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A B S T R A C T

The middle-late Ediacaran (~580 to >533 Ma) saw the emergence and early diversification of animals (meta
zoans), but the tempo of this event is obscured by a paucity of datable ash beds and uncertainties in global 
stratigraphic correlation through specific intervals. The Nama Group, Namibia, is of fundamental importance as 
this succession preserves a diverse terminal Ediacaran fossil assemblage that includes the first appearance of 
metazoan biomineralization, a key evolutionary innovation. The precise age of the lowermost Nama Group is 
unknown, however, with best estimates based on global chemostratigraphic correlation and inferred depositional 
rates suggesting that the onset of deposition was between ca. 555 and 551 Ma. Here we use uranium-lead (U-Pb) 
radioisotopic dating by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), to date early 
marine pseudomorphed calcite cements from the lower Nama Group. The analyses yield an absolute age of 549.3 
± 9.8 Ma and constitute the first independent time constraint for the lowermost Nama Group. The result is 
consistent with current chemostratigraphic age models and validates the use of in-situ U-Pb dating of early 
marine carbonate cements to constrain depositional ages.

1. Introduction

One of the biggest challenges in understanding the Ediacaran to 
Cambrian rise of animals is establishing a temporal and stratigraphic 
framework that allows for reliable global inter-regional correlation and 
the accurate timing of fossil occurrences. The scarcity of datable ash 
beds, uncertain biostratigraphic utility of key fossils and patchiness of 
chemostratigraphic data across terminal Ediacaran geological sections 
worldwide results in considerable uncertainty (Fig. 1, e.g., Bowyer et al., 
2024). The onset of metazoan biomineralisation, for example, is marked 
by the first occurrence of the calcified tubular fossil Cloudina in the 
Mara, informal ’Pockenbank’, and lower Kliphoek members in the 
southwestern-most region of the Nama Group, Namibia (Figs. 1A, and 2; 
Germs, 1972; Kaufman et al., 2019; Bowyer et al., 2023). This interval is 
interpreted to have been deposited around 550 Ma, based on available 
global chemostratigraphic correlation to sections that host carbonate 
carbon isotope data calibrated in time by high-precision radioisotopic 

ages (e.g., Yang et al., 2021; Bowyer et al., 2023). Additional indepen
dent age constraints for the lowermost Nama Group are therefore 
essential for efforts that aim to understand the evolutionary timeline of 
metazoan biomineralization and its ecological implications.

Carbonate minerals (CaCO3), like calcite, can incorporate uranium 
into their crystal structure upon precipitation, making them suitable for 
uranium-lead (U-Pb) geochronology. However, geological samples can 
contain multiple carbonate mineral phases with different compositions 
and ages, rendering bulk U-Pb methods unsuitable. For example, reef 
carbonate cements from the Zaris Formation of Farm Driedoornvlakte 
(Fig. 2B) show a paragenetic sequence of six successive cement gener
ations from synsedimentary to early marine cement and final burial, 
inferred to be of variable original mineralogies (dolomite, aragonite, and 
calcite) and to have precipitated under dynamic redox conditions based 
on redox sensitive element concentrations, petrography and cath
odoluminescence (CL) characteristics (Wood et al., 2018).

In combination with CL microscopy, laser ablation inductively 
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coupled plasma mass spectrometry (LA-ICP-MS) can be used to date 
individual carbonate phases in petrographically complex samples with 
useful precision (~3 %–10 %; Roberts et al., 2020). Age determination 
requires mineral phases that have incorporated uranium with an 
absence or relatively low concentration of initial, or “common”, lead 
during precipitation. This is often expressed by the ratio of parent ura
nium to non-radiogenic lead (238U/204Pb), otherwise denoted as μ. 

