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ARTICLE INFO ABSTRACT

Keywords: The Ediacaran Period includes critical evolutionary trends of early complex life as well as climatic variations
Ediacaran associated with ocean oxygenation, glaciations, and carbon cycling, which are still poorly understood in terms of
Nama Group astronomical climate forcing. The middle Nama Group in southern Namibia was deposited during the late
Cyclostratigraphy

Ediacaran in mainly shallow marine environments within a foreland basin and consists of hierarchically arranged
depositional sequences. Here, we test a possible astronomical origin of these sedimentary variations by devel-
oping an initial cyclostratigraphic framework based on satellite images integrated with recently published high-
precision U-Pb zircon ages. Regular sedimentary alternations occur dominantly on scales of several tens of
meters, accompanied by smaller- and larger-scale variations, and are correlatable over distances of ~50 km.
Throughout the studied succession, 35 to 39 alternations are recognized on this dominant scale, which have an
average duration of ~120-180 k.y. This duration corresponds well with the period of short eccentricity (~100 k.
y.), given the likely presence of hiatuses, or alternatively, the period of obliquity amplitude modulation (~173 k.
y.), which would imply no time is missing on this scale. The dominant alternations are consistent with previously
identified medium-scale sequences in this succession, which have been interpreted to record fluctuations in
relative or eustatic sea level. We hypothesize that astronomically-forced fluctuations in eustatic sea level
modulated deposition of the middle Nama Group. Geochemical studies suggested a relation between fossil dis-
tribution, redox variability and sea level, implying that astronomical forcing may have played a role in the
distribution of early complex life.

Astronomical climate forcing
Milankovitch cycles

1. Introduction possibly linked to phases of metazoan radiation (Wood et al., 2019).

Besides the iconic Gaskiers glaciation at ~580 Ma (Pu et al., 2016),

The Ediacaran Period (635-538 Ma; Xiao and Narbonne, 2020)
marks a critical interval in the evolution of life on Earth: the emergence
of the Ediacara biota ~574 Ma (Matthews et al., 2021), the first complex
macroscopic organisms, and their extinction around the Ediacaran-
Cambrian boundary, after which most modern metazoan phyla diver-
sified during the Cambrian Explosion of Life (Erwin et al., 2011).
Geochemical data indicate dynamic ocean redox conditions during this
interval (e.g., Li et al., 2020; Tostevin and Mills, 2020; Wei et al., 2021),

other, possibly more regional, glaciations have been proposed for the
late Ediacaran (e.g., Chumakov, 2011; Linnemann et al., 2022). Addi-
tionally, significant shifts in carbon isotopic composition are recognized
in carbonate strata, including the Shuram excursion during which values
drop to —12%o or lower (Burns and Matter, 1993; Grotzinger et al., 2011;
Wang et al., 2014). However, the role that astronomical climate forcing
played in such events is still poorly understood for the late Ediacaran,
even though it has been recognized as a significant driver of Earth’s
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climate throughout the Phanerozoic Eon and older parts of the Pre-
cambrian (Hinnov, 2013; Lantink et al., 2023), including the middle
Ediacaran (e.g., Gong and Li, 2020).

The Nama Group in southern Namibia includes a late Ediacaran
succession of mixed carbonate-siliciclastic rocks (Germs, 1983; Saylor
et al., 1995), which displays hierarchical stacking patterns (Saylor,
2003), potentially indicative of an astronomical origin. Deposition
occurred in fluvial to marine slope environments of a foreland basin that
developed between the Kalahari Craton and the Damara and Gariep
orogenic belts (Blanco et al., 2011; Germs, 1983; Gresse and Germs,
1993). Saylor (2003) developed a sequence stratigraphic framework
consisting of a hierarchy of three scales of depositional sequences. Even
though some of the large-scale sequences were linked to tectonism, a
eustatic (climatic) origin has yet to be investigated for the other large-,
medium-, and small-scale sequences (Saylor, 2003). The potential role of
astronomical climate forcing can be independently tested using high-
precision U-Pb ages of zircons from volcanic ash beds. Until recentlty,
this was not possible due to ages with large uncertainties relative to the
scale of astronomical cycles (~1 m.y.; Grotzinger et al., 1995). However,
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recent techniques yield extremely precise dates with uncertainties of
0.1-0.3 m.y. (Linnemann et al., 2019; Nelson et al., 2022), which have
not yet been used to test a possible astronomical origin for the deposi-
tional sequences.

Here, we develop an initial cyclostratigraphic framework for the
Nama Group in the Witputs subbasin using satellite images (Google
Earth) integrated with the recently published high-precision U-Pb zircon
ages (Linnemann et al., 2019; Nelson et al., 2022), which provides
detailed stratigraphic correlations and estimates of the durations of the
sedimentary variations. This will allow for the integration of sequence
stratigraphy, geochemistry, and biotic distribution and diversity (as
expressed by both trace and body fossils) to investigate the relationship
between astronomical forcing, sea level, redox state, and biota during
the late Ediacaran in southern Namibia. This effort will complement
ongoing research focused on the late Ediacaran and the transition to the
Cambrian by, for example, the Geological Research through Integrated
Neoproterozoic Drilling (GRIND) project (e.g., Rose et al., 2023).
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Fig. 1. (a) Map of southern Namibia showing the outcrop area of the Nama Group and the positions of the Zaris and Witputs subbasins. (b) General stratigraphic
column of the lower and middle Nama Group in the Witputs subbasin adapted from Nelson et al. (2022) with large-scale depositional sequences after Saylor et al.
(1995) and Saylor (2003). F = Feldschuhhorn, Ka = Kanies, Kl = Kliphoek, M = Mooifontein, Ma = Mara, Z = Zaris. (c) Legend to b.
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2. Geological setting
2.1. Geodynamic setting

The Nama foreland basin is located on the western margin of the
Kalahari Craton and is flanked by the central Damara and Gariep
orogenic belts to the north and west, respectively (Blanco et al., 2011;
Gresse and Germs, 1993). These belts formed during the late Neo-
proterozoic and early Cambrian due to collision between the Kalahari,
Congo and Rio de la Plata Cratons during the assembly of western
Gondwana (Blanco et al., 2011; Gray et al., 2008). Reconstructions of
global paleogeography indicate that the Kalahari Craton was located
between 40 and 60°S at ~540 Ma (Li et al., 2013).

The Nama Basin is subdivided into the northern Zaris and southern
Witputs subbasins (Fig. 1a), which were separated by the east-west
trending Osis Ridge (Gresse and Germs, 1993). This ridge probably
represented a forebulge (Germs and Gresse, 1991) that mainly influ-
enced sedimentation of the lower Nama Group (Germs, 1983). The
Nama Group extends into the Vioolsdrift area in the northwest of the
Republic of South Africa (Germs and Gresse, 1991; Nelson et al., 2022),
which could be a separate subbasin (Germs and Gresse, 1991) or a part
of the Witputs subbasin (Germs et al., 2009).

