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ARTICLE INFO ABSTRACT

Keywords: The Nama Group of southern Namibia and northwestern South Africa hosts the best-dated mixed carbonate-
Ediacaran siliciclastic foreland basin succession of the terminal Ediacaran [ca. 551 million years (Ma) ago to <538 Ma]
Geochronology

and is key for resolving the chronology of early metazoan evolution. Numerous silicified volcanic tuff interbeds
are present, but differing interpretations regarding the fidelity of their ages lead to different regional strati-
graphic correlations, especially for the Urusis Formation of the Schwarzrand Subgroup. An expanded record of
the Urusis Formation is found in the Swartpunt area of southern Namibia, which has yielded an important
metazoan biota. But the succession in this area is preserved as a series of thrusts at the leading edge of the Gariep
orogenic belt and zircon U-Pb data show systematic age repetition. We use regional stratigraphic and structural
mapping, integrated with carbonate carbon isotope (5*3Cearb) chemostratigraphy and high-precision radioisotope
U-Pb zircon geochronology from outcrop and recently acquired drill core to develop a temporally calibrated
basin-wide depositional model. This integrated dataset either reflects complex zircon reworking, inheritance, or
potential analytical biases (Scenario 1) or the presence of a Gariep-related cryptic décollement within the
Spitskop Member that has resulted in stratigraphic repetition (Scenario 2). We investigate the evidence for and
against both scenarios and consider their implications for stratigraphic and §'3Ceqar, correlations between the
Swartpunt area and coeval exposures along the Orange River border with South Africa.

Given that these issues are in an area that hosts numerous silicified ash beds and extensive exposure, an
inability to confidently discount either scenario highlights a level of compounding uncertainty in zircon U-Pb
geochronology that must be considered when attempting to build global chronostratigraphic frameworks.
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Scenario 1 implies that some of the weighted mean ages and Bayesian eruption ages from the Swartpunt area
may be >1 Myr older than the depositional age of their respective ash beds when assuming existing stratigraphic
correlations. If this scenario is preferred, then a cautious approach would be to consider all weighted mean zircon
U-Pb ages from ash beds to reflect maximum depositional ages. Both scenarios support deposition of the Huns
Member >540 Ma in the Swartpunt area if the oldest weighted mean age reported here represents a near-
depositional age, which has significant implications for the temporal calibration of important terminal Edia-
caran ichnofossil assemblages and future cyclostratigraphic studies.

Stratigraphic correlations common to both scenarios allow us to temporally calibrate a basin evolution model
for the Nama Group. Temporal trends in initial hafnium isotope (¢Hf) compositions of zircon grains from ash
beds throughout the succession may support progressive crustal thickening associated with underplating of the
Damara orogenic belt along the northern periphery of the Kalahari craton from ca. 547 Ma to ca. 538 Ma. The
compilation of new and published zircon U-Pb ages may also imply that the locus of carbonate platform
development migrated from north to south (present co-ordinates), tracking the migration of foredeep subsidence.
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1. Introduction

The terminal Ediacaran to earliest Cambrian (ca. 551-532 million
years ago, Ma) encompasses a critical interval of early metazoan evo-
lution (Fig. 1). Marine sedimentary rocks of this age record the disap-
pearance of the soft-bodied ‘Ediacara biota' alongside the majority of
biomineralizing Ediacaran taxa, the appearance of Cambrian-type small
shelly fossils (SSFs), and an increase in ichnofossil diversity and bio-
turbation intensity (e.g., Fedonkin et al., 2007; Wilson et al., 2012; Zhu
et al., 2017; Cribb et al., 2019; Darroch et al., 2021, 2023; Topper et al.,
2022; Turk et al., 2022; Nelson et al., 2023). Several hypotheses to
explain the sequence of last and first appearances of biota across this

interval have been proposed, and include a mass extinction of the
Ediacara biota driven by external, environmental stressors or a combi-
nation of environmental and ecological drivers with protracted biotic
replacement, or a series of successive but transitional biotic radiations
without catastrophic mass extinction (Knoll and Carroll, 1999; Zhu
etal., 2017; Darroch et al., 2018, 2023; Wood et al., 2019). At least two
chronostratigraphic frameworks exist across the Ediacaran-Cambrian
transition based on differing durations for the globally recognized
‘Basal Cambrian negative carbon isotope excursion’ (BACE; Fig. 1),
resulting in different maximum extinction/origination rates calculated
using estimates of mean generic richness from fossil range-through data
(e.g., Bowyer et al., 2024).
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Greater than fifty years of research incorporating litho-, chemo-,
tectono- and sequence stratigraphic, sedimentological, paleontological,
and high-precision geochronological investigations have resulted in the
Nama Group, of Namibia and South Africa, being the most temporally
well-constrained mixed carbonate-siliciclastic succession of the entire
Ediacaran Period (Figs. 1-3, Germs, 1972, 1983; Gresse and Germs,
1993; Grotzinger et al., 1995; Saylor et al., 1995, 1998, 2005; Saylor,
1996, 2003; Narbonne et al., 1997; Jensen et al., 2000; Wood et al.,
2015; Linnemann et al., 2019; Nelson et al., 2022; O'Connell et al.,
2025). Marine sedimentary rocks of the Nama Group host body and
trace fossils that document a fundamental macroevolutionary transition
across the terminal Ediacaran to earliest Cambrian interval (e.g., Germs,
1983; Wilson et al., 2012). Near-complete exposure of the Nama Group
succession over >30,000 km? (Fig. 2A), in addition to the occurrence of
numerous volcanic ash interbeds suitable for U-Pb zircon geochronology
(Fig. 3), have allowed for an unparalleled understanding of Ediacaran to
Cambrian paleoenvironmental conditions and basin evolution (e.g.,
Kroner and Germs, 1971; Germs, 1972, 1983; Gong et al., 2025; Grot-
zinger et al., 1995; Saylor et al., 1995, 1998; Saylor, 1996, 2003; Saylor
and Grotzinger, 1996; Narbonne et al., 1997; O'Connell et al., 2025;
Jensen et al., 2000; Darroch et al., 2015, 2021; Wood et al., 2015, 2023;
Buatois et al., 2018; Cribb et al., 2019; Linnemann et al., 2019; Nelson
etal., 2022; Bowyer et al., 2023; Spiering et al., 2023). In particular, the
mixed carbonate-siliciclastic Urusis Formation of the Nama Group has
yielded a significant 8'3Cearh, Sr/%0Sr and paleontological dataset,
which has been well constrained by U-Pb geochronology and used to
determine a maximum date of ca. 539-538 Ma for onset of the BACE
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(Fig. 1; Saylor et al., 1998; Zhu et al., 2006; Wood et al., 2015; Linne-
mann et al., 2019; Bowyer et al., 2022; Nelson et al., 2022; Mtonda et al.,
2024). As a result, the Urusis Formation is a key reference succession for
terminal Ediacaran chronostratigraphy.

Attempts to reduce chronostratigraphic uncertainty across this in-
terval require fully integrated chemostratigraphic and fossil occurrence
datasets to be calibrated in time by high-precision radioisotopic ages
(Bowring et al., 2007; Maloof et al., 2010a, 2010b; Smith et al., 2016;
Parry et al., 2017; Linnemann et al., 2019; Hodgin et al., 2020; Nelson
etal., 2022, 2023; Topper et al., 2022; Bowyer et al., 2022, 2023, 2024).
Methodological refinements in U-Pb ID-TIMS (isotope dilution-thermal
ionization mass spectrometry) geochronology over the past two de-
cades, such as the improvement of zircon chemical abrasion (CA-ID-
TIMS) procedures (Mattinson, 2005; Widmann et al., 2019; McKanna
et al., 2022) and calibration of a globally shared EARTHTIME tracer
solution (Condon et al., 2015), have led to unprecedented precision and
accuracy, yielding weighted mean 2°°Pb,/?38U ages with uncertainties of
+0.05 % or less (Schaltegger et al., 2015). Accurate correlation of global
records first requires that regional datasets are interpreted within ho-
listic frameworks that combine lithostratigraphic with tectonostrati-
graphic data to inform models of syn-depositional basin evolution and
post-depositional structural evolution. Within these frameworks, the
fidelity of associated U-Pb ages to reflect maximum depositional ages for
zircon-bearing interbeds is also fundamentally important when
attempting to constrain rates of change in the co-evolution of life and
environment.

Here, we report new zircon U-Pb CA-ID-TIMS ages and zircon
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Fig. 1. Global chronostratigraphy across the terminal Ediacaran to earliest Cambrian interval (543-532 Ma). Global 6'C.,,;, chemostratigraphic age framework and
calibrated fossil occurrence information for ‘short BACE’ model after Bowyer et al. (2023) and Nelson et al. (2022). ‘Long BACE’ model is provided herein and
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



F.T. Bowyer et al.

hafnium (Hf) isotope compositions from nine volcanic tuff interbeds in
three Nama Group study areas in southern Namibia (Fig. 2A-D). We also
report 8!3Ceap chemostratigraphic data from outcrop and drill core,
integrated with stratigraphic and structural observations from regional
geological mapping. These new data are considered within models that
reconstruct carbonate platform and post-depositional
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tectonostratigraphic evolution to explore the potential influence of re-
working and/or tectonic repetition on each ash bed, in addition to
zircon provenance from, and development of, proximal orogenic belts
(e.g., the Damara orogenic belt). The overall goal of this study is to help
clarify uncertainties in our understanding of the tempo of metazoan
evolution in the terminal Ediacaran, which may be reduced through
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future targeted studies.

2. Geological Background

2.1. The Nama Group: subdivision, tectonic setting and summarized

paleontology

The Nama Group is a late Ediacaran to earliest Cambrian (ca. 551 Ma
to <538 Ma) mixed carbonate-siliciclastic, fluvio-deltaic to open
shallow marine succession that was deposited on basement of the
Kalahari craton in an active foreland basin setting (Germs, 1983; Saylor
et al.,, 1998; Nelson et al., 2022). The Nama foreland developed in
response to compressional stress associated with the collision of the
Congo and Kalahari cratons along the Damara orogenic belt to the
present north, and incipient flexure associated with the onset of collision
between the Kalahari and Rio de la Plata cratons along the Gariep oro-
gen to the present southwest (Germs, 1983; Germs and Gresse, 1991;
Gresse and Germs, 1993). Basement forebulges created by active
orogenic compression formed paleobathymetric highs in the Nama
foreland (Germs, 1983). These include the ‘Osis Arch’, which separated
the Zaris sub-basin from the Witputs sub-basin to varying degrees
throughout Nama deposition (Fig. 2A) and the ‘Koedoelaagte Arch’,
which may have formed within the Witputs sub-basin before deposition
of the Early Cambrian Fish River Subgroup (Fig. 2A, Kroner and Germs,
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1971; Germs and Gresse, 1991; Gresse and Germs, 1993; Germs et al.,
2009; Nelson et al., 2022). Subsequent erosion has resulted in wide-
spread removal of the Nama succession between the outcrops of the Ai-
Ais map sheet area and sections along the Orange River (Fig. 2A).

Stratigraphic correlations across the Osis Arch through detailed
geological mapping and measured section correlation has informed
sequence stratigraphy and 8!%Ceap chemostratigraphy of the Nama
Group (Grotzinger et al., 1995; Saylor et al., 1995, 1998; Bowring et al.,
2007; Linnemann et al., 2019; Maloney et al., 2020; Nelson et al., 2022).
Due to the absence of laterally traceable units, stratigraphic correlation
between the Swartpunt area and the Neint Nababeep Plateau (NNP) is
based on lithostratigraphic thicknesses and sequence similarity, as well
as 8!3Ccarp chemostratigraphy and geochronology of volcanic ash in-
terbeds (Fig. 3, Kroner and Germs, 1971; Germs and Gresse, 1991;
Gresse and Germs, 1993; Nelson et al., 2022). Differences in the thick-
nesses of measured sections are interpreted to reflect distance from the
Kalahari craton and basement forebulges, in addition to temporally
variable rates of active tectonic subsidence within and between each
sub-basin (Germs, 1983; Gresse and Germs, 1993; Saylor, 2003).

The Nama Group is subdivided, in ascending order, into the Kuibis,
Schwarzrand and Fish River Subgroups (Figs. 3, S1 and S2, Germs,
1983). The Kuibis and Schwarzrand Subgroups are dominantly late
Ediacaran in age, and contain fossils of Ediacaran soft-bodied rangeo-
morphs, erniettomorphs and numerous problematica that are mostly
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preserved in siliciclastic rocks (Giirich, 1930a, 1930b, 1933; Pflug,
1966, 1970; Germs, 1973; Hahn and Pflug, 1985; Narbonne et al., 1997;
Grazhdankin and Seilacher, 2002; Elliott et al., 2011, 2016; Hall et al.,
2013; Vickers-Rich et al., 2013; Meyer et al., 2014; Nelson et al., 2022;
Wood et al., 2023; Runnegar et al., 2024). Tubular cloudinids, which
distinguish the eponymous terminal Ediacaran ‘Nama assemblage’
(Wood et al., 2023), include the skeletal Cloudina in carbonates hosted in
the lower part of the Kuibis to upper part of the Schwarzrand Subgroups
(Germs, 1972; Penny et al., 2014; Kaufman et al., 2019; Nelson et al.,
2022; Bowyer et al., 2023), and siliciclastic-hosted Corumbella in the
middle interval of the Schwarzrand Subgroup (Turk et al., 2022).
Schwarzrand Subgroup siliciclastic rocks also preserve an important
ichnofossil assemblage that records an increase in terminal Ediacaran
bioturbation intensity and increasingly diverse styles of animal-
substrate interaction (Buatois et al., 2018; Cribb et al., 2019; Darroch
et al., 2021; Turk et al., 2022, 2024).

Sedimentary rocks of the Kuibis Subgroup document a diachronous
marine transgression across the Kalahari basement, with initial fluvio-
deltaic to shallow subtidal siliciclastic-dominated facies locally giving
way to semi-restricted carbonate facies, and finally to open shallow
marine carbonate facies and laterally correlative siliciclastic rocks
(Saylor et al., 1995; Maloney et al., 2020). This subgroup is subdivided
into the Dabis Formation and overlying Zaris Formation (Fig. 3), which
together comprise at least two large-scale depositional sequences, often
with coarse siliciclastic-dominated lowstand deposits, mixed carbonate
and fine grained siliciclastic-dominated transgressive deposits and
carbonate-dominated highstand deposits (Fig. S1, Saylor et al., 1995;
O'Connell et al., 2025).

Three scales of sequences have been identified in the Nama Group
succession that range from less than one to ten meters (small-scale
sequence), several tens of meters (medium-scale sequence), to up to
hundreds of meters in thickness (large-scale sequence, Saylor, 2003;
Spiering et al., 2023). Given that these sequences represent deposition
within an active tectonic setting, assessing depositional duration from
relative thickness is complicated through intervals of the succession that
lack bracketing radioisotopic ages. However, based on currently avail-
able global chronostratigraphic frameworks (e.g., Bowyer et al., 2024),
the large-scale sequences of the Kuibis Subgroup may each represent up
to 2 million years of deposition, while medium-scale sequences may
represent on the order of a few hundred thousand years of deposition.
However, for the Kuibis Subgroup, these estimates rely upon extrapo-
lation of radioisotopic ages and carbon isotope chemostratigraphic
correlation between globally distributed regions, which remains
speculative.