Ideally, the isotope system should then remain closed, with no alteration 
due to later diagenetic processes (Roberts et al., 2020 and references 
therein). The initial Pb composition and age are determined by the 
upper and lower intercept, respectively, of the regression isochron with 
the concordia curve on a Tera–Wasserburg plot (Ludwig, 1998; Roberts 
et al., 2020). In phases that contain common lead, robust age de
terminations generally require a high μ and a large spread in the initial μ 

Fig. 1. Ediacaran timeline with Cloudina, global carbon isotope record and geological map of the Nama Group of southern Namibia and northwestern Republic of 
South Africa. (A) Temporal range (vertical bar) and uncertainty (dashed extensions) of the metazoan skeletal taxon, Cloudina. (B) Ten-point moving average (black 
line) and full data range (grey envelope) of global composite carbonate carbon isotope database for the Ediacaran to lower Cambrian after Bowyer et al. (2024, 2025), 
with Nama Group data shown in red. Uncertainty on the maximum age for the base of the Nama Group is shown as a dotted grey arrow and question mark. (C) 
Geological map of the Nama Group, Namibia marking the location of Farm Arasab (modified after Bowyer et al., 2023). Inset map shows the areal extent of the Nama 
Group in southern Namibia.
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values, as these give a large spread in U/Pb ratios to define a regression, 
thereby providing a precise estimate of both the age and the initial lead 
isotopic composition. Identifying carbonate crystals that precipitated 
early and may preserve original elemental concentrations with limited 
diagenetic recrystallization (and thus limited open-system U mobility), 
is a crucial step in selecting appropriate targets for U-Pb dating.

Here, we used in-situ carbonate U-Pb dating to target neomorphosed 
early marine carbonate cements from the lowermost Nama Group of 
southern Namibia. The results constitute the first direct age constraint 
from this interval, which hosts the earliest known occurrence of meta
zoan biomineralization in the geological record.

2. Geological setting

The Nama Group (≥550.5 to <538 Ma; Figs. 1C and 2A) is a strati
graphic succession composed of shallow marine mixed carbonate and 
siliciclastic rocks deposited in a foreland basin that formed on the 
Kalahari Craton in the late Ediacaran and early Cambrian (Germs, 1983; 
Germs and Gresse, 1991). Deposition occurred within supratidal to outer 
ramp settings across at least two sub-basins, the Zaris in the north, and 
the Witputs in the south, separated by a palaeobathymetric high, the 
Osis Arch (Fig. 1C; Germs, 1983; Germs and Gresse, 1991). Increasing 
palaeodepth corresponded with increasing distance from the Osis Arch 

and from the centre of the Kalahari Craton to the present east. Conse
quently, the earliest marine deposits, which formed during diachronous 
transgression across the basement, are recorded in the most distal set
tings, including sedimentary rocks that were deposited in the south
western Witputs sub-basin, bordering the Tsau //Khaeb National Park 
(Figs. 1C and 2B, Germs, 1983; Germs and Gresse, 1991; Gresse and 
Germs, 1993).

In the Witputs sub-basin, the lowermost Nama Group deposits 
comprise the Dabis and Zaris Formations, which together document two 
incomplete third-order sequences represented by the Kanies and Mara 
Members, overlain by the Kliphoek, Aar and Mooifontein Members 
(Fig. 1c; Saylor et al., 1995; Hall et al., 2013). Cloudina has been found in 
the Mara, ’Pockenbank’, and lower Kliphoek Members (Germs, 1972; 
Kaufman et al., 2019).

The age of the base of the Nama Group remains uncertain. According 
to global chemostratigraphic correlation to sections that host high- 
precision zircon U-Pb ages, and based on the absence of Cloudina from 
extensive carbonate deposits that coincide with or immediately post- 
date the Shuram excursion (Fig. 1B), it is estimated to have formed 
between 555.18 ± 0.3 Ma and 550.1 ± 0.6 Ma (Parry et al., 2017; Yang 
et al., 2021; Bowyer et al., 2023). However, recognising the potential for 
biases in fossil preservation, it may be even older than 555 Ma (Bowyer 
et al., 2024). A high-precision zircon U-Pb age of 546.862 ± 0.088 Ma, 