2.2. Lithostratigraphy

In ascending order, the Nama Group consists of the Kuibis,
Schwarzrand and Fish River Subgroups (Germs, 1983). In the Witputs
subbasin, the Kuibis Subgroup contains two successions with a
siliciclastic-dominated lower part and carbonate-dominated upper part
(Germs, 1983; Fig. 1b). The Schwarzrand Subgroup is subdivided into
the Nudaus, Urusis, and Nomtsas Formations (Fig. 1b). The Nudaus
Formation mostly consists of red and green shale with interspersed
sandstone beds (Saylor et al., 1995). The Urusis Formation is further
subdivided into the Nasep, Huns, Feldschuhhorn, and Spitskop Mem-
bers. The Nasep Member is mainly composed of sand- and siltstones,
including a distinct, thick-bedded sandstone unit at its base (Saylor
et al., 1995). This is overlain by carbonate deposits of the Huns and
Spitskop Members, separated by a green siltstone-dominated interval
comprising the Feldschuhhorn Member (Saylor et al., 1995). The Urusis
and Nomtsas Formations are separated by an erosional disconformity
with incised valleys that are filled by conglomerates and siltstones
(Saylor et al., 1995). In the Vioolsdrift area, however, no unconformity
is found at this formation boundary (Nelson et al., 2022). The overlying
Fish River Subgroup consists mainly of reddish sandstones (Germs,
1983).

2.3. Biostratigraphy

Ediacaran fossils have been found throughout the Kuibis and
Schwarzrand Subgroups (Germs, 1983; Grotzinger et al., 1995). The
oldest occurrences of soft-bodied Ediacara biota in Namibia, consisting
of assemblages of Ernietta, were found in sediments at Farm Hansburg,
which were initially interpreted as Kanies Member (Bouougri et al.,
2011) but reinterpreted as Kliphoek Member of the Dabis Formation in
the Kuibis Subgroup (Maloney et al., 2020). The latter unit also contains
the oldest trace fossils, consisting of simple plug-shaped burrows (Cribb
et al., 2019). The upper Kliphoek Member at Farm Aar, redefined as Aar
Member (Hall et al., 2013), hosts a diverse assemblage of Ediacaran
fossils, including Rangea, Ernietta, and Pteridinium (Vickers-Rich et al.,
2013). Ediacara biota, as well as skeletal metazoan fossils like Cloudina,
range upwards from the Kuibis Subgroup to the upper Spitskop Member
at Farm Swartpunt (Darroch et al., 2015; Grotzinger et al., 1995; Nar-
bonne et al., 1997). Throughout this succession, trace fossils indicate a
generalized trend of increased diversity and behavioral complexity
(Cribb et al., 2019; Darroch et al., 2021). Abundant and well-preserved
specimens of the complex trace fossil Treptichnus pedum (formerly
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Phycodes pedum) were found in the Nomtsas Formation at Farm Sonn-
tagsbrunn (Grotzinger et al., 1995; Wilson et al., 2012). This indicates
that the Ediacaran-Cambrian boundary, as defined by the lowest
occurrence of Treptichnus pedum (Brasier et al., 1994), is located near or
within the disconformity between the Spitskop Member and Nomtsas
Formation (Grotzinger et al., 1995; Linnemann et al., 2019).

2.4. Sequence stratigraphy

Strata of the Urusis Formation in the Witputs subbasin were depos-
ited in three paleogeographic zones from east to west: landward margin,
depocenter, and seaward margin (Saylor, 2003). Siliciclastic facies as-
sociations range from coastal plain to storm-influenced shelf conglom-
erates, while carbonate facies associations range from mid-shelf to slope
(Saylor, 2003).

A sequence stratigraphic framework has been developed for the
Kuibis and Schwarzrand Subgroups in the Witputs subbasin (Saylor,
2003; Saylor et al., 1995, 2005). The Kuibis Subgroup consists of two
large-scale depositional sequences (K1-2) and the Schwarzrand Sub-
group consists of six large-scale sequences (S1-6; Fig. 1b), several of
which are bound by subaerial unconformities (Saylor, 2003; Saylor
et al.,, 1995, 2005). Additionally, medium- and small-scale sequences
have been recognized in the Huns, Feldschuhhorn and Spitskop Mem-
bers (Saylor, 2003; Saylor et al., 2005). In total, eighteen medium-scale
sequences were recognized in this succession (Saylor, 2003; Saylor et al.,
2005). From small to large, the three scales of sequences have thick-
nesses of less than one to tens of meters, several tens of meters, and tens
to hundreds of meters (Saylor, 2003). Based on the then available U-Pb
zircon ages (Grotzinger et al., 1995), these were estimated to span a few
tens of thousands of years, a few hundreds of thousands of years, and one
to two million years, respectively (Saylor, 2003).

2.5. Geochemical proxies

The Nama Group has been the subject of multiple chemostrati-
graphic studies, which have included carbonate carbon and oxygen
isotopes (613C and 6180; Kaufman et al., 1991; Nelson et al., 2022; Ries
etal., 2009; Saylor et al., 1998; Wood et al., 2015), sulfur isotopes (63%s;
Ries et al., 2009; Tostevin et al., 2017), calcium isotopes (8*Ca; Tos-
tevin et al., 2019a), uranium isotopes (6238U; Tostevin et al., 2019b),
iron speciation (Bowyer et al., 2020; Darroch et al., 2015; Sperling et al.,
2015; Wood et al., 2015), phosphorus speciation (Bowyer et al., 2020),
total organic carbon (TOC; Bowyer et al., 2020; Darroch et al., 2015;
Sperling et al., 2015; Wood et al., 2015), and cerium anomalies (Tos-
tevin et al., 2016). However, the resolution is generally too coarse to
permit direct comparison of chemostratigraphic variations with small-
and medium-scale sequences or to perform cyclostratigraphic analysis.

The 8'3C of the Nama Group displays globally-recognized trends for
the late Ediacaran, suggesting that the Nama Basin was connected to the
open ocean (Kaufman et al., 1991; Saylor et al., 1998). The lower Kuibis
Subgroup records a recovery from strongly negative 5'>C values, termed
the basal Nama excursion (BANE; Bowyer et al., 2022), while values in
the Urusis Formation remain relatively constant between ~0-3%o (Ries
et al., 2009; Saylor et al., 1998). The BANE might represent the end of
the Shuram excursion (Wood et al., 2015) or another, younger pertur-
bation (Bowyer et al., 2022). The large negative excursion marking the
Ediacaran-Cambrian boundary, termed the basal Cambrian carbon
isotope excursion (BACE), is not recognized in the Nama Group (Bowyer
et al., 2022; Nelson et al., 2022).