In the Witputs sub-basin the Dabis Formation is subdivided into the
Kanies, Mara, Kliphoek and Aar Members, while the Zaris Formation is
represented by the Mooifontein Member (Fig. 3, Germs, 1983; Saylor
et al., 1995; Hall et al., 2013). Here, the first large-scale sequence of the
Kuibis Subgroup comprises, in stratigraphic order: pebble conglomerate,
sandstone and siltstone of the Kanies Member; siltstone and mudstone of
the lowermost part of the Mara Member, deposited in a marine envi-
ronment during early transgression; dolostone and dolomitic limestone
of the middle part of the Mara Member; and the limestone-dominated
upper part of the Mara Member (Saylor et al., 1995; Bowyer et al.,
2023). The upper part of the Mara Member contains a nested medium-
scale sequence, informally termed the Pockenbank Member (Fig. S1,
Kaufman et al., 2019). The second large-scale sequence comprises silt-
stone, sandstone and quartzite (occasionally with limestone interbeds)
of the lowstand Kliphoek Member; interbedded sandstone, shale, lime-
stone and subordinate dolostone of the transgressive Aar Member; and
dark gray to black limestone of the Mooifontein Member (Saylor et al.,
1995; Hall et al., 2013; O'Connell et al., 2025).

In the Zaris sub-basin, the Dabis Formation is commonly represented
by a unit of pebble conglomerate and coarse siliciclastic rocks assigned
to the Kanies Member but regionally includes an overlying unit of Mara
Member-equivalent dolostone in more distal sections (e.g., Brak, Fig. S1;
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Wood et al., 2015). The overlying Zaris Formation is more extensive in
the Zaris sub-basin relative to the Witputs sub-basin and consists of open
marine inner-mid ramp carbonate platform deposits of the Omkyk and
Hoogland Members, and outer ramp siliciclastics of the Urikos Member
(Figs. 3, S1; Smith, 1999; Adams et al., 2004, 2005; Dibenedetto and
Grotzinger, 2005). Sequence stratigraphic and 8'°Ceq, chemostrati-
graphic studies suggest that the Omkyk Member correlates with the Aar-
Mooifontein Members of the Witputs sub-basin, while carbonate de-
posits correlative to the Hoogland Member are largely absent from the
Witputs sub-basin (Fig. S1; Saylor et al., 1995). The spatial distribution
of Kuibis Subgroup carbonate deposition between the Zaris and Witputs
sub-basins is thought to reflect relative proximity within and between
sub-basins to the loci of flexural foredeep subsidence and forebulge
uplift (Germs and Gresse, 1991).

The Schwarzrand Subgroup is subdivided into the siliciclastic-
dominated Nudaus Formation (Niederhagen and Vingerbreek Mem-
bers), the mixed siliciclastic-carbonate Urusis Formation (siliciclastic-
dominated Nasep Member, carbonate-dominated Huns Member,
siliciclastic-dominated Feldschuhhorn Member and mixed siliciclas-
tic-carbonate Spitskop Member), and the siliciclastic-dominated Nomt-
sas Formation (Fig. 3; Germs, 1983; Saylor et al., 1995). In the Zaris sub-
basin, the Schwarzrand Subgroup is dominantly siliciclastic due to
weathering and erosion of both the Kalahari craton and additional input
associated with gradual unroofing of the Damara hinterland, which led
to shallowing and sub-basin infill (Germs, 1983). However, carbonate
deposition corresponding to the Urusis Formation continued in the
Witputs sub-basin from <542.65 Ma until ca. 538.6 Ma, during pulsed
accommodation increase driven by active tectonic subsidence in addi-
tion to intervals of eustatic sea level rise (Saylor, 2003; Nelson et al.,
2022).

The informal ‘upper’ Nomtsas Formation in the Witputs sub-basin
hosts the lowest regional occurrence of the Early Cambrian ichnofossil
Treptichnus pedum (e.g., Wilson et al., 2012) above an erosive uncon-
formity. A tentative maximum age of <538 Ma for this occurrence (and
possibly for the global first appearance) is based on the youngest U-Pb
zircon age from an ash bed within the informal ‘lower’ Nomtsas For-
mation near Vioolsdrif, where T. pedum is absent (Fig. 1, Nelson et al.,
2022). A Cambrian age for fluvial to shallow-marine siliciclastic rocks of
the overlying Fish River Subgroup is confirmed by their associated
ichnofossil assemblages (Geyer, 2005).

2.2. The stratigraphic position of Urusis Formation ash beds in the
Swartpunt area

In the Witputs sub-basin (Fig. 4), numerous measured sections of the
Urusis Formation, from the landward margin in the east, through the
depocenter to the seaward margin in the west, reveal a series of stratal
stacking patterns that have informed sequence stratigraphic subdivision
into a nested series of unconformity-bounded depositional sequences
(Fig. 5A, Saylor, 2003). Five large-scale sequences (A-E) are distin-
guished, with further subdivision of sequences B-E into eighteen
medium-scale sequences (B1-3, C4-9, D10-12, and E13-18), and
numerous small-scale sequences (Fig. 5A, Saylor, 2003). Large-scale
sequences broadly distinguish member subdivision of the Urusis For-
mation, whereby sequence A corresponds to the siliciclastic-dominated
Nasep Member, sequences B and C to the carbonate-dominated Huns
Member, sequence D to the siliciclastic-dominated Feldschuhhorn
Member and carbonate-dominated lower part of the Spitskop Member,
and sequence E to the mixed carbonate-siliciclastic middle-upper part of
the Spitskop Member (Fig. 5A, Saylor, 2003). Medium-scale sequences
define shallowing-upwards cycles, commonly with siliciclastic bases and
carbonate tops (Saylor et al., 1995; Saylor, 2003), that have recently
been used for initial cyclostratigraphic study of the Schwarzrand Sub-
group (Spiering et al., 2023). A minimum of twelve silicified volcanic
tuff deposits are interbedded within E13-E18.

However, in the vicinity of farms Swartkloofberg, Swartpunt and
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Nord Witputz, exposure of stratigraphic sections that reveal these se-
quences is complicated by structural dissection (Figs. 4B, 5B). This area
hosts a series of major northwest-southeast striking thrust faults that
record northeast-vergent compression driven by the Gariep orogeny
(Fig. 4B, Saylor, 1993; Saylor and Grotzinger, 1996). A major thrust
fault, traceable in outcrop over >100 km, separates what has been
termed the ‘lower thrust plate’ (LTP) in the Swartpunt area, from the
Nama autochthon to the east (Figs. 4B, 5B). Allochthonous thrust blocks
to the west of this dividing fault record sequential out-of-sequence
overthrusting of the LTP by what was defined as the ‘middle thrust
plate’ (MTP) and, finally the ‘upper thrust plate’ (UTP, Saylor and
Grotzinger, 1996). While progressive thrusting and erosion have
removed the Feldschuhhorn and Spitskop Members and Nomtsas For-
mation from most of the UTP, these units are preserved, to varying de-
gree, in both the MTP and LTP successions (Figs. 4B, 5B). Displacements
along fault planes that separate each thrust plate have been estimated to
have been on the order of 1-3 km based on hanging wall cut-offs and
anticlines for specific lithological units (Saylor and Grotzinger, 1996).

2.3. Existing Nama Group geochronology

High-precision U-Pb zircon geochronology from volcanic ash beds
has been used to determine the age of the Ediacaran stratigraphy of
Namibia, and then subsequently used to aid correlation of lithostrati-
graphic units between separate Nama Group exposures, to better un-
derstand the evolution of this biota and geology. Early geochronological
investigations in the vicinity of farms Nord Witputz, Swartpunt and
Swartkloofberg used zircon U-Pb air abrasion ID-TIMS (Grotzinger et al.,
1995), but these data have since been superseded by analyses pretreated
with chemical abrasion (CA-ID-TIMS), as this technique is much better
at removing domains of Pb-loss and therefore produces more accurate
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data. While considering such data throughout this manuscript, we
discuss all uncertainties at the 95 % confidence level, and largely report
them in X/Y/Z format (Schoene et al., 2006), where X represents the
internal/analytical uncertainty, Y represents X plus the tracer calibra-
tion uncertainty, and Z incorporates Y plus the 238U decay constant
uncertainty of Jaffey et al. (1971).

However, increased publication of high-precision geochronology
data and their resulting interpretations, compounded by the more pre-
cise analytical data via more analytically advanced measurements, have
created a complicated suite of interpretations for Nama Group chro-
nostratigraphy. This is exemplified by the correlation of the Urusis
Formation between the Ai-Ais map sheet area and exposures along the
Orange River, further south (Figs. 2 and 3). The Urusis Formation is
subdivided, in ascending order, into the Nasep, Huns, Feldschuhhorn
and Spitskop Members, and is overlain by the Nomtsas Formation
(Fig. 3). In the Witputs sub-basin near Swartpunt (Figs. 2A, C), deposi-
tion of the upper part of the Spitskop Member through Nomtsas For-
mation has been constrained between 540.095 + 0.099 (0.17) [0.60]
Ma and 538.58 + 0.19 (0.24) [0.62] Ma (Linnemann et al., 2019).
However, on the Neint Nababeep Plateau (Fig. 2A), the deposition of the
lower part of the Huns Member through Nomtsas Formation is con-
strained between 539.63 + 0.15 (0.27) [0.64] Ma and 537.95 + 0.28
(0.36) [0.68] Ma (Nelson et al., 2022). In the Swartpunt area, the
stratigraphic thickness between the base of the Huns Member and the
540.095 + 0.099 Ma ash bed in the upper part of the Spitskop Member is
>700 m (Figs. 3, S1 and S2). As a result, there is significant discrepancy
in the absolute ages that constrain deposition of the lower part of the
Huns Member through Spitskop Member between successions of the
Swartpunt area and the Neint Nababeep Plateau, based on published
lithostratigraphic correlation schemes that assume limited diachroneity
between these two areas. Nelson et al. (2022) suggested that some, or
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medium-scale (1-18) depositional sequences, modified after Saylor (2003). Yellow box marks succession exposed in the vicinity of farms Swartkloofberg, Swartpunt
and Nord Witputz. (B) Regional map of the study area, showing geological subdivision of the lower thrust plate after canonical model of stratigraphic superposition
(e.g., Saylor and Grotzinger, 1996), consistent with ‘Scenario 1’ herein. Colour of individual formations and members, and colors of Spitskop Member subdivision, are
the same between (A) and (B). Arrows point to the bases of measured sections. Key to colored units in (B) that stratigraphically underlie the Nudaus Formation is
shown in Fig. 4. Fm. — Formation; Mb. — Member. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

all, ages in the Urusis Formation of the Witputs sub-basin near Swart-
punt (e.g., the 540.095 Ma ash bed dated by Linnemann et al., 2019) are
maximum depositional ages, rather than the eruptive age of those ash
beds. This may be the case if zircon populations in these ashes are
dominated by reworked, older grains, and would imply that the youn-
gest zircon grains in these ash beds have not be included in the age
spectra from the data set of Linnemann et al. (2019). The possibility of
ash bed ages in the Witputs sub-basin to be skewed by zircon reworking,
without any reworking in other sub-basins, or the potential of in-
terpretations based on zircon that do not represent the eruptive age of
ash horizons, has led to uncertainty in the inter-basinal correlation
scheme for the Nama Group.

3. Methods

We present new data from outcrop sections in three geographic areas
that cover key stratigraphic intervals of the Kuibis and Schwarzrand
Subgroups in the Zaris and Witputs sub-basins, including an isolated
outcrop to the north of the NNP on the east (Namibian) side of the Or-
ange River (Figs. 2-3, S1). We also present new data from one core of the
International Continental Drilling Project ‘GRIND-ECT’ (Geological
Research through Integrated Neoproterozoic Drilling - Ediacaran-
Cambrian Transition, Rose et al., 2019).

3.1. Geological mapping, stratigraphic logging and sampling

Ash beds were collected at Donkergange and Aussenkjer using pub-
lished measured section information (Figs. 2A, B, D, 6, Kroner and
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Germs, 1971; Smith, 1999), but the main focus of our fieldwork was on
farms Nord Witputz and Swartpunt (hereafter referred to as the
‘Swartpunt area', farm numbers 22 and 74, respectively, Figs. 2C, 4, 5B).
Sedimentary logging and geochemical sampling focused on measured
sections in the UTP, MTP and LTP, with section measurements and
samples systematically recorded through use of a folding meter stick.
Fossils on float samples and exposed bedding planes were photographed
in the field. We also present new data from ICDP GRIND-ECT drill core
1B, which covers a stratigraphic interval of the LTP (Fig. 5B). Geological
mapping was carried out at various scales, both in the field and using
observations from high-resolution satellite imagery (Google Earth,
Maxar Technologies, and Sentinel-2). The results of mapping and
measured sections are presented as composite lithostratigraphic profiles
and field photographs (Figs. 6-10, S3-6), alongside a geological map
superimposed upon a satellite image, and a regional structural cross-
section (Fig. S7).

Carbonate samples (ca. 25-40 g) were collected in the field from
measured sections SWP-K34 and MTC Tower (Fig. 5B) and sampled from
GRIND-ECT core 1B at the core repository of the Bundesanstalt fiir
Geowissenschaften und Rohstoffe, Berlin-Spandau, Germany. Sampling
was undertaken at 0.5-10 m resolution through carbonate-dominated
intervals of SWP-K34 and MTC Tower, and at 0.5-15 m resolution
through carbonate-dominated intervals of core 1B and low-resolution
data through the dominantly siliciclastic core 1A profile (Supplemen-
tary Materials). Sampling resolution was largely dictated by thickness of
carbonate interbeds and the potential importance of target sections to
infill data in understudied intervals of the Schwarzrand Subgroup re-
cord. Silicified volcanic tuff deposits range from 8 cm to >80 cm-thick in
outcrop, and are identified by their blocky, weathering-resistant char-
acter, pale green-gray color on broken surfaces and buff-tan color on
weathered surfaces (Fig. S3). In cores 1B and 1D, silicified ash beds are
pale green-gray, often characterized by planar to wavy laminations with
sharp bases and coarser lower intervals that fine upwards, and range
from 1 cm to ca. 30 cm thick (Fig. S4).

Of the geochronology samples, the stratigraphically lowest sample
was taken from an ash bed in the lower part of the Hoogland Member
(sample FM87, Figs. 2B, S3A) at a section exposed on the northern edge
of Farm Donkergange in the Zaris sub-basin (24° 30’ 26.7*S, 16° 12’ 5.0”
E, Figs. 2B, 3). The same ash bed was previously sampled from a
neighboring section on Farm Donkergange to the southwest of our sec-
tion and dated using air abrasion ID-TIMS by Grotzinger et al. (1995)
and chemical abrasion ID-TIMS by Bowring et al. (2007).

We also present zircon geochronology for five ash beds in the area of
farms Swartpunt and Nord Witputz. Four of these are from a measured
outcrop section to the west of core 1B (MTC Tower, top of section: 27°
31'3.2% S, 16° 41° 21.5” E, Figs. 2C, 3, S3B-E) and one is from near the
middle of the core 1B profile (Fig. S4).

