.06 192

280517.4 64.6 14.5 4.73 2.36 1.68 1.88 3.37 0.01 0.54 0.07 0.12 0.03 0.06 4.49 98.44 0.51 0.06 193

280517.5 59.9 14.25 4.77 4.9 1.7 1.69 3.51 0.01 0.53 0.11 0.15 0.04 0.16 6.28 98 0.57 0.07 189

280517.6 64.2 14.85 4.86 2.83 1.7 1.81 3.66 , 0.01 0.55 0.09 0.13 0.03 0.07 4.66 99.44 0.87 0.09 214

280517.7 62.4 14.65 5.44 3.44 1.79 1.79 3.59 0.01 0.57 0.14 0.13 0.02 0.06 5.24 99.27 0.5 0.05 170

280517.8 65.9 15.4 4.86 1.73 1.64 2.07 3.82 0.01 0.55 0.06 0.11 0.03 0.07 3.93 100.18 0.4 0.08 213

280517.9 64.4 15.7 5.05 1.82 1.65 1.94 4.07 0.01 0.57 0.05 0.13 0.02 0.08 4.09 99.58 0.38 0.05 195

280517.1 67.4 14.9 3.99 1.91 1.33 2.62 3.38 0.01 0.53 0.04 0.1 0.04 0.07 3.43 99.75 0.3 0.05 269

280517.11 65.7 14.95 4.43 1.79 1.45 2.53 3.51 0.01 0.56 0.04 0.1 0.04 0.07 3.84 99.02 0.26 0.07 258

280517.12 69.4 14.5 4.1 1.26 1.36 2.77 2.96 , 0.01 0.58 0.05 0.11 0.04 0.06 3.09 100.28 0.53 0.04 228

280517.13 67.9 14.6 4.66 0.96 1.54 2.29 3.16 0.01 0.61 0.04 0.11 0.03 0.06 3.18 99.15 0.3 0.05 190

280517.14 66 15.7 5.04 1.23 1.57 2.48 3.59 0.01 0.61 0.04 0.12 0.04 0.07 3.65 100.15 0.3 0.08 232

TABLE 2.—Weight% of calcium carbonate, d13C (%VPDB), standard deviation of 13C, d18O (%VPDB), and the standard deviation of 18O obtained

from micritic calcite. Nodules collected at a depth of 70 cm were analyzed at their centers and peripheries to ensure whether the genesis of septarian

cracks had altered their signature.

Sample ID Weight% CC d13C (%VPDB) d13C Std Dev d18O (%VPDB) d18O Std Dev 18O (%VSMOW)

280517.3 nodule 25 –8.62 0.007 –21.24 0.007 9.02

280517.8 nodule center 59 –8.08 0.013 –21.24 0.031 9.02

280517.8 nodule periphery 64 –5.49 0.009 –21.71 0.013 8.54

280517.8 nodule periphery R 62 –5.49 0.016 –21.67 0.004 8.58

Lower calcic paleosol 57 –5.44 0.021 –21.71 0.02 8.54

Upper calcic paleosol 60 –5.58 0.005 –21.59 0.043 8.66
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observed variability is large and, likely, corresponds to variable water

availability and biological soil activity. Both processes affect the d13C of

soil CO2 and corresponding d13C values of calcite through time. A similar

set of values was reported by Gastaldo et al. (2014) for a short concretion-

bearing interval at NWP that sits stratigraphically higher than those in the

527/Quaggasfontein–Pienaarsbaken section (Fig. 11). These NWP values

are in contrast to more negative values throughout the rest of that section,

many of which are indicative of a methanogenic origin in waterlogged

conditions for the micrite cement (Tabor et al. 2007). The presence of

Katbergia burrows in other coeval localities, along with d13C values of

micrite cement in entombing nodules, are interpreted to reflect more water-

saturated pore spaces at the time of invertebrate colonization and

burrowing activity. Hence, the conditions under which the gleyed calcic

Vertisol formed appear to have been polygenetic, and these paleosols are

interpreted as compound or composite soils (sensu Marriott and Wright

1993). They reflect an aggradational and degradational history (Gastaldo

and Demko 2011) characterized by variable drainage conditions from

poorly drained to better drained during their formation.