Iron speciation data from the lower Nama Group indicate that the
Zaris and Witputs subbasins were mostly anoxic and ferruginous in deep
settings (outer ramp), while redox conditions in shallow settings (mid
and inner ramp) were highly variable and episodically oxic (Bowyer
et al., 2020; Wood et al., 2015). In the upper Nama Group, deep and
shallow settings are generally interpreted to have been more oxygenated
(Bowyer et al., 2020; Darroch et al., 2015; Wood et al., 2015).
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Table 1

Published high-precision U-Pb zircon ages from volcanic ash beds in the Witputs subbasin.
Ash bed Lithostratigraphic position Age (Ma) Latitude Longitude
w8 Nomtsas Formation 538.58 +/- 0.19' —27.444056 16.558722
w7 Upper Spitskop Member 538.99 +/- 0.21" —27.474278 16.693306
W6 Upper Spitskop Member 539.64 +/- 0.19' —27.474111 16.693194
w5 Upper Spitskop Member 539.52 +/- 0.14 —27.474194 16.693000
w4 Upper Spitskop Member 539.58 +/- 0.34 —27.474194 16.693000
w3 Upper Spitskop Member 540.095 +/- 0.099' —27.473028 16.694417
w2 Lower Nasep Member 542.65 +/- 0.15° —27.339690 16.698260
w1 Base Nudaus Formation 545.27 +/- 0.117 —27.221520 16.792460

! Linnemann et al. (2019).
2 Nelson et al. (2022).

2.6. U-Pb geochronology

Initial radiometric age control of the Nama Group was provided by
U-Pb zircon dating using Isotope Dilution-Thermal Ionization Mass
Spectrometry (ID-TIMS) of four volcanic ash beds: one from the Kuibis
Subgroup in the Zaris subbasin, two from the Spitskop Member in the
Witputs subbasin, and one from the Nomtsas Formation in the Witputs
subbasin (Grotzinger et al., 1995). However, these ages had relatively
large uncertainties of ~1 m.y. compared with the precision that can be
achieved with modern ID-TIMS techniques.

More recently, zircons from fifteen volcanic ash beds in the Nama
Group were dated using chemical Abrasion-Isotope Dilution-Thermal
Ionization Mass Spectrometry (CA-ID-TIMS) techniques, yielding U-Pb
ages with small analytical uncertainties of 0.1-0.3 m.y. One ash bed is
located in the Kuibis Subgroup in the Zaris subbasin (Bowring et al.,
2007), six are located in the middle to upper Schwarzrand Subgroup in
the Vioolsdrift area (Nelson et al., 2022), and eight are located in the
Witputs subbasin (Fig. 1b).

In the Witputs subbasin, two are positioned in the lower part of the
Schwarzrand Subgroup: one at the base of the Nudaus Formation (W1)
and one in the lower Nasep Member (W2; Nelson et al., 2022). The other
six are positioned in the upper Schwarzrand Subgroup: five in the upper
Spitskop Member (W3-7) and one in the Nomtsas Formation (W8; Lin-
nemann et al., 2019). These ash beds yield ages between ~545 and
~539 Ma (Table 1).

3. Methods

The Nudaus and Urusis Formations of the Nama Group in the Witputs
subbasin were analyzed with Google Earth satellite images. These for-
mations are extensively exposed in the area between latitudes of —27.1
and —28.0 and longitudes of 16.1 and 17.5 (e.g., Fig. 1 of Bowyer et al.,
2020). The Kuibis Subgroup is excluded at this stage because there are
no volcanic ash beds dated for this succession in the Witputs subbasin
that can be used for independent testing of cyclostratigraphic
interpretations.

By using published geological maps and lithological descriptions, the
lithological units could be confidently recognized on the satellite im-
ages. Sedimentary alternations are recognized based on differences in
color, relief, and texture. Here, a sedimentary alternation is defined as a
recessive lower section followed by a resistant upper section. The
resistant beds of alternations on the dominant scale were labelled in
each selected location. Clear alternations were indicted with numbers
and uncertain alternations were indicated with letters. This was done for
each lithostratigraphic unit, from bottom to top in increasing and
alphabetical order.

Thicknesses were estimated using Google Earth elevation data
without correcting for the dip of the bedding. Sediment color de-
scriptions were based on satellite images and could be influenced by the
hue of the image. The entire area was thoroughly scanned to determine
lateral variations and consistent patterns. Sections were selected that
contain the most complete stratigraphy and clearest sedimentary

alternations, preferably with minimal deformation. This information
was used to develop an initial cyclostratigraphic framework.

The dated volcanic ash beds were correlated to the cyclostratigraphic
framework using their coordinates and logged stratigraphic positions.
Subsequently, their high-precision U-Pb zircon ages (Linnemann et al.,
2019; Nelson et al., 2022) were used to determine the average duration
of alternations.

4. Results

Several locations were studied, which are distributed throughout the
Witputs subbasin (Fig. 2). Here, we show the outcrops with the most
complete stratigraphy and clearest sedimentary alternations. The
labelled satellite images and coordinates of the other outcrops are
included in the supplementary material (Figs. S1-22; Table S1).

4.1. Dominant (medium-scale) alternations

4.1.1. Nudaus Formation

Outcrops of the Nudaus Formation consist of recessive green-blue
gray colored shales interspersed with coarser, more resistant sandstone
beds (Saylor et al., 1995; Fig. 3). The labelled, resistant parts typically
consist of two to three closely spaced beds. At least thirteen resistant
parts (i.e., fourteen alternations) are recognized within the Nudaus
Formation. The base is referred to as NuO. The lower beds related to
Nul-3 are less resistant than the overlying beds related to Nu4-8. Above
Nus8, there is a relatively thick, recessive interval, overlain by the rela-
tively resistant beds related to Nu9-13.

Three additional resistant parts might be present (NuOa, NulOa,
Nul3a), totaling up to sixteen resistant parts in the Nudaus Formation.
The recognition of NuOa below Nul is restricted to only a small
geographic area (at location 2). Nul0 and NulOa occur closer together
than other resistant parts, making it difficult to establish if they repre-
sent one or two alternations. At location 1, the interval between Nul3
and the base of the Nasep Member (bed Nal) is thicker than at other
locations and at least one extra alternation (Nul3a) can be recognized
(Fig. 3). Here, smaller-scale variations are also visible. The upper part of
this section might have been eroded at the other locations. Lastly, the
relatively thick interval between Nu8 and Nu9 might represent more
than one alternation, increasing the maximum number of resistant parts
in the Nudaus Formation to more than sixteen. Where alternations are
well recognizable, mostly on the western side of the study area, they are
on average ~17-22 m thick.

4.1.2. Nasep Member

Outcrops of the Nasep Member generally consist of green-blue gray
shales (similar to the Nudaus Formation) and thick-bedded, coarse,
reddish sandstone (Saylor et al., 1995; Figs. 4 and 5). The Nasep Member
often initiates and terminates with distinct red sandstone units (Nal and
Na8; Saylor et al., 1995). However, the Nasep Member shows significant
lateral variation: green-blue gray shales are more common to the west,
while red sandstones are more common towards the east (Saylor et al.,
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Fig. 2. Map of the study area showing outcrop areas of the Nama Group and studied locations.

Fig. 3. Satellite image with labelled alternations of the Nudaus Formation at
location 1 (latitude —27.234003, longitude 16.570064). Large-scale variations
are indicated by the arches. The black arrow on the bottom right indicates the
north direction. Image: Google Earth, © 2023 Maxar Technologies (accessed 15
May 2023).