Fig. 2. Composite chemostratigraphy and sub-basin lithostratigraphy for the Ediacaran portion of the Nama Group, including expanded lithostratigraphy for the 
Arasab section and selected outcrop photographs. (A) Composite carbonate carbon isotope curve for the Ediacaran Nama Group from 551 to 537 Ma (updated from 
Bowyer et al., 2023, 2025). (B) Composite lithostratigraphic columns for each sub-basin, following section correlations depicted in the supplementary information of 
Bowyer et al. (2025). Cloudina regional first (FO) and last (LO) occurrences are pinned to the ages of horizons within individual sections of the Witputs sub-basin after 
Kaufman et al. (2019), Nelson et al. (2022) and Bowyer et al. (2023), depicted in full in the SI of Bowyer et al. (2025). (C) Arasab lithostratigraphy and sedi
mentology, showing the horizon from which carbonate cement samples were taken (modified from Bowyer et al., 2025, after original section data of Wood et al., 
2015). (D) Field photograph of the nonconformity that separates basement granite from sedimentary rocks of the lower Nama Group. (E) Field photograph of early 
marine cements of the Aar Member at Arasab. References for ash bed zircon U-Pb CA-ID-TIMS ages are as follows: (1), (6): Bowyer et al. (2025); (2)–(10): Nelson 
et al. (2022); (11): Nelson et al. (in press.).
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from an ash bed in the lower Hoogland Member (Zaris Formation) of the 
Zaris sub-basin (Fig. 2B), provides a minimum age constraint on the base 
of the Nama Group (Bowyer et al., 2025).

3. Materials and methods

We used in-situ U-Pb geochronology to target early marine carbonate 
cements, which we infer have precipitated directly from seawater, to 
help constrain the age of the lowermost Nama Group (see Supplemen
tary Materials). The lowest occurrence of these cements is within the Aar 
Member at the Arasab section (Figs. 1C and 2B-E), which was deposited 
in a shallow inner-mid ramp setting in the Witputs sub-basin. The 
samples collected here contain first generation thick isopachous early 
marine calcite cements (Fig. 2E). These widespread acicular calcite ce
ments fill both primary porosity and early fractures that formed 
perpendicular to bedding. The cements are brown to black in outcrop 
and the long axes of individual crystals measure 3.5 to 5.5 mm (Fig. 2E).

3.1. CL imaging

We examined three highly polished thin sections (75 × 50 mm; 
identified as Arasab 1, 2 and 3) of 140 μm thickness under a Cath
odoluminescence Cold Cathode CITL 8200 MK3A mounted on a Nikon 
optiphot microscope. This allowed us to distinguish different carbonate 
mineral phases and to identify any primary compositional zonation 
present within cements.

3.2. In situ LA-ICP-MS U-Pb geochronology

In situ LA-ICP-MS U-Pb geochronology was conducted on the pol
ished thin sections characterised by CL imaging following the method of 
Roberts et al. (2017). All dates quoted in the text are lower concordia 
intercept dates from Tera-Wasserburg plots, at 2 s with propagated un
certainties included. In total, we analysed 338 ablation spots by 
LA-ICP-MS across the different CL zonations (Table S1). Plots show 
Model 1 age calculations and have uncertainties quoted as age ± x | y, 
where x is without systematic uncertainties and y includes the propa
gated systematic uncertainties. All regressions are unanchored as the 
spread in data permits assessment of the upper intercept accurately, and 
the goodness of fit of the model was evaluated with the mean square of 
weighted deviates (MSWD). Clear outliers (n=≤3) in Tera-Wasserburg 
plots were rejected from the age regressions, and are likely a conse
quence of analysing inclusions of a different phase. See the Supple
mental Material for full data sets and detailed methodology.

4. Results

4.1. CL imaging and targeted sites

Samples contain several cement generations with distinct cath
odoluminescent characteristics, which indicates that manganese (Mn) 
and iron (Fe) were incorporated into the carbonate crystal structures in 
different proportions. The paragenetic sequence is summarised in Fig. 3, 
and examples are shown in Fig. 4. The bright red luminescent sediment 
is an undifferentiated micrite with silt-grade quartz that grades to a 
coarser grained recrystallised calcite. Non-luminescent acicular fibrous 
calcite crystals nucleate from the sediment and grow into pore-space, 
showing bladed terminations (Fig. 4A–D). The non-luminescent acic
ular fibrous crystals are followed by a series of bright red-orange and 
non-luminescent zoned overgrowths (Fig. 3B, Fig. 4A and Fig. S1B). The 
final pore-occluding cement is dull-luminescent blocky calcite (Fig. 3C, 
Fig. S1B-C, Fig. S2A, Fig. S2B), which is followed by fine, cross-cutting 
veins with a bright luminescent cement fill (Fig. 3D, Fig. 4D, Fig. S1C).