Based on field observations and data acquired, we envision the

mechanisms and processes responsible for the formation of this soil, and

probably others in the 527/Quaggasfontein succession, to be part of a five-

step depositional and weathering process (Fig. 12). The stratigraphic

stacking patterns appear to begin with deposition of overbank fines on the

floodplain that are associated with plant debris in poorly drained conditions

conducive to preservation of organic matter (DiMichele and Gastaldo

2008; Fig. 12A). Crosscutting relationships of ichnotaxa and rooting

demonstrate a slight improvement of drainage that allow for the

colonization by burrowing invertebrates and stabilization by plants,

pioneered into a newly established better, but variably drained, landscape.

This condition is evidenced by Katbergia burrows at the exclusion of

fossilized plant debris (Fig. 12B) and represents the initial episode of

pedogenesis associated with the lower parts of the paleosol. The incipient

stages ceased as burrow backfilling and poor drainage continued (Fig.

12C). Petrographic observations of weathered materials (opaques) and

substantially higher %LOI values from 30 to 80 cm, paralleling a trend in

phyllosilicates, indicates a second episode of downcutting, a lowering of

the water table, and improved drainage conducive to down-profile

translocation of fine-grained materials (i.e., argillic Bt horizon). Further-

more, these improved drainage conditions also translocated Ca2þ in

conjunction with clays down the soil profile, allow for the precipitation of

calcite cements (Btk; Fig. 12D).

A common feature of Alfisols and other soils with argillic horizons in

bottomland settings is a trend toward poorer drainage due to reduced

permeability and porosity in the argillic horizon. This commonly leads to

pedoturbation, the formation of slickensides, and development of vertic-

type morphologies. Hence, we envision the final phase of pedogenesis to

be associated with the return of a higher local or regional water table, and

formation of a near-surface Bkss horizon. Under these conditions,

slickensides develop in association with the pre-existing upper parts of

an argillic horizon (e.g., Weitkamp et al. 1996) along with renewed

carbonate precipitation (Fig. 12E). This succession of events describes the

complicated processes and mechanisms of a single profile, one of seven

recognized in this stratigraphy (Fig. 3).

It is important to note that the interpretation of variable drainage is

supported by lateral facies relationships and stratigraphic variability that

demonstrates incision, channelization, and backfilling of an equivalent

thickness to the interval in which a succession of calcic Vertisols is

preserved. We also emphasize that substantially improved drainage

occurred across the interfluves during incision and channelization of the

largest channel (Fig. 3). This was a period during which improved drainage

promoted the formation of argillic soil horizons. It is possible that each

paleosol profile has a major channel-incision phase associated with it.

Collectively, the scenario outlined here explains the trends observed in

profile-scale elemental ratios, CIA-K and CALMAG trends, LOI, and d13C

data.

Comparison with Previous Paleoclimate Interpretations

Smith (1995) emphasizes several paleosol features of the Lystrosaurus

Assemblage Zone that are indicative of modern calcretes. These include

the presence of calcareous nodules and nodular horizons, along with

carbonate-enriched desiccation cracks, all of which are interpreted to be

indicative of warm, semiarid conditions. Estimates for both MAT (16–208

C) and a highly seasonal rainfall (100–700 mm/yr) are reported in Smith

(1995) based on observations reported in Reeves (1976) and Semeniuk and

Searle (1985), respectively.

TABLE 3.—Molecular weathering proxies, Chemical Index of Alteration minus potassium (CIA-K), CALMAG, estimates of mean annual precipitation

(MAP) using CIA-K and CALMAG, and estimate of mean annual temperature (MAT). Bt horizon was identified using the positive CIA-K excursion at a

depth of 80 cm.

Depth in

Profile

(m)

Base Loss Clayeyness

Mineral

Assemblage

Stability Calcification Salinization

Mineral

Maturity molar ratio

Na/Ti Ca/Ti K/Ti Mg/Ti Al/Si Fe/K (CaþMg)/Al (KþNa)/Al Si/Al

Al /

(AlþCaþNaþK) CALMAG CIA-K

MAP:

CALMAG

MAP:

CIA-K MAT

0 7.68 5.67 4.44 6.70 0.12 0.68 0.54 0.53 8.64 56.40 65.03 63.28 1039.74 768.83 7.56

–0.1 4.77 7.10 5.07 6.90 0.13 0.80 0.66 0.47 7.64 55.48 60.14 64.01 928.69 779.88 8.67

–0.2 4.43 9.17 5.31 6.69 0.13 0.83 0.75 0.46 7.58 52.79 57.14 60.87 860.69 733.06 8.78