Additional zircon separates were re-analyzed from a sample
(SWART?7, previously dated by Linnemann et al., 2019) of the Nomtsas
Formation from Farm Swartkloofberg, ca. 15 km northwest of the
summit of the MTC Tower section (Figs. 2C, S3F). This ash bed fragment
is from an olistolith that overlies a matrix-supported conglomerate
dominated by cobble-sized rounded to sub-rounded limestone clasts.
This conglomerate corresponds to the lowermost part of the Nomtsas
Formation in this area and locally overlies a major erosive unconformity
(Saylor and Grotzinger, 1996; Linnemann et al., 2019).

Finally, we sampled two closely spaced and previously undated
silicified ash beds from an extensive section at Aussenkjer (base of sec-
tion: 28° 17' 37.3“ S, 17° 22’ 51.4” E; Figs. 2D, 6A), along the Orange
River to the north of the NNP. This section (first described by Kroner and
Germs, 1971) dips towards the SE and reaches a total thickness of ca.
900 m. It comprises, in ascending order, Cryogenian diamictite and
siliciclastic deposits of the Numees Formation of the Port Nolloth Group,
which are separated from overlying deposits of the Dabis Formation by
an angular unconformity (Fig. 6B). The base of the overlying Nudaus
Formation at Aussenkjer unconformably overlies the Dabis Formation
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and hosts a prominent conglomerate, which was termed the ‘basal
Schwarzrand diamictite’ by Kroner and Germs (1971) or Vingerbreek
diamictite by Zieger-Hofmann et al. (2022). It contains rounded and
subrounded boulder- and pebble-sized clasts dominated by reworked
carbonate from the underlying Kuibis Subgroup in an iron-rich calcar-
eous-siliciclastic matrix (Fig. 6C; Kroner and Germs, 1971). While the
Kuibis Subgroup is condensed and truncated in this section, both the
Nudaus and Urusis Formations of the Schwarzrand Subgroup are
extensive and reach a total thickness of up to 700 m (Figs. S1, S2). Here,
subdivision of the carbonate-dominated upper part of the Urusis For-
mation into the Huns, Feldschuhhorn, and Spitskop Members is unclear.
No significantly thick siliciclastic units are noted that might help to
distinguish the Feldschuhhorn Member or siliciclastic interbeds of the
Spitskop Member (Fig. S1). Therefore, the carbonate-dominated interval
of the Urusis Formation at Aussenkjer, which is dominantly limestone,
either represents deposits coeval to the Huns Member only, or strata
coeval to the middle-upper part of the Urusis Formation of the Swart-
punt area but in a setting where siliciclastic deposition was limited. Two
ash bed samples (samples FM78 and FM73, Fig. S3G-H) were collected
from the middle-upper interval of Urusis Formation carbonate in this
section (Figs. 2D, 6A).

3.2. Zircon U-Pb CA-ID-TIMS

U-Pb geochronology was carried out on single zircon crystals
following the methods detailed in the supplementary text. Zircon crys-
tals were separated from silicified ash deposits using standard tech-
niques (either crushing, milling and sieving to <300 pm or SelFrag,
followed by density separation using a Wilfley Table, Frantz magnetic
separation, and methylene iodide heavy-liquid separation). Zircon
crystals were optically examined, and prismatic grains were selected
that showed no signs of detrital abrasion and did not have distinct
inherited core morphologies.

Selected zircon grains were annealed and pre-treated via chemical
abrasion at 180-210 °C for 10-12 h, following the methods of Mattinson
(2005, full laboratory-specific methodological details are provided in
the Supplementary Materials). Individual zircon grains were dissolved
in HF and spiked with 4-6 mg of the EARTHTIME 202pb-295pp-233y.235y
tracer solution (calibration version 3; Condon et al., 2015; McLean et al.,
2015). Uranium and lead purification was done using anion-exchange
chromatography, and Pb and U were subsequently loaded onto single
outgassed Re filaments using a silica-gel emitter and measured via
thermal ionization mass spectrometry (TIMS, see Supplementary Ma-
terials for further laboratory procedures and analytical details). Lead
isotopes were measured on a secondary electron multiplier (SEM) in
peak hopping mode, while uranium was measured on faraday cups
equipped with 10'3 Q resistors and in rare cases of insufficient in-
tensities measured on SEM. Measured Pb and U isotopic ratios were
corrected for mass fractionation using the double spike ratios. Isobaric
interferences from UO, isotopologues were corrected using 120/1%0
ratio of 0.00205 + 0.9 %. The measured uranium isotopic ratios were
corrected assuming a sample 238U/2%%U ratio of 137.818 + 0.045 (2c;
Hiess et al., 2012). All common Pb in the zircon analyses was attributed
to the procedural blank, while the U blank was <0.1 pg and a value of
0.05 pg + 50 % was used in all data reduction.

Zircon geochronology of ash beds from outcrop sections (Donker-
gange, MTC Tower, Swartkloofberg and Aussenkjer) was completed at
the University of Geneva, and one ash sample from GRIND-ECT core 1B
was processed at the National Environment Isotope Facility (NEIF) at the
British Geological Survey (BGS), Keyworth. Data reduction and uncer-
tainty propagation were carried out using the TRIPOLI and Redux
software (Bowring et al., 2011). All data are reported using the com-
munity accepted distinctions between dates and ages (e.g., Condon
et al.,, 2024). Data reporting and detailed procedural information are
available in the Supplementary Materials and Table S2.
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Fig. 6. Outcrop photographs of the section at Aussenkjer, along the Orange River. (A) Outcrop view in SE direction, showing dipping strata dominated by silici-
clastics of the lower part of the Schwarzrand Subgroup (Nudaus Formation and Nasep Member of the Urusis Formation) and bedded carbonates of the upper part of
the Schwarzrand Subgroup (Urusis Formation). (B) Angular unconformity separating the Numees Formation of the Cryogenian Port Nolloth Group from overlying
coarse siliciclastics of the basal part of the Kuibis Subgroup (Dabis Formation). (C) Conglomerate at the base of the Nudaus Formation, which unconformably overlies
the Kuibis Subgroup and contains reworked carbonate clasts in a calcareous-ferruginous matrix. Fm. — Formation; Mb. — Member.

3.3. Hafnium isotopic composition

Following U-Pb column purification, the trace element elutions of
the dissolved zircon grains were analyzed for Hf isotope compositions
following the methods in Gaynor et al. (2023) and detailed in the Sup-
plementary Materials. Samples analyzed for Hf composition include
those that underwent U-Pb geochronology at the University of Geneva
for this study, as well as additional analyses that were performed on a
selection of samples with U-Pb data previously published in Linnemann
et al. (2019). Data reduction to obtain the 7®Hf/17”Hf ratio included on-
peak zero baseline correction, correction for mass bias induced by the
mass spectrometer measurement, correction of isobaric interferences of
176Lu and 7Yb on '7°Hf, and an offset correction by adjusting the
176Hf/77Hf ratio of the sample for the difference between the measured
(0.272167 + 0.000018, n = 60) and standardized value of the JMC475
Hf standard (i.e. 0.282160, Nowell et al, 1998). The average
176H£/Y77Hf ratio of all measured Plesovice solutions used as standards
during the period of sample analyses was 0.282488 + 0.000017 (n =
25), which translates to an eHf{y) value of —3.0 £ 0.6 (2SD) at an age of
337 Ma, which is identical within error to the proposed value in the
literature of eHfy) = —3.5 £ 1.5 (Slama et al., 2008). All eHf(;) un-
certainties discussed in the text and shown in figures are reported at the
20 uncertainty level. For individual analyses with uncertainties below
the variation of the secondary standards, we report those uncertainties
as +0.6 eHf(,, equivalent to the repeatability of PleSovice standard
measurements during the analytical period. Uncertainties of analyses
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varied due to individual analyte abundances (see supplementary text for
details).

3.4. Carbon and oxygen isotopes

Carbonate samples were collected through carbonate-dominated
intervals of the Urusis Formation on farms Swartpunt and Nord Wit-
putz from MTC Tower, SWP-K34 and core 1B, for 5'%Cear, chemo-
stratigraphy. Powders were micro-drilled from fresh surfaces targeting
homogeneous micritic carbonate matrix, and avoiding veins, fractures,
siliciclastic components, and areas with visible signs of alteration.
Sample powders from MTC Tower were analyzed for their 5'3Cearp and
oxygen isotope (8'80¢arp) compositions at the Stable Isotope Laboratory
of the Institute of Earth Surface Dynamics at the University of Lausanne,
Switzerland, using a Gas Bench II carbonate preparation device con-
nected to a Delta V isotope ratio mass spectrometer (Spotl and Ven-
nemann, 2003). All isotopic ratios are reported in the delta (8) notation
as per mil (%o) relative to the Vienna Pee Dee Belemnite (VPDB) stan-
dard. Replicate analyses of NBS 19 (limestone; 513C = 1.95 %o, §'80 =
—2.19 %o) and an in-house standard (Carrara marble; §!3C = 2.05 %o,
50 =-1.7 %o) had standard deviations (1¢) of better than +0.05 %o for
5'3C and better than +0.1 %o for 5'0.

Carbonate powders from SWP-K34 and core 1B were analyzed by
continuous flow elemental analyzer isotope ratio mass spectrometry at
either the University of Edinburgh Wolfson Laboratory, or at Iso-
Analytical Ltd. Replicate analyses of samples and standards yielded
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standard deviations (16) of better than +0.08 %o for 513C and better than
+0.12 %o for 8'80. Raw data are provided in Table S1. These new
geochemical data cover the Huns Member through middle part of the
Spitskop Member in the Swartpunt area (Fig. 2C).

4. Results
4.1. Lithostratigraphy and chemostratigraphy of the Swartpunt area

We build a framework for the interpretation of newly reported che-
mostratigraphic and geochronological data in the Swartpunt area by
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systematically describing the stratigraphy of measured sections across
the full succession, from the base of the UTP through to the top of the
LTP (Figs. 4B, 5B, expanded in Figs. S1 and S7). We also review the
outcrop expression of intervening thrust displacements. This stratig-
raphy is described and discussed using the sequence stratigraphic de-
scriptions of Saylor (2003) (e.g., medium-scale sequence B3, see Section
2.2), for ease of comparison to previous work.

4.1.1. Kuibis Subgroup of the Upper Thrust Plate (UTP)
The contact between siliciclastic rocks of the lower part of the Kuibis
Subgroup and the underlying basement (either granite or Cryogenian
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pinnacle reefs and enveloping Feldschuhhorn Member shale deposited during medium-scale sequences D10-12 (Saylor and Grotzinger, 1996), and overlying Spitskop
Member corresponding to E13-15. (C) Outcrop photograph showing the flooding surface of medium-scale sequence C9 in the uppermost part of the Huns Member of
the lower thrust plate (section NW-AE13), with M. Shipanga standing on the stromatolitic surface in foreground. (D) Stromatolitic surface in C9 of the uppermost part
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Port Nolloth Group), is exposed in the central-west of farm Nord Witputz
(Figs. 5B, 7A, B, S1). Here, Kuibis Subgroup strata have a consistent
average structural dip of 25° due NNE, and locally exhibit large-scale
folding and associated faulting, with the strike of fold axes and fault
planes parallel to the strike of major fault planes that separate the UTP
from the MTP and LTP (NW-SE or NNW-SSE, Figs. 4B, 5B). The contact
between the basement and the Kanies Member is best exposed in section
NW-N10 (Fig. 7B), where the Kanies Member consists of a basal ca. 4 m-
thick unit of cross-bedded, matrix-supported pebble conglomerate with
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angular to sub-rounded quartz clasts, overlain by coarse cross-bedded
sandstone and quartzite with straight-crested and bifurcating symmet-
rical ripples. The thickness of the Kanies Member increases eastward and
reaches >70 m at section NW-X9 (Fig. 7B). A transgressive surface
separates the lowstand Kanies Member from transgressive deposits of
the lower part of the Mara Member and is distinguished by a prominent
decrease in average grain size from sandstone to siltstone with mudstone
interbeds and recessive exposure. Thin interbeds of buff-tan dolostone
punctuate the siliciclastic-dominated lower part of the Mara Member,
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Fig. 9. (A) Outcrop photograph of the Huns Member klippe on Farm Nord Witputz (northern border with Farm Swartpunt). Klippe rests atop Spitskop Member
limestone and corresponds to a remnant of the middle thrust plate. (B) Oblique satellite image showing the exposed cross-section of the thrust fault that separates the
middle and lower thrust plates, with folded strata of the lower thrust plate to the east of the fault plane, overlain by the Huns Member klippe (Google Earth 2024,
Maxar Technologies). (C) Oblique satellite image showing regional extent of correlatable ash horizon from section NW-X22 to the base of Swartpunt Hill, and dip of
westernmost strata of the lower thrust plate in proximity to major thrust fault (Google Earth 2024, Maxar Technologies). (D) Outcrop photograph of laterally
correlatable silicified ash beds, interbedded with microbial limestone. Meter rule for scale. (E) Outcrop photograph of section SWP-AB31, in the lower thrust plate,
showing localized evidence for NE-directed compression. (F) Outcrop photograph of localized isoclinal folding in section SWP-AB31, with fold axes oriented NW-SE,

and compressional direction due NE. Meter rule for scale.

which transitions to evaporitic dolostone of the middle part of the Mara
Member that exhibits prominent vugs infilled by calcite after gypsum
(Fig. 7C). Notably, while evaporitic dolostone is restricted to the middle
part of the Mara Member, there is no clear transition towards limestone
in the upper part of the Mara Member in measured sections on Farm
Nord Witputz, which contrasts with outcrops of the Mara Member
further north on the Ai-Ais map sheet (e.g., Tsaus Mountains, Fig. S1;
Bowyer et al., 2023). Instead, the upper interval of the Mara Member on
Farm Nord Witputz is dominantly dolomitic, with some interbeds of
limey dolostone (Fig. 7B). Rare dolomitic interbeds containing small and
poorly preserved, reworked cloudinids are found at the top of the up-
permost part of the Mara Member (Fig. 7B, D), consistent with the broad
stratigraphic position reported for the lowest occurrence of cloudinids in
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the Nama Group in sections to the north (Fig. S1; Kaufman et al., 2019;
Bowyer et al., 2023). Overlying coarse, cross-bedded sandstones of the
lowstand Kliphoek Member are up to ca. 80 m thick, and separated from
interbedded siltstone, sandstone and thinly bedded limestone of the Aar
Member by another transgressive surface (Fig. 7B). Cloudinids are
abundant in limestone interbeds of the Aar Member, and overlying
limestone of the Mooifontein Member, where some bedding planes
expose Cloudina with cone-in-cone morphology preserved as an iron
oxide coating interpreted as a weathering product after iron sulfide (e.g.,
pyrite, Fig. 7E).

UTP deposits of the Nudaus and Urusis Formations exposed to the
north and west of sections NW-N10 and NW-P14 extend northwestward
over an area of >300 km? towards the Tsaus Mountains of the Tsau
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sequences C4-E18 after Saylor (2003). Accommodation space increase driven by eustatic sea level rise versus regional tectonic flexure follows full Witputs sub-basin
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//Khaeb National Park (Fig. 4A, B, S1). The informal ‘lower’ Nomtsas
Formation is also locally exposed on the UTP, on the western edge of
Farm Swartkloofberg (Saylor and Grotzinger, 1996).