We focused on the non-luminescent calcite crystals for U-Pb age 
determination, as they correspond to the earliest cement phase in the 
paragenetic sequence. Four areas across two of the thin sections were 
targeted (Arasab 2 and 3, Fig. S1B–C). The first region (Fig. 4A; Fig. S1B; 
from here on termed ’zone A’) was composed of non-luminescent and 
well-defined crystals with hexagonal cross-sections, surrounded by a red 
bright luminescent overgrowth. The second region (Fig. 4B; Fig. S1C; 
now ’zone B’) comprised poorly defined dull luminescent crystals with a 
more granular appearance, rich in inclusions and crossed by thin bright 
veins, growing into a space filled by bright red sediment. The third re
gion (Fig. 4C; Fig. S1C; ’zone C’) had large non-luminescent crystals 
with round terminations and poorly defined edges surrounded by highly 
luminescent patchy sediment. The fourth region (Fig. 4D; Fig. S1C; ’zone 
D’) was composed of non-luminescent thin acicular crystals with 
rounded terminations, which were surrounded by a heterogeneously 
coloured bright luminescent sediment. The bright red luminescent, 
space-infilling sediment in zones B, C and D could have resulted from 
dolomitization, although we have not identified any other petrographic 
evidence for dolomite mineralogy.

4.2. U-Pb values of the targeted phases

The majority of the targeted phases showed low ratios of 207Pb/206Pb 
(Fig. 4a–d), with only 17 spots (of 209) >0.4 (Fig. 4e). We identified 5 
statistical outliers across all targeted phases which were excluded from 
the age regression analysis. Analyses of zone A yielded a date of 549.7 ±
10.3 Ma and a MSWD of 1.7. Zone B yielded a date of 543.2 ± 15 Ma 
with a MSWD of 2.3. Non luminescent crystals of Zone C yielded a date 
of 559.1 ± 14.1 Ma with a MSWD of 2.4, while the surrounding bright 

Fig. 3. Paragenetic sequence of carbonate cements in the upper Kliphoek (Aar) Member, Nama Group, at Arasab, Namibia. (A) Micrite to coarser grade 
calcite with silt‑grade quartz and acicular fibrous calcite cements. (B) Bright luminescent red‑orange overgrowths. (C) Pore-occluding blocky calcite cement. (D) 
Bright luminescent veins. Colours in (B)–(D) follow CL characteristics.
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Fig. 4. CL photomicrographs of targeted carbonate cements from Farm Arasab and Tera-Wasserburg plots. (A)–(D) Tera-Wasserburg plots with corresponding 
isochron line and lower intercept dates (2σ) along cathodoluminescence (CL) photomicrographs and the distribution of sample spots within four targeted areas of non 
to dull luminescent calcite crystals analysed by laser ablation. (E) Tera-Wasserburg plot and lower intercept date combining all 204 pooled laser ablation spots from 
Zones A, B and C. The spots and ellipses in Tera-Wasserburg space are colour coded according to target crystals in panels (A) to (C). Empty ellipses represent 
statistical outliers that are not included in the calculation of dates. The p-value of chi-squared (χ²) for the isochron fit was < 0.05 unless indicated by an ’*’ beside the 
MSWD value (D). Tera-Wasserburg plots were constructed in IsoplotR (Ludwig, 1998; Vermeesch, 2018). (F) Schematic summarizing the chronology of cement 
generations by showing the age determinations of measured crystal populations, with colour code for each zone consistent with panels (A) to (E). Solid lines represent 
the analytical uncertainty and dotted lines the propagated uncertainty.

M.A. Yilales et al.                                                                                                                                                                                                                               Earth and Planetary Science Letters 676 (2026) 119787 

5 



sediment (not shown, but see supplementary data) yielded a date of 549 
± 14 Ma and a MSWD of 1.8. Zone D needle-like crystals yielded a date 
of 479 ± 29.2 Ma and a MSWD of 0.69. The pooled older carbonate 
population, zones A to C, give a date of 549.3 ± 9.8 Ma with a MSWD of 
1.9. All the other analysed carbonate phases were unsuccessful in 
yielding meaningful dates with uncertainties being larger than the entire 
known depositional duration of the Nama Group (Fig. S3).