–0.3 4.49 6.23 5.29 6.17 0.13 0.83 0.59 0.46 7.56 56.79 62.94 66.26 992.22 815.23 8.70

–0.4 4.11 13.17 5.62 6.36 0.14 0.80 0.93 0.46 7.13 47.92 51.90 54.94 741.75 652.23 8.76

–0.5 4.24 7.33 5.64 6.13 0.14 0.78 0.64 0.47 7.34 55.13 61.13 64.64 951.13 789.65 8.66

–0.6 4.05 8.60 5.34 6.22 0.14 0.89 0.74 0.47 7.23 52.82 57.61 61.43 871.29 741.21 8.67

–0.7 4.85 4.48 5.89 5.91 0.14 0.75 0.47 0.49 7.26 59.04 67.86 70.16 1104.02 880.29 8.24

–0.8 4.39 4.55 6.06 5.74 0.14 0.73 0.48 0.48 6.96 59.01 67.73 70.72 1100.91 890.09 8.35

–0.9 6.37 5.13 5.41 4.97 0.13 0.70 0.46 0.53 7.68 56.56 68.55 65.69 1119.59 806.11 7.41

–1 5.82 4.55 5.32 5.13 0.13 0.74 0.46 0.53 7.46 57.14 68.35 66.84 1115.16 824.62 7.45

–1.1 6.23 1.93 5.52 4.86 0.13 0.70 0.31 0.54 7.49 60.62 73.92 71.64 1241.52 897.60 7.25

–1.2 4.84 2.24 4.39 5.00 0.13 0.87 0.39 0.49 7.89 62.04 72.14 72.59 1200.95 923.53 8.19

–1.3 5.24 2.87 4.99 5.10 0.14 0.83 0.40 0.51 7.13 60.61 71.67 71.31 1190.35 900.54 7.91
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It is unclear from these references as how climate constraints were

determined for Lystrosaurus Assemblage Zone calcic paleosols by Smith

(1995). Reeves (1976) describes the Quaternary deposits of the Southern

High Plains, defined by the presence of a caliche ‘‘caprock’’ of the Ogallala

Formation, which extends across parts of Texas and New Mexico, USA.

Aridification in these Quaternary deposits is exhibited by: 1) well

developed B horizons above Cca (or BCk) horizons in the ‘‘Sangamon

Soil’’; in the Wisconsinan paleosurfaces 2) the presence of gypsum and

carbonate-cemented lenses in the Tahokan deposits associated with

shoreline lake deposits; and 3) small epsomite-and-gypsum crystals and

occasional rosettes in the Double Lakes Formation. Reeves (1976, p. 223)

interprets an overall semiarid climate in which the area ‘‘perhaps’’

experienced wetter intervals or phases. The only discussion of temperature

pertains to his estimate of a 108 C cooler mean summer temperature during

the last full glacial episode, and precipitation estimated at 38 00/yr (950 mm/

yr) during the last full glacial. These values were derived from sediment

cores recovered in small, closed basins (Reeves 1976, p. 225). Earlier,

Reeves (1970) noted that the present extent of calcic soils is marked by the

~ 25 00/yr (625 mm/yr) rainfall line with a MAT of 608 F (15.68 C) in the

area. Semeniuk and Searle (1985) describe Holocene calcrete soils in

relation to subtropical to semiarid climates along the coastal plain of

southwestern Australia. Here, MAT varies from 218 to 238 C, and is

accompanied by a precipitation regime ranging from 480 mm/yr to 990

mm/yr (Semeniuk and Searle 1985, their Table 1). As such, we assert that

only current MAT and MAP estimates provided herein can be considered

reliable for the interval spanning the Daptocephalus–Lystrosaurus AZ

boundary.