1995). Furthermore, western exposures are typically covered by red
sandstone debris derived from the uppermost part (Na8), making the
identification of alternations difficult. (North)western exposures (i.e.,
locations 1, 3, 5-9, and 13-14) are thickest (~100-200 m) and
encompass a maximum of eight resistant parts (Fig. 4), while (south)
eastern exposures (i.e., locations 18-21 and 23) are significantly thinner
(~30-110 m) with usually only three recognizable resistant parts.
Additionally, western exposures are thickest towards the south (~180 m
at locations 13 and 14) compared to the northwest (~100 m at locations
1 and 3). In the northwest, the dark gray colored bed Na2, likely rep-
resenting a calcarenite limestone unit (Saylor et al., 1995), is positioned
closer to Nal compared to towards the south. Alternations are on
average ~28 m thick in western exposures (locations 13 and 5-7).

In the west, Na4 usually has a red color and forms a small plateau,
which likely correlates to the middle alternation in the east. Alterna-
tively, the middle alternation in the east could correlate with Na2. This
implies that only Nal, Na4 or Na2, and Na8 are present in eastern ex-
posures. The thinner succession and absence of alternations below Na8
in the east suggests that erosion likely occurred below Na8.

Fig. 4. Satellite image with labelled alternations of the Nasep Member at
location 13 (latitude —27.608656, longitude 16.801131). The black arrow on
the bottom right indicates the north direction. Image: Google Earth, © 2023
Maxar Technologies (accessed 15 May 2023).

Fig. 5. Satellite image with labelled alternations of the Nasep Member at
location 5 (latitude —27.472136, longitude 16.405878). The black arrow on the
bottom right indicates the north direction. Image: Google Earth, © 2023 Maxar
Technologies (accessed 15 May 2023).
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4.1.3. Huns, Feldschuhhorn, and lower Spitskop Members

Outcrops of the Huns, Feldschuhhorn and lower Spitskop Members
are very similar in appearance and therefore are combined into a single
section for the purpose of our analysis. The contact between the lower
and middle Spitskop Members is easily recognized due to a significant
change in the weathering profile. However, the Feldschuhhorn Member
is not recognized and therefore the entire section is labelled with similar
codification (i.e., starting with ‘H’).

The succession consists of regular alternations between gray to blue
gray recessive shales and dark gray to bluish resistant carbonate beds
(Saylor et al.,, 1995; Fig. 6). A minimum of ten resistant parts are
recognized in this succession. H1 typically separates underlying reddish
from overlying blue to gray sediments. Thus, the first alternation is still
similar in appearance to the Nasep Member, consisting of a transitional,
mixed siliciclastic-carbonate interval (Saylor et al., 1995). H4 is a
distinct resistant interval that consists of many smaller-scale variations.
Alternations H8-10 are slightly thinner than the underlying alternations.

An additional alternation, H9a, might be present between H9 and
H10, increasing the total number of resistant parts in the succession to
eleven. In the Huns Mountains (e.g., at location 22), it is not clear if the
uppermost alternation correlates to H9a or H10. At location 17, H10
seems to consist of two beds closely spaced together and the lower one
might represent H9a. The average thickness of an alternation varies
between ~18 and ~48 m throughout the study area. Alternations are
thickest on the southwest side of the Huns Mountains (locations 20 and
21).

4.1.4. Middle and upper Spitskop Member

Outcrops of the middle and upper part of the Spitskop Member
consist of alternations of green—blue gray to red recessive shales topped
by dark gray carbonate beds (Saylor et al., 1995; Fig. 7). At least five
alternations are present in this succession, which are thicker than those
in the section below it. This suggests that either the sedimentation rate
increased or that the thicker alternations reflect larger-scale alterna-
tions. The first alternation begins with a distinct dark gray bed that often
appears as a wavy outline in the surrounding lighter-colored sediments.
The second alternation usually contains relatively pronounced smaller-
scale variations. Just below the resistant part S4, a distinct lighter and
bluer interval is present. The alternations are ~38 m thick at location 16
and ~38-69 m at locations 10 and 11.

4.2. Large- and small-scale variations

Besides the alternations on the dominant scale, smaller- and larger-
scale variations are recognized. Although the Kuibis Subgroup has not

Fig. 6. Satellite image with labelled alternations of the Huns, Feldschuhhorn
and lower Spitskop Members at location 17 (latitude —27.750900, longitude
17.016972). Large-scale variations are indicated by the arches. The black arrow
on the bottom right indicates the north direction. Image: Google Earth, © 2023
CNES / Airbus (accessed 15 May 2023).
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been analyzed here, it is important to note that it shows particularly
clear large-scale bundling patterns (Fig. 8). In the Nudaus Formation,
two bundles of relatively resistant parts occur (Nu4-8 and Nu9-13), each
spanning four to five dominant alternations (Fig. 3). The Nasep Member
begins and ends with a thick sandstone unit (Fig. 4), possibly repre-
senting one large-scale alternation. However, as the reddish Na4 is often
relatively resistant, the Nasep Member might also consist of two large-
scale alternations. At south Arimas, Na8, H3, H6-7 and H10 are
slightly thicker and more resistant than the resistant parts in between
(Fig. 6). These pronounced resistant parts occur regularly, separated by
three to four alternations on the dominant scale. S3 is also relatively
thick and resistant, separated from the underlying H10 by three domi-
nant alternations (Fig. 7). These observation around location 17 imply a
ratio between large- and dominant-scale alternations of 1:3 to 1:4.

In some cases, beds occur on a smaller scale than the dominant al-
ternations. In the Nudaus Formation, two to three beds typically occur
closely spaced together, forming one resistant part on the dominant
scale (Fig. 3). In the area towards the west (locations 5-8), pronounced
small-scale variations are present between Na5 and Na8 (Fig. 5 and
S14). Seven small-scale alternations are present between Na5 and Na6,
and five, or possibly six, occur between Na6 and Na7. Small-scale al-
ternations are difficult to count between Na7 and Na8. In the Huns
Member around locations 15 and 17, six small-scale alternations occur
between H4 and H5 (Fig. S14). This means that a maximum of five to
seven small-scale alternations can be recognized per dominant
alternation.

5. Integration of stratigraphic data
5.1. Integration of U-Pb ages

The positions of dated volcanic ash beds are correlated to our
cyclostratigraphic framework (Fig. 9). The oldest age constraint in the
Witputs subbasin is provided by a volcanic ash bed at the base of the
Nudaus Formation (Table 1; Nelson et al., 2022), for which we assume a
lowermost position of NuO. At this location, however, the lowest part of
the Nudaus Formation is not present (Fig. S24), meaning that this ash
bed could also be positioned slightly higher in the stratigraphy (up to
Nu2). The dated ash bed in the lower Nasep Member is located just
above a limestone bed (Nelson et al., 2022), which is correlated to bed
Na2 (Fig. S25). Five dated ash beds are positioned in a limestone unit in
the upper Spitskop Member (Linnemann et al., 2019) that correlates to
bed S4 (Fig. S26).