4.1.2. Litho- and chemostratigraphy of the Huns to Spitskop Members of the
Middle and lower thrust plates

Outcrops on the western edge of Farm Swartpunt and the eastern
edge of neighboring Farm Swartkloofberg include strata of the MTP
(Figs. 5B, 8, S7). Here, numerous mid-ramp to slope thrombolite-
stromatolite pinnacle reefs are exposed (Fig. 8A, B). These nucleated
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atop stromatolite sheet facies (e.g., Fig. 8D) during drowning of the
upper part of the Huns Member carbonate platform (Saylor and Grot-
zinger, 1996; Grotzinger, 2000; Grotzinger et al., 2000; Saylor, 2003).
Pinnacle reefs reach heights of >60 m and, alongside enveloping shale
and siltstone of the Feldschuhhorn Member, have been correlated with
medium-scale sequences D10-12 (Fig. 5A), which record rapid accom-
modation space increase driven by flexural warping (Saylor, 2003). On
the LTP, an earlier pulse of platform drowning corresponds with the
transition from stromatolitic limestone of C8 to interbedded limestone
and shale of C9 (e.g., sections NW-AE13 and core 1B, Fig. 8A, C), and
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final flooding is represented by overlying Feldschuhhorn Member sili-
ciclastic rocks of D10 (core 1B, Fig. 8A).

Skeletal Cloudina and Namacalathus are common components of
thrombolite-stromatolite surfaces of the MTP and LTP and are especially
abundant near the summit of the Huns Member pinnacle reefs of SWP-
K34 (e.g., Fig. 8A, E). Thin- to medium-bedded dark gray limestones
and buff-tan dolomitized limestones of the Spitskop Member overlie
Huns Member pinnacle reefs of the MTP, and correlate with medium-
scale sequences E13-14 (possibly extending into E15) of the LTP
(Figs. 4A, B, 8A; Saylor, 2003).

Samples from core 1B yielded 613erb from 0.32 %o to 3.09 %o (mean
= 1.88 %o), and 580 arp from —15.13 %o to —5.23 %o (mean = —8.55 %).
The lowest §'80¢a1, values are in limestones that are proximal to silici-
clastic rocks in C9, D10 and lower D11 (Fig. S1, Table S1). There is an
overall decreasing trend in 613ccarb throughout C4-C8 in core 1B, with
initial values of ca. 2.50 %o that decrease to reach a nadir of 0.32 %o in
the middle of C9 (Fig. 8A). Thereafter, 513Carp values range between
0.76 %o to 2.76 %o, with the lowest values in proximity to siliciclastic
intervals and the core collar.

Samples from SWP-K34 yielded 5'3Ccarp in the range — 1.45 %o to
3.19 %o (mean = 1.28 %c), and §'®Ocar, from —11.84 %o to —5.82 %o
(mean = —7.90 %o). The lowest sample in SWP-K34, which corresponds
with the stromatolite sheet facies of C9, yielded a 613Cmrb composition
of 0.96 %o, whereafter values increase and stabilize between 0.72 %o to
2.17 %o (mean = 1.50 %o) throughout the overlying pinnacle reef
(Fig. 8A). Carbonates of the lower-middle part of the Spitskop Member
in SWP-K34 yielded scattered values between —1.45 %o and 3.19 %o
(mean = 1.05 %o), with the lowest 613ccarb values in dolomitized lime-
stone interbeds.

While no significant 813C qrp excursions are present to aid correla-
tion, the magnitude and trend of 613cca,b data through the pinnacle reefs
of SWP-K34 broadly align with the magnitude and trend of data through
D10-12 in core 1B. Available chemostratigraphic and lithostratigraphic
data from SWP-K34 and core 1B correspond well when using the
sequence stratigraphic correlation of Saylor (2003) for medium-scale
sequences between the MTP and LTP (Fig. 8A).

Carbonates of the Spitskop Member are folded and locally faulted in
proximity to the major thrust fault that separates UTP from MTP de-
posits on the western edge of section SWP-K34, with parallel strike of
fold axes and fault planes. As noted by Saylor and Grotzinger (1996), the
MTP is only locally exposed further to the southeast, where Huns
Member limestones outcrop as a klippe atop Spitskop Member deposits
of the LTP (Fig. 9A, B, S6A). Saylor and Grotzinger (1996) also noted
folding of the LTP in proximity to the major bounding thrust fault, which
is evident where LTP limestones of the Spitskop Member are locally
folded into a footwall syncline immediately to the west of an anticline
that uplifts the western edge of the Huns klippe (Fig. 9B).

4.1.3. Stratigraphy and compression of the Urusis Formation of the lower
Thrust Plate (LTP)

We present outcrop and core stratigraphy for the LTP that covers the
entirety of the middle-upper part of the Huns Member, through Feld-
schuhhorn and Spitskop Members, corresponding to medium-scale se-
quences C4-E18 (Figs. 8-10). Strata of the LTP distant from major
bounding faults exhibit a regional average dip towards the north/
northwest. Consequently, the MTC Tower section and core 1D (Fig. 5B)
both capture the same stratigraphic levels, which predominantly cover
medium-scale sequences E13-E16 (Fig. 10A).

The MTC Tower section was measured in reverse stratigraphic order,
beginning at a readily accessible and correlative level of laterally
continuous stromatolitic limestone (upper surface of E16, Saylor, 2003).
The base of the MTC Tower section begins tens of meters strati-
graphically above the Feldschuhhorn/Spitskop boundary, which is best
exposed ca. 3.8 km to the south/southwest of the base of section
(Fig. 5B). The MTC Tower section begins with dark-gray to black thinly
laminated limestone, with two prominent intervals of more thickly
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bedded limestone. Abundant Namacalathus were observed on bedding
planes in an interval of massively bedded limestone near the base of the
section (ca. 165 m below the section summit, Fig. 10A). Thinly bedded
intervals in the lower part of the section commonly contain white
limestone interbeds. At ca. 145 m below the top of the section, a dark
limestone unit with abundant elongate stromatolites underlies the
lowest identified ash bed (ca. 20 cm-thick sample MO38 at ca. 142 m
below the section summit, Fig. S3B), which is separated from the second
ash bed (ca. 80 cm-thick sample MO35 at ca. 136 m below section top,
Fig. S3C) by a prominent sandstone bed between two layers of brecci-
ated platy clasts (Fig. 10A). Both ash beds are laterally continuous for
>3 km around the outcrop towards the NNE (Fig. 5B). The following ca.
75 m consists of a shallowing-up succession that begins with thinly
bedded limestones with occasional wave ripples and wavy bedding,
which grade into more thickly bedded limestones. Three ash beds are
exposed near the top of the thickly bedded interval, of which two
samples were analyzed in this study (ca. 10-15 cm-thick sample MO23
at ca. 83 m below the section summit, and ca. 50 cm-thick sample FM41
at ca. 70 m below the section summit, Fig. S3D-E). These ash beds are
separated by black, thickly bedded, resistant stromatolitic limestone and
an intervening ca. 20 cm-thick ash bed. The upper surface of the thick
bedded limestone is overlain by a ca. 27 m-thick interval of olive-green
shale and siltstone with intercalations of gray mudstone and siltstone.
The boundary between the limestone and siltstone (ca. 61 m below the
section summit) marks the transgressive surface of medium-scale
sequence E16 (Saylor, 2003). Partial candidate erniettomorph speci-
mens (Figs. S5A, S5B) and possible indeterminate ichnofossils (Fig. S5C)
are present on the surfaces of several more resistant, pale-brown silt-
stone beds and in float material throughout this interval. The
siliciclastic-dominated unit is overlain by black limestone, which starts
with a thick bedded unit and transitions through a thinly bedded in-
terval, before showing a gradual increase in bed thickness upwards to
the top of the section (Fig. 10A). As noted above, the top of the section is
a laterally extensive and generally planar limestone bed that marks the
top of E16, with an upper surface exhibiting cross-sections of stromat-
olites that occasionally exceed 50 cm in diameter, with thrombolitic
cores (Fig. S5D).

Four silicified ash beds were collected from the MTC Tower section.
In stratigraphic order, these are samples MO38, MO35, MO23 and FM41
(Figs. 10A, 11, S3B-E). The top of the MTC Tower section (upper surface
of E16) is traceable laterally along the section summit, but is buried
beneath siliciclastics of overlying medium-scale sequence E17 towards
the north and northwest (Fig. 5B). The top of E16 lies ca. 50 m beneath
the ash bed at the base of Swartpunt Hill, which yielded an age of
540.095 Ma in Linnemann et al. (2019), with stratigraphic superposition
throughout the succession confirmed by outcrop and drill core correla-
tion, noting average stratal dip towards the NNW in this area (Fig. 5B).

Carbon isotope values show limited variability throughout the MTC
Tower section (Fig. 10A). At the base of the section, 5'3Ccarp values
range from +0.3 %o to +0.8 %o, with SlsOcarb values as low as —14.2 %o
(Fig. 10A, Table S1). Both 613Ccarb and slsocarb compositions increase
thereafter to a mean value of +1.9 %o +0.19 %o and — 6.6 %o £=1.41 %o,
respectively, up to the base of the olive-green siliciclastic horizon of
lower E16. In the upper limestone interval of E16, 5'3Cearp and 8'80carp
reach +2.1 %o and — 5.3 %o, respectively, before decreasing to variable
values as low as +0.1 %o (Slsccarb) and — 14.2 %o (swocarb).

In the vicinity of the Huns klippe, the lower siliciclastic part of E17 is
exposed in section NW-X22 (Figs. 9B, C, 10A, S6A). The base of this
section is at the base of the E17 transgressive surface that directly
overlies the upper stromatolitic limestone of E16, thereby overlying the
MTC Tower section and correlating with siliciclastics in the uppermost
ca. 40 m of core 1D (Fig. 10A). NW-X22 consists of a lower unit of green
siltstone and mudstone, an overlying unit of interbedded siltstone and
fine sandstone, and finally a limestone-dominated upper unit (Fig. 10A).
Silicified and resistant, buff-tan weathering ash layers are interbedded
with fine sandstones and limestones near the base of the limestone-
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dominated unit (Figs. 9C, 10A, S6A). Lateral correlation of measured
sections confirms that this ash interval is traceable for >6 km from
southwest to northeast, but is only locally exposed fully at the base of the
southern and eastern edges of Swartpunt Hill (Figs. 9C, D, 10A).

The limestone-dominated upper half of E17, which correlates to the
lower part of the Swartpunt Hill type section, locally shows signs of
compressional deformation. This is especially evident in section SWP-
AB31 and the western edge of Swartpunt Hill, where thinly bedded
limestones of upper E17 are isoclinally folded, with fold axes aligned
NW-SE, parallel to the strike of major faults (Figs. 9E, F, 10A). Northeast-
vergent compression is also evident from the broader structure of SWP-
AB31, where the southwest side is at notably higher elevation than the
northeast (Fig. 9E).
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4.2. Geochronology

Table 1 and Fig. 11A summarize all new U and Pb isotopic data, with
average analytical uncertainty of individual zircon 2°°Pb/2%%U dates
carried out at the University of Geneva of +360 kyr (0.07 %). Accord-
ingly, the internal uncertainties of the calculated 2°°Pb/?*®U weighted
mean ages are all <200 kyr (<0.04 %). Ages for each volcanic ash bed
were calculated based on the weighted mean of the statistically equiv-
alent youngest cluster of 2°°Pb,/?%3U dates within the limits of acceptable
MSWD at the 95 % confidence level and for n-1 degrees of freedom
defined by Wendt and Carl (1991, see selected zircon grain CL images in
Fig. S8 and concordia diagrams in Figs. S9 and S10). Dates resolvably
older than the youngest cluster for each sample were excluded from

Al Zaris | Ai-Ais map sheet, Swartpunt area i Orange River
sub-basin :
Donker- EGRIND MTC Tower Swartkloof. | Aussenkjer
AGE 9gange -1B !
(Ma) FMm87 : 1471 MO38 MO35 MO23 FM41 SWART7 : FM73 FM78
, | |
[52] 1 '
5 i i
o E | H E
(32} ' '
2 i :
l 539.140 53862 | ‘
+0.087 /g 55_21
: 10.16 : :
o ; 539.62 - 10.63 : 533.33,? 533.12
S 1 540.591 +0.17 . P20, +0.
| +0.269 539.937 /0.22 1 /0.16 /0.19
1/0.37 +0.097 /0.62 ' /0.60 /0.61
1/0.67 0.7 539.984 :
3 : 10.60 +0.091 :
© /0.16
546.862 ! 10.60 ;
+0.088 ! '
©| w16 ! ;
0] /0.61 ! Weighted Mean Age (with £20 analytical uncertainty) !
. I.m[m i This study (panel A): = == B == .
I | Nelson et al. (2022): B &= |
g : Linnemann et al. (2019): B8 :
ﬂ Ai-Ais map sheet : Orange River
AGE Swartpunt Hill : Neint Nababeep Plateau
(Ma) prefix for sample IDs: “15UNA’ : E1680 L1834 L1835 L1832 E1841
g, L1941 L1940B 22 17 18 19 20 ! -750 -315 -0 -0 E1843 -62.1
3 i
538.99 |
+021 !
. | Al g
‘ -ﬂl | Hm M‘L i
' [
=} ﬂ’m qﬂm i 1]%5 | 537.95
3 'I‘I[m ; +028
' /0.36
539.64 | 530.63 539.41 538.74 538.568 /0.68
3 540.095 5133'23 sfg'?i +0.19 | £015 +023 £0.17 +0.093
0 m £0.099 .07 5o /023 /027 /033 /025 /017
w 047 ss et 1062 1/0.64 /0.66 /063 /060 53804
545.27 /0.60 ' +0.14
< | 011 54265 : 10.27
31 /018  +0.15 0 /0.63
/061 /0.21 :
10.62 '
i |
© i
S :
[Te) '

Fig. 11. Ranked age plots of analyzed zircon grains from sampled ash beds. Vertical bars show individual single grain zircon analyses with 2¢ internal/analytical
uncertainty. Filled gray bars show analyses used for weighted mean age determinations. Colored horizontal bands represent 95 % confidence level (26) analytical
uncertainties of weighted mean dates. (A) Data presented herein from sampled ash beds of Donkergange, GRIND-ECT core 1B, MTC Tower and Aussenkjer suc-
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the Neint Nababeep Plateau. In both panels, samples from distinct areas (i.e., Zaris sub-basin, Ai-Ais map sheet, Orange River sections) are ordered in stratigraphic
superposition from left (lowest) to right (highest), demonstrating younging-upwards ages within analytical uncertainty for ash beds sampled and analyzed.
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weighted mean age calculations, based on the interpretation that they
represent xenocrystic or antecrystic zircon, or were incorporated during
the volcanic eruption and deposition through surficial processes.
Significantly younger zircon dates from samples MO38 and FM73 were
also excluded from age interpretations, based on the interpretation that
they may still reflect loss of radiogenic lead, despite chemical abrasion.
As an additional approach to estimate eruption ages for the dated ash
beds, 2°°Pb/238U dates were used to estimate a Bayesian eruption age
(BEA) model using the algorithm of Keller et al. (2018). A bootstrapped
prior distribution was used for all samples, and dates interpreted to have
been affected by residual Pb-loss were omitted from BEA calculations.
Normally discordant dates were also excluded from these calculations
because they can artificially bias eruption estimates to inaccurate ages
(e.g., Gaynor et al., 2023). This approach has the advantage of ac-
counting for potential time between final zircon crystallization and the
timing of eruption and therefore may be a way to account for potential
geologic uncertainty in determining the age of stratigraphy. In all cases,
the two age interpretations agree within uncertainty for each sample,
however the BEA interpretations yield larger uncertainties (Fig. S11).
Therefore, although we interpret weighted mean ages to approximate
the age of deposition in the results section, prior to considering regional
correlation throughout the following discussion, the larger uncertainties
mean that modeled BEAs can be considered as conservative depositional
age estimates, in each case.