The distribution of paleosol types, along with the stable-isotope

geochemical trends, in the Wapadsberg Pass area demonstrate episodic

changes in drainage, interpreted to reflect the influence of climate, in the

FIG. 11.—Physical correlation of the measured sections in the area. The physical correlation between the 527/Quaggasfontein and Old Wapadsberg Pass sections uses a

prominent sandstone bench at a stratigraphic position of ~ 135 m, which can be physically walked (traced) for 0.9 km, into the Lystrosaurus Assemblage Zone. This

correlation was augmented by measuring the vertical stratigraphic distance between the sandstone bench and boundary proposed by Smith and Botha-Brink (2014). Note the

discrepancy in: 1) the stratigraphic position of the assemblage-zone boundary (¼PTB; Ward et al. 2000, 2005; Smith and Botha-Brink 2014) based on RS169 (D. laceriteps),

the reported position of which is 52 m below it, and the placement of that boundary in the OWP section (Ward et al. 2000, 2005; Smith and Ward 2001; Smith and Botha-

Brink 2014); 2) the occurrence of the Daptocephalus Assemblage Zone taxon, L. maccaigi (RS175) reported by Smith and Botha-Brink (2014) at a stratigraphic position 25

m below the boundary, approximately 50 m into the Lystrosaurus AZ; and 3) the disparity in the reported (values in brackets) and actual stratigraphic positions of

Tetracynodon (SAM-K-10218) and L. declivis (RS115). We note that all three of these specimens are reported to have been collected from an area with little local topographic

relief. The correlation between OWP and NWP is that documented by Gastaldo et al. (2014) which, in part, is based on the occurrence of stacked Protosols in which Prevec et

al. (2010) report a well-preserved Glossopteris flora of late Chanhsingian age. A d13C curve, based on values obtained from in situ carbonate-cemented nodules from the

Quaggasfontein (current study), Old and New Wapadsberg Pass sections (Gastaldo et al. 2014), identifies at least two, and possibly three, oscillations in drainage, interpreted

in response to climate, during the upper Daptocephalus Assemblage Zone. Stratigraphic column scale in meters.
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late Changhsingian (Fig. 11). Using stable oxygen- and carbon-isotope

data obtained from bone and teeth, Rey et al. (2016) also interpret a change

in climate during the Late Permian, albeit on much longer timescales. They

propose that a slight decrease in continental d18Op V-SMOW values across

the Capitanian–Wuchiapingian equates to a drop in temperature ranging

between 3 6 98 and 3.5 6 118 C. They equate this trend to correspond

with the global signal in the marine record of the end-Capitanian event

with a question mark (Rey et al. 2016, their Fig. 4). The Capitanian–

Wuchiapingian trend is accompanied by a negative shift in values for d13C

V-PDB through this interval, from –10% to –31%, with the most negative

average value at the top of the Cistecephalus Assemblage Zone (N ¼ 3;

Rey et al. 2016, their supplemental data Table 1). The trend in d13C values

becomes more positive in the Lower Daptocephalus AZ where the average

value is reported to be –13.5% (N ¼ 6), whereas the average d13C value

obtained from bone in the Upper Daptocephalus AZ is reported to

decrease to near –16%. The latter value represents a minimum based on a

FIG. 12.—Mechanistic, process-based model for the formation of paleosols in the Quaggasfontein stratigraphic succession. A) Pre-pedogenesis deposition of siltstones and

associated fossil-plant organic matter in relatively quiet, slack-water environments, such as mini-basins or palustrine ponds across the fluvial floodplains under poorly drained

conditions. B) Subsequent lowering of the water table leads to variable, but overall improved, drainage permissive of colonization by burrowing aerobic organisms (Katbergia

ichnofossil) as well as rooting plants that, at least, partially disturb sedimentary bedding leading to the destruction of previously buried organic matter and, perhaps, some color

mottling associated with redistribution and concentration of Fe and Mn oxides. C) A return to poor drainage, backfilling of channels, and overbank sedimentation results in a

cessation of incipient pedogenesis associated with development of phase (B). D) Another regional drop in groundwater table, associated with a change in fluvial gradient,

leads to incision of fluvial channels and better drainage across the interfluvial floodplains. During this episode of downcutting, free drainage within the interfluvial soils

permits vertical, piston flow of precipitation and down-profile translocation of fine materials leading to formation of an argillic (Bt) horizon and leaching of Ca2þ to form

horizons of subsurface carbonate cements (Bk). E) Formation of a thick argillic horizon reduces permeability and porosity over time and, in conjunction with a rising water

table and eventual burial of the soils, results in a final phase of poor drainage. This phase results in the reworking of the upper parts of the argillic horizon into slickensided soil

materials (Bss) through the process of pedoturbation.
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single sample (PV/GD17, Dicynodon sp. collected from the Elandsberg

Member at Inhoek; Rey et al. 2016, their supplemental data Table 1). We

note, though, that their data indicate an average value for all specimens of

�14% and an average value of –12.5% for all therapsids when the two

additional Upper Daptocephalus AZ samples are included in the

calculation (N¼ 3 6 4.2%). The most positive value reported from bone

from this very small data set is –7.7%, which falls within our d13C values

obtained from calcite-cemented nodules (Table 2). We also note that

average d13C values in the Daptocephalus AZ are not much different from

values in the overlying Lystrosaurus AZ (–13.3% for all taxa, –13.1% for

therapsids).