Average durations of alternations are calculated for three different
cyclostratigraphic intervals: from the base of the Nudaus Formation to
the upper Spitskop Member (Nu0-S4), from the base of the Nudaus

Fig. 7. Satellite image with labelled alternations of the middle to upper Spit-
skop Member at location 16 (latitude —27.744078, longitude 16.995842). The
black arrow on the bottom right indicates the north direction. Image: Google
Earth, © 2023 CNES / Airbus (accessed 15 May 2023).
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Fig. 8. Satellite image of the Kuibis Subgroup in the Zaris subbasin (latitude
—24.593050, longitude 16.177456). Alternations and bundling patterns are
indicated by the arches. The black arrow on the bottom right indicates the north
direction. Image: Google Earth, © 2023 Maxar Technologies (accessed 15
May 2023).

Formation to the lower Nasep Member (Nu0O-Na2), and from the lower
Nasep Member to the upper Spitskop Member (Na2-S4; Table 2).
However, the age difference between the lower (W3) and upper (W7)
ash beds that are positioned around bed S4 is significant, namely 1.105
+/- 0.309 m.y. (Table 1). Both W3 and W7 are used for calculating
durations, providing a lower and upper estimate, respectively. For each
cyclostratigraphic interval, the uncertainty in the number of alterna-
tions is considered (i.e., excluding and including uncertain alternations).
This results in average durations of ~120-180 k.y. (Table 2).
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5.2. Comparison with sequence stratigraphy

5.2.1. Medium and small scale

The dominant alternations identified on the satellite images are
comparable in thickness to the medium-scale sequences in the sequence
stratigraphic framework of Saylor (2003) and Saylor et al. (2005).
However, there is a discrepancy between the number of dominant al-
ternations and medium-scale sequences, which originates from different
conceptions of scale. Fifteen alternations versus eighteen medium-scale
sequences are recognized in the Huns to Spitskop Members (Saylor,
2003; Saylor et al., 2005). In some cases, two successive medium-scale
sequences (namely 2-3, 6-7 and 13-14) are approximately half the
thickness of the surrounding sequences (Fig. 4c of Saylor, 2003; Fig. 4a
of Saylor et al., 2005). Merging these successive, thinner medium-scale
sequences into one alternation solves the observed discrepancy (Fig. 9).
Both the sandier-upward cycles in the Nudaus Formation and the
medium-scale sequences in the Huns to Spitskop Members, often con-
sisting of a siliciclastic-rich lower or middle part and a carbonate-rich
top, were interpreted as shallowing-upward cycles (Saylor et al., 1995;
Saylor, 2003). Thus, our labelled resistant beds correspond to the tops of
these shallowing-upward cycles.

Twenty-five small-scale sequences were recognized in medium-scale
sequences 4-9 (Saylor, 2003), corresponding to our alternations H3-7.
This results in an average of five small-scale alternations per dominant
alternation and roughly corresponds to our estimate of maximum five to
seven small-scale alternations per dominant alternation.

The Feldschuhhorn Member is placed in the lower part of medium-
scale sequence 10 of Saylor et al. (2005), which corresponds to the
lower part of our alternation H8 (Fig. 9). The overlying alternations H9-
10 are part of the lower Spitskop Member. However, in our studied
sections at least, the recessive interval of alternation H8 is
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Table 2
Calculation of average durations of alternations.
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Ash beds Cyclostratigraphic interval Duration (m.y.) Number of alternations Average duration of alternations (k.y)
W2-W7 Na2-S4ypper 3.66 +/- 0.36 20 183 +/- 18
21 174 +/-17
W2-W3 Na2-S4gwer 2.555 +/- 0.249 20 128 4/- 12
21 122 +/-12
W1-w2 NuO-Na2 2.62 +/-0.26 15 175 +/-17
18 146 +/- 14
W1-W7 Nu0-S4ypper 6.28 +/-0.32 35 179 +/-9
39 161 +/-8
W1-W3 NuO-S4iower 5.175 +/- 0.209 35 148 +/-6
39 133 4/-5

indistinguishable from those in the underlying or overlying alternations.
Therefore, it is not feasible to place this interval in a separate lithos-
tratigraphic unit.

5.2.2. Large scale

The large-scale variations recognized on satellite images (based on
differences in the expression of medium-scale alternations) differ from
the identified large-scale sequences (Fig. 9). Although two bundles were
recognized in the Nudaus Formation, these only correspond to one large-
scale sequence (namely S1; Saylor et al., 1995). Three large-scale se-
quences are observed in the Huns to lower Spitskop Member (S3-5;
Saylor, 2003), which differ slightly in terms of placement from the
observed large-scale variations. The basal sequence boundaries of S4
and S5 are located slightly lower and higher, respectively, than the
boundaries of our large-scale variations. Therefore, S4 consists of more
medium-scale sequences than S3 and S5, while we observed a more or
less constant ratio between large- and medium-scale alternations in this
interval as expected in the case of astronomical forcing.

5.2.3. Lateral variations

The Nasep Member shows significant lateral variation and therefore
its alternations are difficult to correlate throughout the area. Saylor et al.
(1995) noted that the middle shale interval thins eastward, which is also
observed on the satellite images. Although this could be an indication for
erosion beneath the top sandstone unit (Na8), no evidence for this was
found in the field (Saylor et al., 1995). Instead, it was proposed to
originate simply from delta progradation (Saylor et al., 1995). However,
this might not explain the lower number of alternations recognized in
eastern sections.

A sequence boundary was placed above the sandstone unit (Na8)
because of an erosional surface that cuts through most of the Nasep
Member towards the northeast of the Huns Mountains (landward
margin; Saylor et al., 1995). This is outside of our studied area and
therefore agrees with the continuous presence of this bed in our studied
sections.

In the sequence stratigraphic framework of Saylor (2003), medium-
scale sequences 1 and 2 of the lower Huns Member disappear towards
the east, starting from Abos (to the west of the Huns Mountains).
However, these sequences correspond to alternations H1 and H2
(Fig. 9), which can still be recognized in this area as well as on the east
side of the Huns Mountains (location 23).

6. Discussion
6.1. Cyclostratigraphic interpretations

The regularity of the sedimentary variations in the Nama Group,
which are continuous throughout the Witputs subbasin, is suggestive of
an astronomical origin. Based on the existing U-Pb ages, the alternations
have a duration of ~120-180 k.y. (Table 2), which falls within the
frequency band of astronomical forcing. We consider two possible as-
tronomical interpretations in which the dominant alternations are

related to (1) ~100 k.y. short eccentricity or (2) 173 k.y. obliquity
amplitude modulation. Both cycles have periods that fall within or are
close to the estimated U-Pb-based cycle durations.