The oldest ash bed from the Zaris sub-basin (sample FM87, Figs. 2B,
3, 11) was dated via six zircon analyses, all analytically concordant and
yielding a weighted mean 2°°Pb/?*®U age of 546.862 + 0.088 (0.16)
[0.61] Ma (MSWD = 2.5, n = 6) and a BEA of 546.68 + 0.23 Ma (n = 6,
20). This age is interpreted as a best estimate for the depositional age of
the ash bed and, therefore, the age of the lower part of the Hoogland
Member.

A total of six ash beds were analyzed from the Swartpunt area,
including sample 1471 from GRIND-ECT drill core 1B (Figs. 10-11). The
stratigraphic position of this ash interbed from core depth 269.9 m
agrees with the known position of an ash bed in outcrop of medium-scale
sequence C9 (Saylor, 2003). This ash bed is thin (<2 cm-thick, Fig. S4A)
but has a similar composition to the coarse bases of overlying ash beds
(e.g., Fig. S4D), and selected zircon grains were small, prismatic and
showed no sign of detrital abrasion or distinct inherited core morphol-
ogies. While the high temperature (210 °C) of chemical abrasion effec-
tively eliminates zircon domains that have been subject to residual Pb
loss, this occasionally results in very low concentrations of radiogenic Pb
and therefore lower precision (Figs. 10B, 11; e.g., Gaynor et al., 2022).
Nevertheless, all 2°°Pb/2%8U dates from single zircon analyses of sample
1471, analyzed at the NEIF, BGS, Keyworth, yielded a weighted mean
age of 540.591 + 0.269 (0.37) [0.67] Ma (MSWD = 0.63, n = 5 of 5,
Figs. 10B, 11, S10) and a BEA of 540.48 + 0.35 Ma (n = 5, 20). This age
is resolvably older than those of overlying ash beds in MTC Tower sec-
tion, and also resolvably older than the age reported from the ash bed at
the base of the Swartpunt Hill type section (Linnemann et al., 2019).

Ash beds from MTC Tower and Swartkloofberg sections of the
Swartpunt area (samples MO38, MO35, MO23, FM41, and SWART7,
Fig. 11) are stratigraphically upsection of the drill core sample and
yielded a sequence of ages through the MTC Tower section consistent
with superposition. The lowermost sample, MO38, yielded a weighted
mean 2%Pb/238U age of 539.937 + 0.097 (0.17) [0.60] Ma (MSWD =
1.9, n = 11), from eleven concordant zircon analyses, excluding one
normally discordant youngest and two older crystals. This sample yiel-
ded a BEA of 539.62 + 0.26 Ma (n = 13, 20). The next sample, MO35,
yielded a weighted mean 2°Pb/?*8U age of 539.984 + 0.091 (0.16)
[0.60] Ma (MSWD = 2.1, n = 8), from eight concordant zircon analyses,
which excluded three older and normally discordant grains. MO35
yielded a BEA of 539.74 + 0.26 Ma (n = 8, 2¢). Next, sample MO23
yielded a weighted mean 2°°Pb/?%U age of 539.62 + 0.17 (0.22) [0.62]
Ma (MSWD = 1.7, n = 4) from four youngest concordant analyses, which
excluded three older and normally discordant grains. MO23 yielded a
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BEA of 539.4 + 0.60 Ma (n = 4, 20). In the final sample from the MTC
Tower section, FM41, the six youngest dates yielded a weighted mean
206p, /2381 age of 539.140 + 0.087 (0.16) [0.60] Ma (MSWD = 2.0, n =
6), based on six concordant analyses and excluding twelve older,
concordant analyses. Sample FM41 yielded scattered zircon dates,
pointing to the presence of antecrystic zircon grains, and yielded a BEA
of 538.96 + 0.21 Ma (n = 18, 20). Finally, all six analyzed zircon grains
from SWART7 of Swartkloofberg section yielded concordant analyses,
and the youngest five of these yielded a weighted mean 2°°Pb/?%%U age
of 538.62 + 0.21 (0.25) [0.63] Ma (MSWD = 2.2, n = 5), and the full age
spectra yielded a BEA of 538.34 + 0.37 Ma (n = 6, 20).

The two ash beds from the Aussenkjer section (samples FM73 and
FM78, Fig. 2D, 11, S3G-H) yielded zircon weighted mean 2°6Pb/238U
ages of 539.635 + 0.081 (0.16) [0.60] Ma (MSWD = 1.9, n = 7) and
539.75 + 0.13 (0.19) [0.61] Ma (MSWD = 1.3, n = 6), respectively. Six
older zircon grains from FM73 and one from FM78 were excluded from
these weighted mean calculations. The youngest two zircon dates of the
stratigraphically higher sample, FM73, are interpreted as having un-
mitigated residual post-crystallization Pb-loss and are thus excluded
from the weighted mean and BEA calculations. Sample FM73 yielded a
BEA of 539.37 + 0.21 Ma (n = 13, 20), while FM87 yielded a BEA of
539.47 + 0.26 Ma (n = 7, 20).

4.3. Hafnium isotopes

There is moderate variability between the Hf isotope compositions of
zircon from different samples, as well as between grains of the same
sample (Fig. 12; Table S3). Four single grain analyses from sample FM87
in the Hoogland Member of the Zaris sub-basin overlap at approximately
eHf = 0.9. Zircon from the lowermost ash bed of the Swartpunt Hill type
section of the Spitskop Member in the Witputs sub-basin (sample
15UNA22, Figs. 10A, 11B, 12, previously dated by Linnemann et al.,
2019) largely overlap within uncertainty with a composition of eHf =
—2.0, with outliers at 0.3 and — 0.7. Fourteen single zircon grain ana-
lyses of the stratigraphically highest sample in the MTC Tower section
(sample FM41) of the Witputs sub-basin yielded an average composition
of eHf = —2.4, with one outlier at —0.8. Sample FM78 from the Aus-
senkjer section yielded an average composition of eHf = —2.8, with
significant scatter among five single grain analyses. The strati-
graphically overlying ash bed at Aussenkjer (sample FM73) yielded an
average composition of eHf = —2.3, with a single outlier at 0.3. Finally,
the olistostrome-hosted tuff bed from the Swartkloofberg section of the
Witputs sub-basin (sample SWART?7) yielded an average composition of
eHf = —2.8, with one outlier at —5.2.

5. Discussion

5.1. Implications and complications of new and published ages from the
Urusis Formation

5.1.1. Stratigraphic correlation between the Swartpunt area and sections
along the Orange River

We present an updated litho- and chemostratigraphic correlation
framework for sections of the Ai-Ai map sheet area of the Witputs sub-
basin, based on a combination of measured outcrop and GRIND-ECT
drill core profiles, with relative stratigraphic superposition confirmed
by geological mapping (Figs. S1, S2). This compilation presents all new
and/or revised radioisotopic ages alongside published ages and aids
discussion of chemostratigraphic and lithostratigraphic correlation be-
tween the Swartpunt area and sections along the Orange River.

Along the Orange River, the lower, carbonate-dominated part of the
Urusis Formation (Huns Member after Nelson et al., 2022) contains
three ash beds that yielded ages ca. 539.6-539.7 Ma (Figs. 11, 13,
Nelson et al., 2022 and this study). However, our oldest age from the
Urusis Formation of the Witputs sub-basin is 540.591 + 0.269 Ma (BEA
= 540.48 + 0.35 Ma), which is from an ash bed in the upper part of the
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Table 1

Summary of calculated U-Pb dates and associated uncertainties.
Core/Section ID Sample ID Latitude Longitude Unit 206ph/ 2387 Age (Ma) Error (26)" MSWD" n No.

(O] (E) X Y z

Swartkloofberg SWART7 27°26/38.5” 16°33'31.6” Nomtsas 538.62 0.21 0.25 0.63 2.2 5 6
MTC Tower FM41 27°31'03.9” 16°41'32.7” Spitskop 539.140 0.087 0.16 0.60 2.0 6 18
MTC Tower MO23 27°31'6.40” 16°41'40.00” Spitskop 539.62 0.17 0.22 0.62 1.7 4 7
MTC Tower MO35 27°31'7.40” 16°41'58.70” Spitskop 539.984 0.091 0.16 0.60 2.1 8 10
MTC Tower MO38 27°31'15.00” 16°42'4.70” Spitskop 539.937 0.097 0.17 0.60 1.9 11 14
Aussenkjer FM78 28°19'7.20” 17°22'34.10” Urusis 539.75 0.13 0.19 0.61 1.3 6 7
Aussenkjer FM73 28°18'38.70” 17°22'59.10” Urusis 539.635 0.081 0.16 0.60 1.9 7 15
GRIND-ECT core 1B 1471 27°29'31.20” 16°44'38.40” Huns 540.591 0.269 0.37 0.67 0.63 5 5
Donkergange FM87 24°30'26.7” 16°12'5.0” Hoogland 546.862 0.088 0.16 0.61 2.5 6 6

# X represents the internal (analytical) uncertainty in the absence of all external or systematic errors; Y incorporates the U-Pb tracer calibration error; Z includes X

and Y, as well as error in the uranium decay constant.

> MSWD: mean square of weighted deviates.
c

Huns Member (medium-scale sequence C9, Huns-Feldschuhhorn tran-
sition) in core 1B (sample 1471), which lies >400 m above the base of
the Huns Member in the Swartpunt area (Figs. 10, 11, S1, S2). The two
ash bed ages from the base of MTC Tower are stratigraphically above
this core sample and yielded analytically identical ages of 539.937 +
0.097 Ma and 539.984 + 0.097 Ma (BEA = 539.62 + 0.26 Ma and
539.74 + 0.26 Ma, respectively), younger than the age from sample
1471, and are also either older than or unresolvable from the strati-
graphically lowest dated ash beds of the Orange River sections (Figs. 10,
11).

The entire Urusis Formation may have been deposited more rapidly
in the Swartpunt area than the Orange River succession while still
adhering to the law of superposition, indicating that all reported
weighted mean ages from the Huns-Spitskop Members in the Swartpunt
area (with the possible exception of sample FM41) are too old relative to
those from sections of the Orange River, and that these ash bed ages do
not represent the timing of deposition relative to their stratigraphic
position (Fig. 13). Alternatively, the greater stratigraphic thickness of
the Huns-Spitskop Members in the Swartpunt area relative to sections
along the Orange River, and the multiple older ages recorded from the
Swartpunt area, may suggest that deposition of the Huns Member
largely occurred >540 Ma in the north (present co-ordinates) and that
the carbonate-dominated Urusis Formation along the Orange River was
predominantly deposited coeval with the Spitskop Member in the
Swartpunt area (Fig. 14).

A recent cyclostratigraphic study of GRIND-ECT core 1A, immedi-
ately to the northeast of the Swartpunt area, extrapolated the age of
539.63 + 0.15 Ma from the NNP as a temporal anchor for the lower part
of the Huns Member in core 1A (e.g., Fig. 13, Gong et al., 2025). If the
newly reported weighted mean age from the upper unit of the Huns
Member in core 1B is assumed to approximate the age of deposition,
then Bayesian age-depth modelling (Bchron R package, Haslett and
Parnell, 2008; Parnell et al., 2008) suggests a significantly older age of
542 + 0.6 Ma for the base of the Huns Member in the Swartpunt area
(Fig. 14). This results in two notably different estimates for the age of the
lowermost part of the Huns Member and the important ichnofossil and
skeletal fossil assemblage of the Nasep-Huns transition in the Swartpunt
area (Turk et al., 2022; Gong et al., 2025). Using radioisotopic data from
a composite succession in one geographically restricted area, rather than
extrapolation of ages between distant areas, would help to reduce un-
certainty associated with the possibility for lateral diachroneity of units
across greater distances (e.g., between Swartpunt and Orange River
areas). However, this approach is only valid if the interpreted ages,
including those from the Nudaus and Urusis Formation ash beds in the
Ai-Ais map sheet area, approximate depositional ages.
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5.1.2. Systematic younging-upwards repetition of zircon U-Pb ages in the
Swartpunt area

Compilation of published and new zircon U-Pb CA-ID-TIMS ages
from ash beds in the Swartpunt area yields a sequence in agreement with
the principle of superposition within individual sections, however
comparison of these ages between sections suggests potential repetition
of stratigraphy or inaccurate correlations (Fig. 10B). In ascending order,
medium-scale sequence C9 contains an ash bed with a weighted mean
age of 540.591 + 0.269 Ma, E13-E14 contain ash beds with weighted
mean ages of 539.937 + 0.097 Ma and 539.984 + 0.091 Ma (these may
occur within one medium-scale sequence following merger of E13 and
E14 after Spiering et al., 2023), and E15 contains ash beds with ages of
539.62 + 0.17 Ma and 539.14 + 0.087 Ma. Ash beds from Swartpunt
Hill in overlying medium-scale sequence E17 yielded zircon U-Pb ages of
540.095 + 0.099 Ma, 539.58 + 0.34 Ma, 539.52 + 0.14 Ma, 539.64 +
0.19 Ma, and 538.99 + 0.21 Ma (Linnemann et al., 2019). Together, this
yields a sedimentary sequence from ca. 540 Ma to ca. 539.1 Ma between
E13-E15, with ages that are repeated stratigraphically higher in E17.
When instead interpreting this chronostratigraphic framework using
BEAs to represent the depositional ages of these ash beds, this is still the
case, albeit at coarser resolution, whereby uncertainty on the oldest age
in C9 does not overlap with uncertainties on ages in E13-15, and the
uncertainties of BEAs in uppermost E15 and lowermost E17 also do not
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overlap. Therefore, the repetition of ages observed between E13-15 and
E17 violates the principle of stratigraphic superposition, regardless of
the age interpretation methods used here (Fig. 10B).

One of two hypotheses might explain the observed out-of-sequence
ages of these tuff beds:

Scenario 1: The dates of individual zircon crystals from many ash
beds in the Urusis Formation of the Witputs sub-basin do not approxi-
mate their eruptive age, due to a host of potential factors such as (1)
analysis of either antecrystic or subtly xenocrystic zircon, (2) incomplete
sampling of complicated age spectra, or (3) unresolved Pb-loss. As a
result, the interpreted ages of some or all of these horizons do not
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Scenario 2: A previously unrecognized cryptic thrust displacement
between the top of E15 and below the stratigraphically lowermost ash
bed of E17 has resulted in stratigraphic repetition.

Scenario 1 is consistent with the interpretation of Nelson et al.
(2022) and would imply that zircon U-Pb ages from E17 (and possibly
the majority from E13-15, see below) in the Swartpunt area only
represent maximum depositional ages (e.g., Figs. 13, 14). Scenario 2
may resolve lithostratigraphic and age repetition but requires additional
field evidence and adjustments to the tectonostratigraphic model for the
uppermost part of the Spitskop Member in this area. Below, we inves-
tigate both scenarios, and their wider implications for Nama Group

approximate their depositional timing. stratigraphic architecture and basin evolution.