Two d18Op values are plotted by Rey et al. (2016) in the Upper

Daptocephalus AZ, both of which are ~ 3%, and the trend is described as

an abrupt shift of 8% from the Lower Daptocephalus AZ (although plotted

as an ~ 5% shift; their Fig. 4). These values represent only two (PV/GD14

Therapsidan, PV/GD17 Dicynodon) of the three reported in the

supplemental data set; the d18Op value of the third sample (PV/GD11

Daptocephalus) is 4.5%. When averaged, the d18Op value for the Upper

Daptocephalus AZ is 3.7%, which results in a shift of an ~ 4% (based on

a very limited data set). Using these oxygen-isotope records, Rey et al.

(2016) interpret an abrupt and significant warming of 17 6 58 C at the

‘‘boundary.’’ From whence the three samples originate in the stratigraphy,

other than somewhere in the Upper Daptocephalus, is unknown. Two

samples were collected at Inhoek (one each from the Palingkloof and

Elandsberg members), whereas the third sample comes from Schalkwyk-

skraal (Elandsberg Mbr. adjacent to the Gariep Dam reservoir in the

Eastern Cape Province); neither of these stratigraphic sections have been

described or published, nor have any correlations been made to more

‘‘classic’’ sections in the area.

Trends in Late Permian Drainage

The Daptocephalus Assemblage Zone is subdivided into lower and

upper zones by Viglietti et al. (2016), where the uppermost ~ 170 m is

reportedly characterized by the absence of Dicynodon (but see Gastaldo et

al. 2015, 2017, 2019b) and the continuation of Daptocephalus, which, in

turn, is overlain by the Lystrosaurus Assemblage Zone (Figs. 1, 3). The

exact position of the latter faunal turnover is ambiguous (Gastaldo et al.

2015, 2017, 2019b; Neveling et al. 2016), and Smith and Botha-Brink’s

(2014) vertebrate data at Old Wapadsberg Pass offer no clarification on the

question (Fig. 11). Nevertheless, physical correlation of the 527/

Quaggasfontein stratigraphy with Old Wapadsberg and New Wapadsberg

passes (Gastaldo et al. 2014; supplemental data) demonstrate that the calcic

Vertisol interval lies . 90 m below the horizon at which Smith and Botha-

Brink (2014, their Fig. 3c) place the biozone boundary at Old Wapadsberg

Pass. These soils also lie stratigraphically near the paleosol interval

reported by Gastaldo et al. (2014) in which an autochthonous Glossopteris

flora is preserved (Prevec et al. 2010). The stable-isotope d13C values from

calcite-cemented nodules at Quaggasfontein indicate that micrite cements

in these concretions precipitated under well-drained conditions below to

the immature Inceptisols stratigraphically higher at Wapadsberg Pass (Fig.

11). Gastaldo et al. (2014, their Fig. 9) report in outcrops along the R61

highway that an interval of nodules in which the calcite d13C values are too

negative for cement to have precipitated under well-drained conditions.

These nodules are overlain, within 15 m, by two closely spaced nodular

horizons where the d13C values reflect well-drained conditions. d13C

values stratigraphically above these two horizons exhibit a unidirectional

trend towards poorly drained soils and methanogenic-derived cements (Fig.

11). Hence, with the available data, there appear to be at least two, and

possibly three, changes in the drainage of this part of the Daptocephalus

AZ soils, interpreted to reflect climate cycles recorded ~ 120 m beneath

the reported turnover in vertebrate assemblage zones at Wapadsberg Pass.

Vegetation grew under cool to cold conditions, accompanied by a seasonal

rainfall regime and development of stage II calcic Vertisols (Machette

1985), and periods when soil conditions were more waterlogged, providing

for the establishment of glossopterid forests. The recognition of these shifts

in the latest Chanhsinghian is in contrast with interpretations of rapid and

unidirectional aridification under hot-and-dry conditions (e.g., Ward et al.