6.1.1. Short eccentricity

If the dominant alternations are related to short eccentricity, then the
smaller and larger variations are expected to be related to precession
and long eccentricity as eccentricity modulates the amplitude of pre-
cession. Even though the Solar System behaves chaotically, the periods
of the long (405 k.y.) and short (~100 k.y.) eccentricity cycles, and
therefore their ratio of approximately 1:4, remained relatively stable
over at least the last 250 m.y. (Laskar et al., 2011). The periods of
precession (~22 k.y.) and obliquity (~41 k.y.), in contrast, decreased
back in time due to the evolution of the Earth-Moon system (Laskar
et al., 2011). Cyclostratigraphic estimates indicate ~18 k.y. precession
and ~30 k.y. obliquity periods for the Cambrian (Fang et al., 2020;
Sgrensen et al., 2020; Zhang, Li, et al., 2022) and a further decrease to
~14 k.y. precession at ~1.4 Ga (Meyers and Malinverno, 2018) and
~11 k.y. precession at ~2.5 Ga (Lantink et al., 2022). These estimates
roughly agree with most ocean models for lunar regression (Fig. 5 of
Lantink et al., 2022; Daher et al., 2021; Waltham, 2015; Webb, 1982)
and fit exceptionally well with the recently presented combined global
and hemispherical ocean model (Farhat et al., 2022). This implies that
the ratio between short eccentricity (~100 k.y.) and precession changed
from 1:~4.5 to 1:~5.6. These ratios roughly agree with the observed
ratio between large and dominant-scale alternations around location 17
(namely 1:3 to 1:4) and the presence of five to seven small-scale alter-
nations within one dominant-scale alternation.

The average period of short eccentricity is relatively close to, but
slightly lower than, the estimated cycle durations. As the Nama Group
was mostly deposited in shallow marine environments and contains
several major sequence boundaries, the presence of hiatuses is expected.
If alternations are missing, the total number of alternations increases
and therefore the inferred cycle duration decreases, bringing it closer to
~100 k.y. In addition, missing dominant alternations could disturb
large-scale patterns related to long eccentricity. The relatively large
cycle duration for the Nu0-Na2 interval might be (partly) related to the
regional erosional unconformity associated with the sequence boundary
that separates the Nudaus Formation from the Nasep Member (Saylor
et al., 1995; Saylor, 2003). Three sequence boundaries are present
within the Na2-S4 interval and might contain missing alternations. As
some alternations are missing in eastern exposures of the Nasep Mem-
ber, it might be possible that western exposures are also not complete.

The dominant alternations of the middle to upper Spitskop Member
are thicker compared to those in the underlying successions. If they were
related to 405 k.y. long eccentricity, this would reduce the cycle dura-
tion of the underlying alternations that are related to short eccentricity
(Table S4). However, especially around location 17, where an entire
Huns to upper Spitskop succession is present, the differences in thickness
do not seem significant enough for this scenario and it seems more likely
that the labelled alternations all represent the same timescale.
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6.1.2. Obliquity amplitude modulation

Alternatively, the dominant alternations could be related to the 173
k.y. amplitude modulation cycle of obliquity. A dominant control by this
modulation cycle would be remarkable, although Huang et al. (2021)
suggest that this cycle might be more often expressed as generally
assumed. It has been proposed that Precambrian obliquity was much
higher than today (>54°) in order to explain the low-latitude glaciations
of the Cryogenian (Williams, 1993), which would have significantly
increased the seasonality. However, it has been shown that Earth’s
obliquity is stabilized by the presence of the Moon (Laskar et al., 1993)
and the mechanism proposed for the required rapid decrease in obliquity
(~30° between 650 and 430 Ma; Williams et al., 1998) has been inva-
lidated (Levrard and Laskar, 2003). Moreover, the combined model even
shows a decrease in obliquity back in time (Fig. 6 of Farhat et al., 2022).

In the case of dominant 173 k.y. cycles, the smaller and larger var-
iations could be related to obliquity and ~1.2 m.y. obliquity modula-
tion. Both the 173 k.y. and ~1.2 m.y. cycles are unaffected by the Earth-
Moon system. The 173 k.y. cycle probably remained relatively stable
(Boulila et al., 2018; Charbonnier et al., 2018), while the period of the
~1.2 m.y. cycle (and therefore their ratio of 1:7) might be affected by
chaotic behavior related to the Mars-Earth secular resonance (Laskar
et al.,, 2011; Olsen et al., 2019). In many astronomical solutions, this
period remained between 1.0 and 1.4 m.y. over the last 250 m.y. (Fig. 7a
of Olsen et al., 2019), meaning that the ratio with the 173 k.y. cycle
varied between 1:6 and 1:8. This differs significantly from the observed
1:3 to 1:4 ratio around location 17 and slightly from the bundles in the
Nudaus Formation consisting of four to five dominant alternations. The
ratios between 173 k.y. and ~ 30 k.y. obliquity (1:5.8) and between
~100 k.y. eccentricity and ~18 k.y. precession (1:5.6) are similar and
therefore both options fit the observations.

The period of 173 k.y. is very close to the maximum estimated cycle
durations based on U-Pb ages (Table 2), meaning that no cycles would be
missing even though deposition occurred in mostly shallow marine en-
vironments. However, time could still be missing if parts of the cycles are
not preserved. If all cycles are preserved, the large-scale patterns cannot
be disturbed due to missing dominant alternations. Therefore, unlike in
the case of short eccentricity, missing alternations cannot explain the
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Fig. 10. Comparison of age models based on high-precision U-Pb ages from the
Witputs subbasin (blue) and Vioolsdrift area (green) and the cyclostratigraphic
interpretations (grey). Bayesian age models were created with Bchron (Haslett
and Parnell, 2008) and plotted with their median (blue/green solid line) and
95% confidence interval (blue/green shaded area). Positions of the U-Pb ages
are indicated by the blue/green diamonds. All data is plotted on the stratig-
raphy presented in Fig. 9. The Vioolsdrift U-Pb ages were transferred to the
Witputs stratigraphy based on lithostratigraphic correlations (Nelson et al.,
2022). The cyclostratigraphic interpretations include a minimum and
maximum number of alternations (Table 2). F = Feldschuhhorn. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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inconsistencies between expected and observed large-scale patterns.
This alternative interpretation is only consistent with the minimum
number of alternations in the Nudaus Formation and the older age of ash
bed W7 for S4, as all other estimated cycle durations are significantly
lower than 173 k.y.

6.2. Uncertainties of U-Pb ages

Comparison of the high-precision U-Pb ages within the Witputs
subbasin as well as with the ones from the Vioolsdrift area reveals sig-
nificant differences in their age-depth distribution (Fig. 10). Volcanic
ash beds W3-7 are all present within alternation S4 and are therefore
expected to have relatively similar ages (differing not more than the
cycle length). However, W3 and W7 differ in age by ~1.1 +/- 0.3 m.y.,
while W4-6 all have relatively similar ages that fall approximately in the
middle of this age range (Table 1). Compared to the U-Pb ages from the
Witputs subbasin, the ones from the Vioolsdrift area are much younger
than expected based on their lithostratigraphic position. The ages from
the lower Huns Member (V1) and the base of the Spitskop Member (V2)
differ in age by only ~0.22 +/- 0.6 m.y. and are both similar in age to
W4-6 from the upper Spitskop Member. This might suggest that the
lithostratigraphy-based correlations between the areas (Fig. 9 of Nelson
et al., 2022) are not isochronous. An attempt to correlate the areas based
on cyclostratigraphy suggests that V1 is positioned slightly higher up in
the lithostratigraphy (H6 in the upper Huns Member; Figs. S22 and 527).
However, this does not entirely solve the observed discrepancies.