Scenario 1a:

Weighted mean ages of analyzed zircon
from all ash beds in the Swartpunt area
(except FM41) do not approximate their
eruptive ages. Different depositional rates
for the Schwarzrand Subgroup between
the Ai-Ais and Orange River areas.

Ages with analytical uncertainty:
I Neint Nababeep Plateau (Orange River south)
B8 Aussenkjer (Orange River north)
Swartpunt area:
Bl Swartkloofberg (visibly reworked ash bed)
Bl Swartpunt Hill
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Fig. 13. Reconstructed correlation framework for the Urusis Formation following Scenario 1a. (A) Composite lithostratigraphic columns for the Ai-Ais map sheet
area and the Orange River succession (expanded in Fig. S2). Framework extends from the depocenter to the seaward margin of the Witputs sub-basin, and southward
to sections (Aussenkjer and the NNP) of the Orange River. Levels of Nudaus and Nasep ash beds in core 1A based on lithostratigraphic correlation to levels of dated
ash beds in outcrop after Gong et al. (2025). (B) Weighted mean ages from ash beds presented in Linnemann et al. (2019), Nelson et al. (2022) and this study. Black
horizontal lines are single grain analyses used in calculation of weighted mean ages; gray horizontal lines are single grain analyses not considered in weighted mean
age calculations for the reasons stated in the text. Sample IDs are shown for key ash beds (refer to Fig. 11 for expanded ranked age plots). Shaded envelopes (for
Bayesian age-depth models, these represent the 95 % confidence intervals): 1. Orange envelope shows the Bchron Bayesian age-depth model calibrated using a
combination of extrapolated weighted mean ages and positions of associated ash beds in the Nudaus Formation and Nasep Member in the Ai-Ais map sheet area and
the age of the lowermost dated ash bed of the NNP succession after Nelson et al. (2022); 2. Green envelope shows the Bchron Bayesian age-depth model for the NNP
after Nelson et al. (2022); 3. Gray envelope represents Bayesian eruption age (BEA) estimates for all newly reported weighted mean ages from the Swartpunt area,
using bootstrapped distributions of single grains after Keller et al. (2018). This correlation implies that all weighted mean ages reported from the Spitskop Member in
the Swartpunt area represent maximum depositional ages only (with the exception of sample FM41), and that autocrystic zircon grain populations in these ash beds
have been largely missed. It also implies that the Schwarzrand Subgroup in the Ai-Ais map sheet area was deposited more rapidly than the succession preserved in
outcrops along the Orange River. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

19



F.T. Bowyer et al.

5.2. Possible solutions to resolve zircon U-Pb age discrepancies

5.2.1. Scenario 1: analyzed zircon from ash beds in the Swartpunt area do
not approximate their eruptive ages

In total, high-precision, single-grain zircon U-Pb CA-ID-TIMS data
from twelve ash beds have been published from the Urusis Formation
and the informal ‘lower’ Nomtsas Formation in the Ai-Ais map sheet
area (Fig. 11, Linnemann et al., 2019; Nelson et al., 2022, this study).
Excluding the Nasep Member ash bed, which is older than the Bayesian
age-depth framework for the NNP (Fig. 13B), and the informal ‘lower’
Nomtsas Formation ash bed which is visibly reworked, this amounts to
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97 single grain analyses from ash beds of the Urusis Formation in the
Swartpunt area, of which 52 have been used for the calculation of
weighted mean ages based on the youngest coherent population of
dates. Scenario 1 implies that many weighted mean ages from the Huns
to Spitskop Members in the Swartpunt area are best interpreted as
maximum depositional ages (Figs. 13, 14). This interpretation would
better align with the Bayesian age-depth model derived from ash beds in
the Urusis Formation of the NNP succession from Nelson et al. (2022),
given that all ages derived from ash beds in this interval of the Swartpunt
area succession, with the exception of sample FM41, are older than the
predicated ages of the stratigraphy of that model (Fig. 13). If that
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I Neint Nababeep Plateau (Orange River south)
B8 Aussenkjer (Orange River north)
Swartpunt area:
Bl Swartkloofberg (visibly reworked ash bed)
Bl Swartpunt Hill
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Fig. 14. Reconstructed correlation framework for the Urusis Formation following Scenario 1b. (A) Composite lithostratigraphic columns for the Ai-Ais map sheet
area and the Orange River succession (expanded in Fig. S2). Framework extends from the depocenter to the seaward margin of the Witputs sub-basin, and southward
to sections (Aussenkjer and the NNP) of the Orange River. Levels of Nudaus and Nasep ash beds in core 1A based on lithostratigraphic correlation to levels of dated
ash beds in outcrop after Gong et al. (2025). (B) Weighted mean ages from ash beds presented in Linnemann et al. (2019), Nelson et al. (2022) and this study. Black
horizontal lines are single grain analyses used in calculation of weighted mean ages; gray horizontal lines are single grain analyses not considered in weighted mean
age calculations for the reasons stated in the text. Sample IDs are shown for key ash beds (refer to Fig. 11 for expanded ranked age plots). Shaded envelopes (for
Bayesian age-depth models, these represent the 95 % confidence intervals): 1. Blue envelope shows the Bchron Bayesian age-depth model calibrated using weighted
mean ages of ash beds from the Ai-Ais map sheet area, including those in the Nudaus Formation and Nasep Member of the Urusis Formation, in addition to the Huns
and the Spitskop Members in GRIND-ECT core 1B and MTC Tower; 2. Orange envelope shows the Bchron Bayesian age-depth model calibrated using a combination of
extrapolated weighted mean ages and positions of associated ash beds in the Nudaus Formation and Nasep Member in the Ai-Ais map sheet area and the age of the
lowermost dated ash bed of the NNP succession after Nelson et al. (2022); 3. Green envelope shows the Bchron Bayesian age-depth model for the NNP after Nelson
et al. (2022); 4. Gray envelope represents Bayesian eruption age (BEA) estimates for all newly reported weighted mean ages using bootstrapped distributions of single
grains after Keller et al. (2018). Vertical dashed arrows show ash beds extrapolated between sub-basins for (2). This correlation implies that the majority of ash bed
ages reported from the Spitskop Member in the Swartpunt area represent maximum depositional ages only, and that autocrystic zircon grain populations in these ash
beds have been largely missed. However, it also implies that the Huns Member carbonate platform developed first in the vicinity of Swartpunt before migrating south
(present co-ordinates). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Bayesian age-depth model, based on the geochronology interpretations
of Nelson et al. (2022), accurately represents the chronostratigraphic
framework, this suggests that only 11.5 % of all single crystal zircon
dates used in the calculation of weighted mean ages (n = 6 of 52) from
Urusis Formation ash beds in the Swartpunt area represent autocrystic
populations that best approximate near-depositional ages.

If this model is accurate, it either implies: (1) that zircon distribu-
tions for the majority of ash beds in the Witputs sub-basin are skewed
towards older ages by inheritance of either antecrystic or xenocrystic
zircon domains, (2) inter-laboratory differences in pre-chemical abra-
sion optical zircon selection criteria led to biases in single crystal date
populations and subsequent weighted mean ages of ash beds between
studies and/or (3) the complete distribution of dates in individual ash
beds was not sampled during analysis due to either insufficient analyses
or biases associated with morphologies of zircon analyzed. Option 3
would imply that the zircon selection criteria employed by Nelson et al.
(2022) more efficiently identified zircon morphologies that correspond
to autocrystic grain populations, despite smaller n values per sample.
Unfortunately, this is currently impossible to investigate fully, as zircon
imagery was not provided in Linnemann et al. (2019) or Nelson et al.
(2022). Regardless, any combination of these factors could offset the
weighted mean ages to either older or younger than the ages of depo-
sition, even when considering uncertainties on eruption age estimates
using Bayesian methods (gray envelope on Figs. 13B and 14B). So, if
Scenario 1 is true and many such ages are older than the ages of depo-
sition, a cautious approach would be to consider all weighted mean ages
and BEAs from ash beds to only ever represent maximum depositional
ages.

5.2.2. Scenario 1: potential problems

The youngest autocrystic grains in an ash fall are commonly the least
abundant and the smallest, because their crystallization pattern is
restricted by the time spent in silica-rich melts prior to eruption (Crisp
and Berry, 2022). Zircon grains from ash beds in the vicinity of Swart-
punt that were selected for CA-ID-TIMS are small and show long pris-
matic, needle-like morphology (often with aspect ratios of <150:30),
typical of later-stage zircon crystalized from silicic magma (Crisp and
Berry, 2022). Therefore, it is extremely unlikely for differences in zircon
grain size distribution based on volcanic processes (e.g., via density
sorting during eruptive transport, Eychenne and Engwell, 2022) to be
the cause of any differences in weighted mean ages between the Witputs
and Orange River ash beds. Explaining the differences in zircon age
populations between ash beds of the Swartpunt area and sections of the
Orange River therefore could invoke: (1) post-depositional sedimentary
reworking of ash beds in the Swartpunt area, for which no evidence has
so far been reported, (2) an unconscious bias in optical zircon grain
selection criteria, and/or (3) differing chemical abrasion procedures
leading to variable efficiencies of Pb-loss mitigation. To fully discount
sedimentary reworking would require a detailed sedimentological study
of each ash bed in the Swartpunt area from outcrop, in addition to tar-
geted intra-bed investigations that aim to verify and characterize ver-
tical stratification or lateral variability of zircon age population
distributions. If grain selection bias is not responsible, then a cautious
approach would be to assume that weighted mean ages from ash beds in
the Nudaus Formation and Nasep Member also represent maximum
depositional ages derived from dominant antecrystic zircon populations
or complex population distributions associated with sedimentary
reworking. This would serve to increase the uncertainty on regional age-
depth models, including those that rely on extrapolating ash bed data
between the Ai-Ais map sheet area and Orange River succession. Finally,
while all three studies did employ relatively rigorous conditions for
chemical abrasion, due to the age and post-depositional history of these
samples, there is potential for differing amounts of subtle Pb-loss to be
present in each study. This is best demonstrated by the anomalously
young dates in samples MO38 and FM73 in this study, and sample
L1835-0 in Nelson et al. (2022) (Fig. 11). However, given the high
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frequency of overlapping dates at the youngest population within each
sample from all three studies, we suggest that this is unlikely to have
been the major mechanism causing differences between interpreted
206pp, /238 ages.

Based on the available evidence, Scenario 1 cannot easily account for
the systematic repetition of younging-upwards ages recorded from the
base of MTC Tower through to the top of Swartpunt Hill, especially
given that the ages themselves form coherent clusters within analytical
uncertainty between both units. Furthermore, based on published data,
this appears to have only influenced zircon distributions in ash beds of
the Swartpunt area and not sections of the Orange River, which is
difficult to explain unless only the ash beds in the Swartpunt area un-
derwent significant post-depositional reworking. Meanwhile, the cor-
ollary of invoking unconscious bias introduced during optical zircon
selection would be that the stratigraphic repetition of dates is nothing
but coincidental, and that adding more single grain dates may reveal
true autocrystic populations for the Swartpunt area ash beds, given the
tendency for larger numbers of single grain analyses to yield weighted
mean dates that better approximate autocrystic populations (e.g., Con-
don et al., 2024).

5.2.3. Scenario 2: Gariep-related structural repetition and carbonate
platform migration

Out-of-sequence ages in autochthonous successions may be more
readily discounted as inheritance rather than a product of cryptic
structural repetition. However, the same argument may be less valid for
strata in allochthonous areas that are known to have experienced
structural displacements in proximity to orogenic compression, such as
the Swartpunt area. The MTC Tower and Swartpunt Hill sections are
similar in lithostratigraphic architecture, the number and position of ash
beds within each stratigraphic column, and ash bed ages. The Spitskop
Member is comprised of alternating carbonate and siliciclastic units, and
so any apparent lithostratigraphic repetition alone cannot be interpreted
to reflect structural repetition due to overthrusting. However, ash beds
were transported and deposited via a process entirely separate to
carbonate-siliciclastic deposition, so the relative positions of ash beds
within the stratigraphic architecture is notable. The lowermost ash in-
terbeds of MTC Tower, core 1D and Swartpunt Hill are interbedded with
carbonates and siliciclastics of variable thickness, whereas the upper ash
beds in each profile occur across a short stratigraphic interval near the
top of carbonate-dominated packages and immediately beneath thick
siliciclastic units. When considering analytical uncertainty, the ages of
the two basal ash beds in MTC Tower are indistinguishable from the
540.095 Ma age of sample 15UNA22 (basal Swartpunt Hill ash bed,
Linnemann et al., 2019), and the ages of the two ash beds from the
middle part of MTC Tower are indistinguishable from the ages of the
four dated ash beds in the middle of Swartpunt Hill.

If each weighted mean U-Pb age faithfully approximates a near-
depositional age, then the ten high-precision zircon U-Pb CA-ID-TIMS
ages from the upper unit of the Huns Member through Spitskop Mem-
ber of the LTP in the Swartpunt area lead to two conclusions. First, they
would confirm that the Huns Member in the Swartpunt area was largely
deposited prior to 540.591 + 0.269 Ma. Second, that age repetition
between E13-15 and E17 is associated with stratigraphic repetition.
Visible thrust faults in this area strike NW-SE and dip to the WSW,
consistent with northeast convergent compression driven by the Gariep
orogeny (Saylor and Grotzinger, 1996). Compressional features in E17
(e.g., Fig. 9F) cannot, by themselves, be used to invoke long-range
displacement within E17-18 given that they are also an expected
result of Gariep-related compression, which would have affected the
entire LTP. However, if each age is assumed to approximate the timing
of deposition of each respective ash bed, then, considering the regional
structural context, the observed age repetition may suggest that the
entirety of E18 and at least the upper half of E17 on the LTP represent
the remains of a nappe formed by overthrusting and long-range
displacement of E13-E16 (Figs. 15, 16).
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The Spitskop Member in the Swartpunt area was deposited as a
mixed carbonate-siliciclastic ramp (Fig. 16A, Saylor and Grotzinger,
1996). In Scenario 2, compression and fault propagation culminated in
delamination of E13-E16 in the hinterland, which were overthrust and
transported across the top of a mechanically weak (incompetent) sili-
ciclastic layer. The décollement surface in this scenario would therefore
be invoked within the siliciclastic package that constitutes the lower
part of E17, below the 540.095 Ma ash bed (Fig. 16B). The leading edge
of the resulting nappe, which would have been situated to the northeast
of Swartpunt Hill, has since been removed by erosion in this model. This
displacement would then have been followed by continued out-of-
sequence overthrusting of the Huns Member and lower part of the
Spitskop Member (Fig. 16C), along fault ‘B' and by splay along fault ‘A’
(after Saylor and Grotzinger, 1996, Fig. 16D). A localized, buried
displacement along fault ‘C' upwarped units to form an anticline beneath
the Huns klippe, and progressive displacement along the leading edge of
fault ‘C' separated the LTP from the autochthon to the east of Swartpunt
Hill (Figs. 15, 16D). Compression of the UTP led to broad-scale folding of
the Kuibis Subgroup on Farm Nord Witputz and along strike to the
northwest, and subsequent erosion of overlying units resulted in expo-
sure of modern topography (Figs. 16E, S7b). Ultimately, the model
suggested by Scenario 2 is consistent with that originally proposed by
Saylor and Grotzinger (1996) but adds one step of in-sequence imbricate
fault propagation (Fig. 16B) prior to their oldest fault displacement
(Fig. 16C). Hypothetical fault ‘D' would thus represent the oldest Gariep-
related thrust fault in this area known to date.