2005; MacLeod et al. 2017). The significance of this difference in

interpreted paleoclimatic conditions cannot be overstated. Very different

interpreted patterns are the result of coarse geochemical studies presented

in a generalized composite stratigraphy when compared with those

undertaken within a high-resolution stratigraphic framework. A unidirec-

tional climate shift connotes a more stable trend than the disturbed variance

in water availability that appears to emerge from more detailed scrutiny of

the lithostratigraphy and its geochemical trends in the Upper Daptoce-

phalus Assemblage Zone.

CONCLUSIONS

The development of calcic paleosols in the latest Permian of the Karoo

Basin, before a reported turnover in vertebrate fauna, has been inferred

from the presence of calcite-cemented pedogenic nodules concentrated in

fluvial channel-lag deposits. These are first encountered in the Elandsberg

Member (Gastaldo et al. 2018) and become more common higher in the

Katberg Formation (Pace et al. 2009; Neveling et al. 2016). Yet, to date,

physical evidence for their occurrence has been elusive, primarily because

of multiple episodes of landscape degradation that characterizes this

interval (Gastaldo and Demko 2011; Gastaldo et al. 2015, 2018).

Exposures of the upper Daptocephalus Assemblage Zone adjacent to an

erosional channel fill on farm Quaggasfontein, and ~ 120 m below the

vertebrate biozone boundary in the Old Wapadsberg Pass area, offer the

first insights into not only the formation of these soils, but also into the

prevailing climate conditions under which they developed.

Stage II, calcic Vertisol intervals are characterized by an array of

pedogenic features previously reported for Upper Beaufort Group

paleosols. These include a soil matrix of greenish-gray siltstone, which

may be reddish-gray mottled, accompanied by slickensides and small,

scattered calcareous nodules, or nodular horizons, some of which may

show septarian shrinkage cracks. There are several unique characteristics

of these soils not reported previously. Katbergia burrows, interpreted as

having been excavated by decapod-crustaceans (Gastaldo and Rolerson

2008), are common in the lowermost ~ 30 cm of soils above unaltered C

horizons in which primary structures are preserved. Where the burrowed

interval is absent, adpressions of robust plant debris are preserved.

Micromorphology shows that many pedogenically altered layers are

characterized by single-grain structure. Isolated, euhedral pyrite crystals

are seen in thin section, and coeval Wuchiapingian volcanisms may have

been the source for increased sulfur into the landscape. Erosion of these

soils under a change in climate regime accounts for the presence of

euhedral pyrite grains along bedding planes of crossbed sets in coeval

fluvial channel deposits.

Whole-rock geochemical analyses of one calcic Vertisol profile

demonstrate two phases of development. The older and basalmost interval

in which either Katbergia burrows or plant detritus occurs exhibits no

down-profile trend in elemental values. In contrast, elemental values in the

younger and upper soil, in which calcite-cemented nodules of varying sizes

are most common, do exhibit down-profile trends. CIA-K values of

sampled horizons range from 55 near the top to 72 near the bottom and, in

combination, are used to interpret a polygenetic origin for the paleosol.

Stable-isotope values of d13C, obtained from micrite cements in larger

nodules, indicate that these cements precipitated under well-drained

conditions characterized by open-system gaseous exchange with the

overlying Permian atmosphere. Micrite cements were not a product of

anoxia and closed-system methanogenesis in soils characterized by

undersaturated pore waters, or waterlogged conditions. Estimates of
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MAT and MAP indicate that the prevailing climate at the time of

pedogenesis was seasonally cold (MAT¼10.2 6 4.48 C) and humid (MAP

¼1083 6 181 mm/year). Physical correlation of the stratigraphic section at

527/Quaggasfontein and d13C values from our previously published

stratigraphies at Old Wapadsberg and New Wapadsberg passes (Gastaldo et

al. 2014) indicate that the Late Permian landscape experienced episodically

wet and episodically dry phases that alternated. Conditions under which

these soils formed are interpreted to reflect differences in the prevailing

climate. Hence, there is an overall wetting trend in the Wapadsberg Pass

region towards the Daptocephalus–Lystrosaurus Assemblage Zone

boundary, which is used by several workers to mark the end-Permian

crisis that is reported to have rapidly occurred under dry and hyperarid

conditions. There is no evidence in the Wapadsberg Pass area to support

this narrative.

SUPPLEMENTAL MATERIAL
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