Based on the combination of W1-2 and V1-3, it was suggested that a
significant change in sedimentation rate occurred during deposition of
the Nama Group (Nelson et al., 2022). In contrast, our cyclostratigraphic
framework indicates a relatively stable sedimentation rate. The cyclo-
stratigraphic model based on 173 k.y. per alternation is consistent with
W2 (only when assuming a minimum number of alternations) and W7
and V3, however, implies that V1-2 and W3-6 are incorrect. The model
based on 100 k.y. per alternation results in a higher sedimentation rate,
which is relatively similar to that indicated by V1-3, but requires hia-
tuses to be in agreement with the U-Pb ages. These hiatuses might be
present at the sequence boundaries at top of the Nudaus Member and the
top of the Nasep Member, or, alternatively, below the top sandstone unit
of the Nasep Member as suggested by our cyclostratigraphic framework.
Therefore, rather than a significant change in sedimentation rate, our
results suggest the presence of hiatuses within the Nama Group.

6.3. Origin of the sequences

Previously, both tectonism and eustasy have been proposed to
explain the different scales of sequences in the Urusis Formation (Saylor,
2003). Some large-scale sequences (S3, S5, and S6) show asymmetric
patterns typical of flexural bending of the basin (Catuneanu et al., 1997),
while others (S2, S4, and top S6) might instead be eustatically controlled
(Saylor, 2003). This suggests that both tectonics and astronomical
climate forcing affected the sedimentation on these longer timescales,
which might have caused differences in the recognition of large-scale
variations between the cyclo- and sequence stratigraphic frameworks.
Additionally, interference of tectonic processes could complicate the
recording of regular large-scale variations related to astronomical
forcing.

On the medium and small scale, the occurrence of siliciclastic de-
posits in the middle of the sequences might be explained by glacio-
eustasy or flexural bending (Saylor, 2003). It was estimated that inter-
nal tectonic variability, although related to thrust deformation, can
occur on timescales of 0.15-4 m.y. (Naylor and Sinclair, 2007), of which
the lowermost value is similar to the estimated duration of medium-
scale sequences. However, it is much larger than the duration of
smaller-scale variations (~120-180 k.y. divided by 5-7). Therefore, the
regularity, high-frequency, and hierarchical stacking of these sedimen-
tary variations are not easily explained by tectonic processes, while they
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are indicative of astronomical climate forcing. The correlatability over a
large geographic area also seems to exclude an autogenic origin of the
sequences.

In principle, instead of being of eustatic origin, the sequences could
also be related to variable terrigenous influx rates from the hinterland
associated with astronomical-induced changes in monsoon intensity.
This low-latitude mechanism, typically driven by precession and ec-
centricity, has been used to explain shallow marine sequences in the
Cretaceous greenhouse when glacio-eustasy is thought to be minor or
absent (e.g., Garcia et al., 1996). However, this cannot (easily) explain
the observed shallowing-upward sequences that are marked at the top
by exposure surfaces like karst or desiccation cracks (Saylor, 2003).

Astronomically-forced fluctuations in eustatic sea level could occur
through water storage in groundwater (aquifer-eustasy) or ice sheets
(glacio-eustasy). Aquifer-eustasy was proposed for sea-level fluctuations
during greenhouse periods of the Cretaceous and early Cambrian, which
were mainly paced by the long (~1.2 m.y.) obliquity amplitude modu-
lation cycle (Wendler et al., 2016; Zhang, Li, et al., 2022; Zhang, Huang,
et al., 2022). Obliquity controls the seasonal contrast and therefore
poleward moisture and heat transport, which in turn affects aquifer
storage in middle to high latitudes (Wendler and Wendler, 2016). The
~173 k.y. obliquity amplitude modulation cycle affected the carbon
cycle in middle to high latitudes during parts of the Mesozoic and
Cenozoic, probably through hydrological processes (FHuang et al., 2021),
suggesting it could also drive aquifer-eustasy. However, simulations
indicate that aquifer-eustasy cannot account for significant sea-level
fluctuations (Davies et al., 2020).

Glacio-eustasy might be a more probable cause for the sea-level
fluctuations recorded in the Nama Basin, as there is some evidence for
glaciation throughout the late Ediacaran (e.g., Chen et al., 2020; Chu-
makov, 2011; Germs and Gaucher, 2012; Linnemann et al., 2022; Wang
et al., 2023). During the Pliocene and early Pleistocene, glaciations were
dominantly paced by 41 k.y. obliquity (Lisiecki and Raymo, 2005) and
throughout the Cenozoic third-order glacio-eustatic sequences were
mainly controlled by the ~ 1.2 m.y. obliquity modulation cycle (Boulila
et al., 2011). Although spectral power is present around ~ 173 k.y. in
the 880 inferred sea-level curve for the interval ~ 1-9 Ma, it is much
lower compared to power at ~ 1.2 m.y. and 41 k.y. (Boulila et al., 2011;
Miller et al., 2005). Therefore, it remains unclear if the ~ 173 k.y.
obliquity cycle could have been responsible for the pronounced
medium-scale sequences in the Nama Basin.

On the other hand, glaciations were strongly paced by ~ 100 k.y.
eccentricity during the late Pleistocene (Imbrie and Imbrie, 1980;
Lisiecki and Raymo, 2005) as well as throughout the Oligocene and
Miocene along with ~ 400 k.y. eccentricity (Liebrand et al., 2016).
Similar to the Nama Basin, regular sedimentary alternations and
bundling patterns occur in the Donets Basin during the Carboniferous
icehouse, ascribed to glacio-eustasy, which have been linked to ~ 100
and ~ 400 k.y. eccentricity based on U-Pb ages (Davydov et al., 2010).
As ~ 100 k.y. eccentricity-paced glaciations and sea level changes are
common throughout Earth’s history, we suggest that the medium-scale
sequences of the Nama Group are most likely related to ~ 100 k.y.
eccentricity-paced glacio-eustasy, although a 173 k.y. obliquity pacing
cannot be excluded.

6.4. Link between biota, redox conditions and sea level

6.4.1. Biotic distribution and oxygen

Changes in oceanic redox conditions have been linked to rises and
falls of Ediacara biota (e.g., Evans et al., 2022; Wood and Erwin, 2018;
Zhang et al., 2019), suggesting an important role of oxygen in the evo-
lution of early complex life. Intervals of anoxia possibly resulted in
extinction events (Evans et al., 2022), but also may have promoted
evolutionary innovations (Wood and Erwin, 2018). Some Ediacara
biota, however, were apparently able to tolerate low oxygen environ-
ments (Cherry et al., 2022).
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Within the Nama Group, there is evidence for dynamic redox
changes that may have acted as a primary control on fossil distributions
(Tostevin et al., 2016; Wood et al., 2015). Metazoans often occur in oxic
horizons with the most diverse communities in persistently oxygenated
settings, while macroscopic animals were likely absent from anoxic,
outer ramp environments (Tostevin et al., 2016; Wood et al., 2015).
Although there seems to be a relationship between fossil distribution
and redox state, the drivers behind these redox changes are not yet fully
understood.