If Scenario 2 is correct, it would also help to explain the considerable
differences in lateral thickness of the Spitskop Member, which has long
been recognized between the UTP, MTP and LTP, and which has been
interpreted to result from an exaggerated distal steepening of the Spit-
skop Member carbonate ramp (Saylor and Grotzinger, 1996). This sce-
nario may also explain the apparent absence of the carbonate-dominated
upper half of E17 and the entirety of E18 from the autochthon to the
east, if these units have not simply been removed by erosion (Saylor,
2003).

This model would resolve ash bed age repetition and cannot be easily
discounted based on available data given the tectonic regime of the
Swartpunt area, which was subject to northeast-vergent Gariep-related
compression. This suggests that E17 (at least from beneath the lower-
most dated ash bed) to the top of E18 could encompass repeated strata
(E13-16) that were transported as a nappe. However, given that sub-
sequent erosion has separated numerous cuestas, each of these would
now be more accurately described as klippes (Fig. 15).

5.2.4. Scenario 2: potential problems

The considerable planar displacement required by Scenario 2 along
décollement ‘D' (ca. 7 km, Figs. 15, 16B) appears at first to be incon-
sistent with the generally high angle of exposed fault planes (e.g., faults
‘A' and ‘B' and the frontal displacement of fault ‘C'). However, even faults
‘A" and ‘B' have been reconstructed with an initial ramp-flat geometry,
and fault ‘C' is primarily reconstructed as a buried thrust flat (Saylor and
Grotzinger, 1996). In Scenario 2, the ramp of fault ‘D' is not preserved,
but décollement ‘D' represents the thrust flat that underlies the hanging
wall flat (consisting of E18 and upper E17) which formed at a time when
the tectonic regime was dominantly thin-skinned, in advance of move-
ment along out-of-sequence fault ‘B'. Out-of-sequence thrusting is also
evident in the model of Saylor and Grotzinger (1996), whereby
displacement along fault ‘B' and emplacement of the Huns klippe atop
the LTP predated splay ‘A'. The initial in-sequence model that led to
décollement ‘D' would be analogous to the development and
morphology of thin-skinned imbricate thrust systems in frontal zones of
other orogenic belts (e.g., Bally et al., 1966). If this scenario is correct,
then the imbricate thrust system in the hinterland, which would theo-
retically have originally overlain deposits of the UTP and MTP (e.g.,
Fig. 16B, C), has since been removed by erosion.

The most significant issue with Scenario 2 is undoubtedly the
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absence of any visible evidence in outcrop for displacement within the
lower half of E17, which is inferred to have been the footwall.
Displacement distances on the order of kilometers would be expected to
result in disrupted bedding of incompetent strata that underlie the
décollement surface. If Scenario 2 is preferred, then the cryptic nature of
this décollement is evident by the fact that it has not been identified in
outcrop despite over 30 years of field study in the Swartpunt area. As
noted in Section 4.1.3, evidence for compression in section SWP-AB31
(Figs. 9E, F, 10A) is insufficient to argue for long-range nappe trans-
port because compression of the LTP would also be expected during
faulting of ‘A' and ‘B. Slumping of siliciclastics in SWP-AB31 and
Swartpunt Hill may similarly have resulted from distal slippage during
formation of the anticline beneath the Huns klippe, which was driven by
subsurface movement along fault ‘C'. The 540.095 Ma ash bed is overlain
by a thin unit of siliciclastic strata, which may also be expected to record
evidence for disruption during long-range nappe transport. Unlike the
middle fossil-bearing siliciclastic unit of Swartpunt Hill (lower part of
medium-scale sequence E18), which has been described as a “mega-
slump” (Narbonne et al., 1997; Darroch et al., 2015), the sedimentology
of the siliciclastic interval at the base of Swartpunt Hill and neighboring
sections has received comparatively little attention by sedimentologists
but does show evidence for localized broad-scale folding to the south-
west of Swartpunt Hill (e.g., SWP-AB31, Fig. 9E).

In the thought experiment of Scenario 2, in order to resolve age
repetition, the décollement surface must underly the lowermost ash bed
at Swartpunt Hill, dated to 540.095 Ma by Linnemann et al. (2019). The
lack of clear outcrop evidence for displacement beneath this ash bed is
either because it does not exist, or it may be due, in part, to bedding-
parallel displacement along the décollement surface and cover of
tectonically disrupted strata in the footwall by intense weathering of
siliciclastic rocks in lower E17. Ideally, a décollement surface would be
identifiable in unweathered core from the uppermost part of GRIND-ECT
1D (Figs. 5B, 10A). However, the core collar of 1D underlies the ash bed
at the base of Swartpunt Hill by several meters (Fig. 10A) and the up-
permost ca. 10 m of core are composed of brecciated calcrete where
original bedding features and original lithological composition are
obscured. The underlying unit of sandstone and siltstone in core 1B,
which corresponds to the lower half of medium-scale sequence E17,
contains thick intervals that lack clearly defined bedding planes and
laminations in cross-section. It is therefore possible that the décollement
surface is present but remains cryptic, even in available core material.
Focused future field study is required to fully discount the possibility
that the décollement surface has been missed, and this would also
benefit from attempts to fingerprint the bulk geochemistry of ash beds
using trace element concentration data (e.g., Saylor et al., 2005). Based
on the lack of available evidence from outcrop, Scenario 2 can only be
viewed as a thought experiment.

5.2.5. Indulging Scenario 2: relative timing of Gariep-related displacements

Seven ash beds through the Urusis Formation in the Swartpunt area
and Orange River successions yielded weighted mean ages of ca. 539.6
Ma, unresolvable from one another within analytical uncertainty
(Figs. 11, S1, S2, ages reported herein, in Linnemann et al., 2019, and in
Nelson et al., 2022). Ash beds with this age have been identified in the
middle part of the Spitskop Member (E15) at MTC Tower, the Spitskop
Member (E17) at Swartpunt Hill, the middle part of the Urusis Forma-
tion at Aussenkjer, and the lower part of the Urusis Formation of the
NNP composite section (Figs. 11 and S1). Available ash bed ages also
confirm ongoing mixed siliciclastic-carbonate deposition in the NNP
succession until <538 Ma (Figs. 13B, 14B, 17B, Nelson et al., 2022). Re-
analyzed zircon grains from the reworked ash bed on Farm Swart-
kloofberg (sample SWART7, Figs. 2C, 11, S1, S2, S3F) yield a weighted
mean age of 538.62 + 0.21 Ma, indistinguishable within analytical
uncertainty from the age of the informal ‘lower’ Nomtsas Formation ash
bed on the NNP reported by Nelson et al. (2022), sample L1832-0,
Fig. 11). Thus, consistent with visible evidence for transport of silicified
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Fig. 15. Alternative geological map for the Swartpunt area inferred in ‘Scenario 2’ (expanded in Fig. S7b). Map shows the areal extent of outcrop that constitutes
repetition of medium-scale sequences E13-16 in the Spitskop Member. The prominent darker green horizon is the top of medium-scale sequence E16. Hypothesized
nappe transport along décollement [D] suggested by systematic zircon U-Pb age repetition through medium-scale sequences E13-E18 if all weighted mean ages are
assumed to represent near-depositional ages. Mechanism for nappe emplacement is consistent with the regional tectonic regime associated with northeast-vergent
Gariep-related compression, as discussed in the text. Yellow line marks cross-section of Fig. 16. Fm. — Formation; Mb. — Member; mbs. —- Members. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ash material, we interpret the ash bed in the Swartkloofberg section to
have been reworked and transported from underlying strata equivalent
in age to the ‘lower’ Nomtsas Formation on the NNP. On farms Swart-
punt and Swartkloofberg, in-situ ‘lower” Nomtsas Formation deposits of
this age (i.e., strata preserving the SWART?7 ash bed in-situ) have been
lost through erosion prior to or during deposition of the Nomtsas For-
mation conglomerate in this area (Figs. 13B, 14B, 16C, 17B, S1, S2,
Saylor and Grotzinger, 1996).

No outcrops of E17 or E18 preserve direct evidence for an uncon-
formable contact with the Nomtsas Formation conglomerate on the LTP.
The contact is not exposed at the base of outcrops of the Nomtsas
conglomerate to the west of Swartpunt Hill, largely due to structural dip
and burial beneath alluvium (Figs. 5B, 15, S7). However, Saylor and
Grotzinger (1996) proposed that this Spitskop-Nomtsas unconformity
may correlate with a dolomitized and brecciated horizon near the base
of the carbonate-dominated upper part of E17, which outcrops at the
summit of section SWP-AA28 (Figs. 5B, 9C), thereby inferring up to 120
m of erosion on the LTP. In Scenario 2, nappe emplacement of E18 and
upper E17 would have occurred prior to or broadly coincident with
deposition of the Nomtsas conglomerate, because this model requires
displacement along a planar décollement surface of minimal resistance.

The sub-Nomtsas Formation erosional unconformity has previously
been linked with relative sea level fall on the order of several tens to
even hundreds of meters, and the ‘lower’ Nomtsas Formation
conglomerate itself has been interpreted as debris shed from incised
valleys that formed during relative sea level fall, with sediment gravity
flows depositing some material into deeper marine settings of the UTP
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(Saylor, 1993; Saylor et al., 1995; Saylor and Grotzinger, 1996). Saylor
and Grotzinger (1996) suggested that the sub-Nomtsas Formation un-
conformity may, in part, reflect eustatic sea level fall, given its expres-
sion both on the uplifting eastern edge and rapidly subsiding western
edge of the Witputs sub-basin, and through recognition that several
globally distributed successions record erosive unconformities in car-
bonates that immediately underlie Cambrian strata (e.g., Runnegar
et al, 1995). However, this remains highly speculative. Instead,
increasing accommodation space during deposition of the Spitskop
Member and submarine slope failure associated with the Spitskop-
Nomtsas unconformity in the Swartpunt area may both have been
driven by progressive flexural subsidence during Gariep orogenesis
(Fig. 16C). Active flexural subsidence has also been invoked to explain
relative deepening at the Spitskop-Nomtsas contact on the NNP (Nelson
et al., 2022).

The youngest age from the Spitskop Member on the LTP is ca. 538.99
+ 0.21 Ma (Fig. 11B, Linnemann et al., 2019), and ash beds reworked
from underlying units during deposition of the Nomtsas Formation on
the MTP yielded an age of 538.62 + 0.21 Ma. Radioisotopic and strat-
igraphic data from the NNP show that transgressive ‘lower’ Nomtsas
Formation deposits, which either predate regional base level fall or
coincide with a pulse of Gariep-related flexural subsidence in the Wit-
puts sub-basin, are as young as 537.95 + 0.28 Ma (Fig. 11B, Nelson
et al., 2022). In Scenario 2, the available radioisotopic ages allow >1
Myrs for nappe transport on the LTP prior to the onset of regional base
level fall.

Nomtsas Formation siliciclastic rocks in the Swartpunt area have
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Fig. 16. Schematic illustration showing hypothesized tectonostratigraphic evolution in the Swartpunt area according to ‘Scenario 2’. (A) Pre-deformational layer-
cake stratigraphic architecture of the pre-Nomtsas succession in the southwestern Witputs sub-basin. (B) Incipient far-field Gariep compression results in a frontal
zone of imbricated thrust faults and repetition of medium-scale sequences E13-16, with décollement surface [D] parallel to bedding along mechanically weak
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(full high-resolution map and cross-section provided in Fig. S7b). Fault evolution in panels (C) and (D) follow sequence described and illustrated in Saylor and

Grotzinger (1996).

previously been interpreted to record diachronous deposition during
marine transgression (Saylor and Grotzinger, 1996). In eastern sections
of the Witputs sub-basin, siliciclastic rocks mapped as the Nomtsas
Formation contain T. pedum above a series of nested erosional un-
conformities (Fig. S2; Wilson et al., 2012). Youngest detrital zircon ages
from fossiliferous deposits in the Great Basin constrain the lowest
regional occurrence of T. pedum to <533 Ma, near the base of the Lau-
rentian Sauk transgression (Sloss, 1963; Nelson et al., 2023). If silici-
clastic rocks above the Nomtsas Formation conglomerate on the MTP
were deposited prior to lowest regional occurrence of T. pedum, and if

24

currently available radioisotopic ages from Laurentia approximate the
maximum age of global T. pedum first appearance, then these siliciclastic
rocks were most likely deposited after 537.95 Ma and in advance of Sauk
transgression. Therefore, we caution that, notwithstanding environ-
mental and facies biases on habitability and fossil preservation, it is
extremely difficult to confidently differentiate intervals of eustatic sea
level rise within the Nomtsas Formation from active flexural warping
associated with Gariep orogenesis. Future studies may benefit from
integrating maximum depositional ages of T. pedum-bearing deposits in
the Nama Group using youngest single grain detrital zircon CA-ID-TIMS
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Bchron Bayesian age-depth model for the NNP after Nelson et al. (2022); 3. Gray envelope represents Bayesian eruption age (BEA) estimates for all newly reported
weighted mean ages in the Swartpunt area using bootstrapped distributions of single grains after Keller et al. (2018). This correlation permits all weighted mean ages
of youngest grain populations to approximate the timing of deposition within analytical uncertainty but requires structural repetition of the Spitskop Member in the
vicinity of Swartpunt, and lower depositional rates in the Swartpunt area relative to sections along the Orange River during deposition of the Spitskop Member. In
this reconstruction, the Huns Member carbonate platform largely developed in more northerly areas (present co-ordinates) and migration of the locus of active
tectonic subsidence, from large-scale sequences D and E -onward, led to progressive migration of the carbonate platform to the south during deposition of the
Spitskop Member. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

analyses. correlation follows the alignment of medium-scale sequences between
sections of the MTP and LTP after Saylor (2003). The age framework for

5.3. Regional §'3C.qp correlation and carbonate platform migration the NNP in each scenario is within the uncertainty envelope of the
Bayesian age-depth model presented by Nelson et al. (2022). Given that

Regional stratigraphic correlations between the Swartpunt area and carbon isotope data of the Urusis Formation lack distinctive positive/
the NNP that result from Scenario 1 (scenarios 1la and 1b, Figs. 13 and negative anomalies to aid correlation, it is not possible to use the che-
14) and Scenario 2 (Fig. 17) yield significantly different regional com- mostratigraphic data alone to favor one scenario over another. However,
posite chemostratigraphic profiles (Fig. 18 and Table S4). Each there is some consistency of structure in the §'3Co1, composite, which is
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replicated between sections of the Witputs sub-basin and evident in the
comparison of composite sections between the Swartpunt area and
sections along the Orange River (Fig. 18).