6.4.2. Mechanisms behind redox changes

Proposed mechanisms for anoxic phases in inner and mid ramp set-
tings include high productivity and upwelling of anoxic deeper water
(Bowyer et al., 2020; Wood et al., 2015). In the Kuibis Subgroup, rela-
tively high TOC content of up to ~6 wt% occurs in an inner and outer
ramp location of the Zaris subbasin (Zwartmodder and Brak; Wood et al.,
2015), suggesting that productivity might have been high. This could
have been related to a high influx of nutrients from the Kalahari Craton
as indicated by high values of the chemical index of alteration (CIA;
Bowyer et al., 2020). It was suggested that increased productivity led to
anoxia (Bowyer et al., 2020) due to increased oxygen consumption via
degradation of sinking organic matter. However, under low atmospheric
oxygen levels, increased primary productivity could also result in
oxygenated conditions in the photic zone (Lantink et al., 2023; Wei
et al., 2021; Zhang, Li, et al., 2022). No systematic relationship has yet
been found between (terrestrial) nutrient input, productivity, and redox
state.

Instead, a correlation is observed between redox state and sequence
stratigraphy (Wood et al., 2015), suggesting that (mechanisms behind)
sea-level fluctuations controlled redox dynamics. In inner ramp settings,
anoxic and ferruginous conditions often coincided with flooding events
of m-scale shallowing-upward cycles in the Kuibis and Schwarzrand
Subgroups (Wood et al., 2015). In contrast, reefs growing in mid ramp
settings during transgressive systems tracts (TSTs) show persistent
oxygenation, which is suggested to be due to a physical ventilation
mechanism (Wood et al., 2015). However, the reefs might also have
grown at water depths slightly shallower than inner ramp settings where
conditions remained oxic as depicted by Tostevin et al. (2016). More-
over, variable redox conditions did occur in other mid-ramp locations
(Bowyer et al., 2020). However, the two most diverse and complex trace
fossil assemblages in the Witputs subbasin are found in the Nasep-Huns
transition and the base of the Spitskop Member, both of which are
preserved in transgressive settings between fair-weather and storm wave
base (i.e., mid ramp; Darroch et al., 2021). Although this might be an
indication of persistent oxygenation during TSTs, this is not (yet)
confirmed by independent evidence from redox proxies.

Several different mechanisms could account for the development of
anoxia during flooding or transgression. For the early Cambrian green-
house, aquifer-eustatic transgression coincided with a mass extinction of
small shelly fossils and was linked to flooding of the shelf with anoxic
deep water (Zhang, Li, et al., 2022), while sea level lowering coincided
with speciation events possibly due to the oxygenation of shallow waters
(Zhuravlev et al., 2023). Possibly, the chemocline remained at a con-
stant water depth, thereby changing its position relative to the margin
with sea-level changes. For the late Ordovician to early Silurian
icehouse, black shales and anoxia occurred during transgressions while
oxygenated conditions and bioturbation occurred during regressions
(Page et al., 2007; Yan et al., 2012). It has been suggested that ice sheet
growth resulted in enhanced thermohaline circulation and ventilation,
while warming and ice melting resulted in increased ocean stratification
and anoxia (Page et al., 2007; Yan et al., 2012). In addition, (drivers of)
sea level might have affected upwelling and terrestrial influx and
therefore primary productivity (e.g., Lu et al., 2019; Page et al., 2007;
Zhang, Li, et al., 2022).
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6.5. Future research

Integration of our initial cyclostratigraphic framework with pub-
lished U-Pb ages, sequence stratigraphy, and proxy data provides new
insights into the climatic system of the late Ediacaran in the Nama Basin
that need to be further explored in future research. Although satellite
images are effective for stratigraphic correlations throughout large
geographic areas, field studies are needed to further improve the
cyclostratigraphic framework by providing detailed information on
sedimentology and to identify variations with more accuracy and on a
higher resolution. Drone imaging can be used to generate quantitative
records of color and weathering profiles, which can be used for statis-
tical analysis like spectral analysis (e.g., Lantink, 2022). To confirm an
astronomical origin for the sedimentary alternations, specific strati-
graphic intervals need to be targeted for high-precision U-Pb zircon
dating of volcanic ash beds, namely intervals that possibly contain hi-
atuses and intervals that are supposedly continuous, so that cycle du-
rations can be better constrained. This is necessary to be able to
distinguish between a dominantly precession-eccentricity or obliquity
origin. Subsequently, systematic and high-resolution multi-proxy data
must be generated, preferably from fresh rock samples obtained by
drilling, and placed in the cyclostratigraphic framework to understand
the potential relationship between sea-level change, redox variability,
and fossil distribution on astronomical timescales, including their phase
relationship. This will provide critical information on the late Ediacaran
climate system as well as relative time constraints, ultimately of
importance for our understanding of the distribution and evolution of
early complex life just prior to the Cambrian Explosion.

7. Conclusion

Satellite images reveal that the middle Nama Group in southern
Namibia consists of regular sedimentary alternations that are correlat-
able throughout the Witputs subbasin over distances of ~50 km. The
alternations occur dominantly on scales of several tens of meters,
accompanied by smaller- and larger-scale variations in parts of the suc-
cession. This allowed for the development of an initial cyclostratigraphic
framework based on the most complete stratigraphy. A total of 35 to 39
dominant alternations could be recognized throughout the Nudaus and
Urusis Formations in the Witputs subbasin. Integration with published
high-precision U-Pb ages resulted in an estimate of ~120-180 k.y. per
alternation on the dominant scale. Comparison with the published
sequence stratigraphic framework indicates that the dominant alterna-
tions are consistent with the medium-scale sequences, which have been
interpreted as fluctuations in relative or eustatic sea level (Saylor, 2003).

The estimated cycle duration corresponds well with the period of
short eccentricity (~100 k.y.), considering the presence of hiatuses is
likely in shallow marine environments. Alternatively, it may correspond
with the period of the amplitude modulation of obliquity (~173 k.y.),
which would imply no time is missing on this scale. In these cases, the
variations on the smaller and larger scales may correspond to precession
(~18 k.y.) and long eccentricity (405 k.y.), or obliquity (~30 k.y.) and
very long obliquity (~1.2 m.y.), respectively. It is not yet possible to
distinguish between these two cyclostratigraphic options as they result
in similar cycle ratios and because the availability and uncertainties of
the U-Pb ages are insufficient to discriminate between them.

Based on the integrated cyclostratigraphic framework, we hypothe-
size that astronomically-forced fluctuations in sea level modulated
deposition of the Nama Group, most likely through glacio-eustasy or,
alternatively, aquifer-eustasy. On the large scale, sedimentation was
likely influenced by both astronomical and tectonic processes.
Geochemical studies have noted a correlation between fossil distribu-
tion, redox changes and sequence stratigraphy in the Nama Group
(Wood et al., 2015), suggesting that astronomical forcing possibly
played an important role in oxygen availability and in the distribution,
or even evolution, of Ediacara biota.
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