The first of these chemostratigraphic models follows the correlation
of Members of the Urusis Formation after Nelson et al. (2022)- their
Fig. 9), whereby the age of the base of the Huns Member is approxi-
mately equivalent between the Swartpunt area and NNP (Scenario 1a;
Figs. 13, 18A). This scenario requires that all ash bed ages from the
Huns-Spitskop Members of the Swartpunt area record maximum depo-
sitional ages only, with the exception of sample FM41, and that the
average depositional rate of the Huns Member through lower part of the
Spitskop Member in the Swartpunt area was greater than equivalent
deposits of the NNP (Fig. 13B). An intermediate model that utilizes some
of the tenets of that model is Scenario 1b, which still assumes that the
majority of ash beds in the Spitskop Member of the Swartpunt area yield
maximum depositional ages but allows for the age of sample 1471 from
the upper part of the Huns Member to approximate the age of deposition
(Figs. 14B, 18B). This alternative correlation does not require structural
repetition in the Swartpunt area, or considerable differences in average
depositional rate of the Huns through lower Spitskop Members between
the Swartpunt area and sections of the Orange River. However, it would
imply that the base of the Huns Member in the Swartpunt area is older
than the lower carbonate-dominated unit of the Urusis Formation along
the Orange River (i.e., the Huns Member was largely deposited in the
north with minimal laterally equivalent carbonate deposition further to
the south of present co-ordinates). Finally, as an alternative chemo-
stratigraphic model, Scenario 2 allows all weighted mean zircon U-Pb
dates from the Swartpunt area to represent near-depositional ages
within analytical uncertainty, with the exception of the visibly reworked
ash bed of sample SWART?7, but this scenario requires structural repe-
tition between MTC Tower and Swartpunt Hill (Figs. 17, 18C).

For chemostratigraphic alignments shown in Fig. 18B and C, the base
of Nord Witputz and core 1B profiles are set to their respective minimum
ages within the 95 % confidence interval of the Bayesian age-depth
model shown in Figs. 14B and 17B (Table S4). Both scenarios 1b and
2 are therefore consistent with a model whereby deposition of the Huns
Member carbonate platform was largely restricted to the Ai-Ais map
sheet area > 540 Ma (Figs. 14, 17). Scenario 2 also requires that the mid-
upper part of the Spitskop Member in the Swartpunt area was deposited
more slowly than the Huns Member and lower part of the Spitskop
Member, and also more slowly than equivalent strata of the Spitskop
Member on the NNP (Fig. 17).

Large-scale sequences D and E, which encompass the Feldschuhhorn
and Spitskop Members, are interpreted to record accommodation space
increase driven by tectonic flexure (Saylor, 2003). The onset of this
flexure may have led to progressive accommodation space increase from
north to south (present co-ordinates) and gradual southward migration
of the locus of carbonate platform development from the Swartpunt area
to NNP, consistent with the original interpretations of Germs and Gresse
(1991) and Gresse and Germs (1993). Subsequent activation of the
Koedoelaagte arch, as well as the Pella arch further to the south,
occurred prior to and during deposition of the Cambrian Fish River
Subgroup, respectively (Fig. S2, Germs and Gresse, 1991). Orogenic
compression, which drove a pulse of flexural subsidence and relative sea
level rise recorded by deposition of ‘lower’ Nomtsas Formation in the
NNP succession (Nelson et al., 2022), could also have driven incipient
frontal thrust displacement in the Swartpunt area in Scenario 2 (e.g.,
between panels A and B of Fig. 16).

5.4. Ash bed provenance and orogenesis

The Hf isotope data reported herein from the same dated zircon
crystals have a temporal shift from eHf values of +1 in the Hoogland
Member at ca. 547 Ma, towards scattered and negative ¢Hf values in
zircon grains from the Urusis and Nomtsas Formation ash beds between
ca. 540 Ma and 538.62 Ma (Fig. 12). The evolution of these zircon eHf
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compositions may reflect a transition from a magmatic-arc source with a
proportionally greater contribution from the depleted mantle at ca. 547
Ma (Fig. 19A-C), towards a greater contribution of crustal melts during
later-stage continental collision by ca. 540 Ma (Fig. 19D).

Units that formed during the multi-stage Damara orogeny to the
(present) north of the Nama Group are geographically subdivided from
north to south into the northern (Outjo) zone, central (Swakop) zone,
southern (Khomas) zone, and Hakos zone (Fig. 19A; Barnes and Sawyer,
1980; Johnson et al., 2006; Miller, 2008; Foster and Goscombe, 2013).
The Outjo zone records initial collision of the Swakop terrane with the
Congo craton, to the north, while the Khomas zone represents a SSE-
facing accretionary prism that formed during continental collision of
the Swakop zone with the Kalahari craton to the south (Hoffman et al.,
2021). The Hakos zone represents deformed Kalahari basement (Miller,
2008; Hoffman et al., 2021).

The Zaris sub-basin represents a foredeep that formed as a result of
flexural subsidence, which persisted until at least ca. 547 Ma, based on
the age of the Hoogland Member ash bed and localized rapid subsidence
of the underlying Omkyk Member in the vicinity of the Driedoornvlakte
bioherm to the present northeast (Figs. 19E, S1; Smith, 1999). The
Hoogland Member ash bed was likely derived from a magmatic arc that
formed during closure of the narrow Khomas seaway between the
Kalahari craton and Swakop zone (de Kock et al., 2000; Miller, 2008;
Hoffman et al., 2021). This series of events is consistent with
geochemical characteristics and paleocurrent data from sedimentary
rocks that record subsequent infill of the Zaris sub-basin driven by
gradual unroofing of the Damara hinterland (Fig. 19C; Germs, 1983;
Gresse and Germs, 1993; Blanco et al., 2009, Blanco et al., 2011). An-
alyses of detrital chromian spinels (Blanco et al., 2009) indicate that
some detrital materials in the lower part of the Nudaus Formation (ca.
545.27 Ma after Nelson et al., 2022) were derived from an arc setting
which, together with paleocurrent data (Germs, 1983), implies exhu-
mation and erosion of a relic arc that existed within the Damara
orogenic belt (Fig. 19C).

The negative zircon ¢Hf compositions in the Urusis Formation may
support an origin of the volcanic zircon from a continental arc-type
setting during gradual closure of the Khomas Sea and with a signifi-
cant melt contribution from continental crustal reservoirs (Fig. 19D, F).
Importantly, this model does not necessarily require additional ash
contribution from volcanism associated with the Gariep orogeny (e.g.,
Fig. 19G), although this cannot be discounted. An invariant ash bed
provenance from the Damara orogenic belt may be further supported if
zircon eHf values from the Nudaus Formation and Nasep Member ash
beds are of intermediate composition relative to values reported herein
from underlying and overlying ash beds.

5.5. Geochronological constraints on Nama Group carbonate platform
migration

Full integration of all published high-precision zircon U-Pb CA-ID-
TIMS data from the Nama Group, alongside stratigraphic and
geochemical data that inform on the dynamics of basin formation and
sediment infill, reveal a coherent pattern of evolving collision-related
subsidence and associated carbonate platform migration through time
(Fig. 20). Studies of Nama Group stratigraphic architecture have shown
that the locus of carbonate platform development migrated southward
as a consequence of gradual infill of the Zaris sub-basin and a southward
shift in the locus of active subsidence (Fig. 19C; Germs, 1983; Gresse and
Germs, 1993). Our compilation of high-precision zircon U-Pb dates, in
addition to outcrop and core correlation, appears to support canonical
reconstructions of carbonate platform migration from the Zaris to Wit-
puts sub-basins, with the youngest carbonate-dominated units deposited
in the vicinity of the NNP (Figs. 19, 20, S1).

Diachronous transgression across the crystalline Kalahari basement
during deposition of the Kuibis Subgroup first led to deposition of coarse
shoreface siliciclastic sediments, followed by shallow, semi-restricted
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Fig. 18. Temporal alignment of all §!3Ceap, and 8180, .y, data resulting from (A) Scenario 1a whereby all weighted mean ages from ash beds in the Huns-Spitskop
Members in the Swartpunt area (with the exception of sample FM41) yield maximum depositional ages only due to dominant antecrystic zircon populations
(correlation follows Fig. 9 of Nelson et al., 2022), (B) Scenario 1b whereby the majority of weighted mean ages from ash beds of the Spitskop Member in the
Swartpunt area (with the exception of sample FM41) yield maximum depositional ages only due to dominant antecrystic populations, but sample 1471 from the
uppermost part of the Huns Member yields a near-depositional age implying that the Huns Member is older in the Swartpunt area than in sections along the Orange
River, and (C) Scenario 2, whereby all ash beds in the Witputs sub-basin (with the exception of reworked sample SWART?7) yield near-depositional ages, assuming
structural repetition in the Swartpunt area. Data and model ages for each scenario are provided in Tables S1 and S4. Carbon and oxygen isotopic data are from
Bowyer et al. (2022), Nelson et al. (2022) and this study. Ash bed ages and uncertainties represent weighted mean ages of youngest single grain populations,

not BEAs.

and often dolomitic carbonate, and finally by open-marine limestone
and interbedded fine-grained siliciclastic sediments across the Zaris and
Witputs sub-basins (Fig. 20A, B, Germs, 1983; Saylor et al., 1995;
Bowyer et al., 2023). At that time, flexural subsidence was most pro-
nounced in the northern Zaris sub-basin, as evidenced by continuous
deposition of thick carbonate sequences proximal to ongoing collision
along the Damara orogenic belt (Figs. 19B, 20B, C; e.g., Saylor et al.,
1998; Smith, 1999; Wood et al., 2015). Zircon ¢Hf compositions from
the ash bed in the lower part of the Hoogland Member also indicate
derivation from an active magmatic arc (Fig. 19B).

The lithostratigraphic architecture of the Zaris and Witputs sub-
basins differ during deposition of the Zaris Formation, which is exem-
plified by carbonate-dominated deposition of the Hoogland Member in
the Zaris sub-basin and possibly equivalent siliciclastic-dominated
deposition of the lower interval of the Nudaus Formation in distal
areas of the Witputs sub-basin (Figs. 3, 20B, S1, S2). This model suggests
that siliciclastic sediments of the lower part of the Nudaus Formation in
the deeper western areas of the Witputs sub-basin (e.g., core 1A) may
have been deposited coincident with Urikos Member siliciclastics in the
Zaris sub-basin, and that deposition of the lower part of the Nudaus
Formation may have been diachronous from west to east until ca.
545.27 Ma (Nelson et al., 2022). Alternatively, shales of the lowermost
interval of the Nudaus Formation in the Witputs sub-basin may repre-
sent condensed deposition, or a depositional hiatus exists in the Witputs
sub-basin of up to ca. 1.5 Ma between the uppermost part of the Mooi-
fontein Member and the 545.27 Ma ash bed of the lower part of the
Nudaus Formation, equating to the estimated maximum duration of
Hoogland Member deposition.

The onset of gradual Zaris sub-basin infill during narrowing of the
Khomas Sea corresponded with a major southward shift in the position
of the main Damara flexural foredeep into the Witputs sub-basin
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(Figs. 19C, 20D). This interval may also have been associated with
major uplift parallel to the Koedoelaagte Arch, which may in turn have
led to localized erosion and deposition of the lowermost conglomerate of
the Nudaus Formation (so-called ‘Vingerbreek diamictite’) at Aussenkjer
(Gresse and Germs, 1993). Importantly, this tectonic mechanism does
not require a glacial origin for the Vingerbreek diamictite. However, the
reconstructed timing of ca. 545 Ma for the erosional event also corre-
sponds approximately to the onset of a possible hiatus in carbonate
deposition across each sub-basin (Fig. 20B, D), which may also allow for
a short-lived regional glaciation (e.g., Germs and Gaucher, 2012). After
ca. 545 Ma, the locus of carbonate deposition permanently shifted to-
wards the south of the Osis Arch, into open marine settings where ac-
commodation space was created through ongoing flexural subsidence in
areas and at times of lower relative siliciclastic input (Figs. 19C, D, 20D,
E).

In the Swartpunt area, both scenarios 1b (Figs. 14, 18B) and 2
(Figs. 17, 18C) imply initial development of the Urusis Formation car-
bonate platform prior to 540 Ma, corresponding to deposition of the
lower interval of the Huns Member. At that time, significant collision-
related underplating of the Damara orogenic belt may also be sug-
gested by lower zircon eHf values (Figs. 12). In Scenario 1b, earlier
deposition of the Huns Member in the Swartpunt area is supported by
the ages and younging-upward sequence of ash beds in the Huns
Member through the lower-middle interval of the Spitskop Member of
core 1B and MTC Tower, but maximum depositional ages are interpreted
for out-of-sequence ages recorded by ash beds in the upper part of the
Spitskop Member at Swartpunt Hill. In Scenario 2, all new and published
ash bed ages are interpreted as near-depositional ages, but cryptic
structural repetition is invoked between MTC Tower and Swartpunt Hill.
While these two models are contingent upon at least some of the ages
reported from the Swartpunt area to approximate near-depositional
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ages, all models support initiation of carbonate deposition in sections
along the Orange River prior to ca. 539.6 Ma (Fig. 20D; Nelson et al.,
2022), and all models support the youngest carbonate deposition
occurring on the NNP, consistent with available ash bed ages (Nelson
et al., 2022). All models thereby appear to corroborate and temporally
calibrate a dynamic model of carbonate platform migration driven by
the southward migration of the main flexural foredeep, as initially
reconstructed through detailed foundational stratigraphic logging and
geological mapping (Germs and Gresse, 1991; Gresse and Germs, 1993).
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6. Conclusions

New and published zircon U-Pb CA-ID-TIMS ages of tuff deposits in
the Swartpunt area (southern Namibia), which are interbedded in the
Schwarzrand Subgroup of the Nama Group, show systematic younging-
upwards repetition, within analytical uncertainty, whereby the
sequence of ages in the lower-middle interval of the Spitskop Member is
repeated by ash beds in the upper part of the Spitskop Member of the
Swartpunt Hill type section. This may be resolved in two independent
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ways. Either the majority of ages in this area reflect maximum deposi-
tional ages due to either pervasive inheritance or analytical biases
(Scenario 1), or they correspond to depositional ages if a cryptic
displacement related to Gariep compression led to the repetition of a
part of the sedimentary succession in this area (Scenario 2). A corollary
of Scenario 1 would be to invoke maximum depositional ages for all
weighted mean tuff bed ages, which would have significant ramifica-
tions for global chronostratigraphy throughout the geologic record. Both
scenarios warrant careful consideration in future studies but aspects that
are common to both allow for a coherent reconstruction of the basin-
wide depositional history of the Ediacaran portion of the Nama Group.
Lastly, we propose that future studies aim to supply images of all indi-
vidual zircon grains as supplementary metadata, which will aid future
statistical investigations that aim to standardize inter-laboratory optical
zircon selection criteria for the identification of autocrystic populations.
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Our new data, alongside a compilation of published geochronolog-
ical, litho- and chemostratigraphic data, show the influence of Damara-
related orogenesis on Nama Group sedimentation. The onset of collision
between the Swakop zone and Kalahari craton was associated with arc
volcanism, development of the Khomas accretionary prism, and flexural
subsidence of the Zaris sub-basin. Progressive collision led to gradual
underplating of the Damara orogen and southward-directed migration
of the locus of carbonate platform development. Flexural subsidence
driven by Gariep orogenic compression was most pronounced during
deposition of the Nudaus and Urusis Formations in the Swartpunt area
and in sections exposed along the Orange River, of which the latter re-
cord a later pulse of accommodation space increase that documents
progressive southward migration of active subsidence associated with
zip-like closure of the Adamastor seaway. Together, this compilation
temporally calibrates dynamic carbonate platform migration
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isochronous with reconstructed pulses of basin-wide flexural subsidence
during the amalgamation of southern Gondwana.
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