5. Discussion

Petrographic features, including crystal growth directly from pri
mary sediment and lack of luminescence, indicate that the first cement 
phase is an early marine aragonite cement that has been pseudomor
phosed. The U-Pb data gathered from these cements yield high-precision 
(in terms of carbonate U-Pb) late Ediacaran ages, as shown by the 
relatively small level of uncertainty (analytical uncertainties <2 %, 2σ) 
of our analyses. The pooled date of the oldest cements, 549.3 ± 9.8 Ma, 
is consistent with current age frameworks based on global chemo
stratigraphic correlation (Fig. 1B). Limited scatter in the data (as shown 
by MSWDs of ~ 2) indicates that if any resetting of the U-Pb system 
occurred during neomorphism, it must have taken place very shortly 
after precipitation and/or was pervasive. This supports petrographic 
evidence and the reconstructed paragenetic sequence, which shows that 
we have targeted the oldest cement crystal phase precipitated from 
seawater (See supplementary information for U-Pb dates of additional 
phases).

The variable U/Pb ratios and moderate to high proportions of 
radiogenic lead in the successful samples aided in constraining robust 
regressions and lower intercept dates. Initial lead isotope compositions, 
as determined by the upper intercept in Tera-Wasserburg space, have 
values (pooled data has ²⁰⁷Pb/²⁰⁶Pb = 0.873) that are similar to the 
modelled average terrestrial Pb composition (Stacey and Kramers, 
1975). The lack of markedly radiogenic Pb supports our interpretation of 
limited open-system remobilisation or contamination of extraneous Pb.

High Th/U values from some samples (see supplementary material) 
could suggest that we ablated a significant proportion of detrital mate
rial. This detrital material may be contributing variable compositions of 
common Pb to our measurements, potentially leading to overdispersion 
of the data. However, the fairly low MSWDs (~2), high proportion of 
radiogenic Pb and typical terrestrial initial Pb compositions suggest that 
the detrital component has not impacted the age determinations 
significantly.

Zone A and C calcite cements provided the oldest dates and are 
within uncertainty of each other. The larger range of dates for zone C 
cements is partly due to lower proportions of radiogenic lead. When 
considering the fully propagated uncertainties, Zone B overlaps with the 
older date, but the intercept indicates a younger date. We attribute this 
difference to the presence of inclusions of a different phase and veins 
that are visible under CL. The inclusions and veins formed during a later 
diagenetic event, possibly in response to active foreland tectonics that 
characterised ongoing Nama Basin subsidence. The surrounding bright 
luminescent sediments in zones B, C, and D have likely undergone 
dolomitization (although we could not identify any other petrographic 
evidence for dolomite mineralogy), and yielded a date of 549 ± 14 Ma 
(Fig. S2a). It is possible that small inclusions (5–20 μm) of the younger 
dolomitized sediment skewed the isotopic composition of the older ce
ments during laser ablation. The marine redox-chemical landscape of 
the Nama Basin during deposition of the Kuibis Subgroup was hetero
geneous, with shallower water masses being subjected to anoxic in
cursions that may have been responsible for intervals of widespread 
early dolomitization (Wood et al., 2018). A diagenetic event associated 
with early dolomitization might explain the seemingly younger date of 
the bright luminescent sediment, which has age ranges that overlap with 
the oldest calcite cement. The calculated date after excluding zone B 
from the pooled acicular cement population is 549.9 ± 9.8 Ma (see the 
Summary Table in Supplementary Materials and Fig. S3). Thus, 

excluding the zone B spot analyses from the pooled data does not have 
an impact on the calculated date and associated uncertainty for the 
acicular cements. The spots from zone D yield a much younger date and 
the U-Pb isotopic compositions could reflect a later diagenetic event.

6. Conclusions

Constraining the age of the lowermost Nama Group is crucial to 
understanding the timing and evolutionary rates of the Ediacaran- 
Cambrian faunal transition. We present the first independent age 
constraint for the lowermost Nama Group (southern Namibia), which is 
known to contain the earliest occurrence of biomineralization in the 
geological record. Early marine fibrous calcite cements yield an in-situ 
carbonate U-Pb date of 549.3 ± 9.8 Ma for the Aar Member of the Dabis 
Formation, validating previous indirect age estimations, which were 
based on global chemostratigraphic correlation, and supporting pro
posed inter-basin stratigraphic alignments (Bowyer et al., 2025). Some 
carbonate cements within the samples may reflect later diagenetic 
processes, potentially involving basin-wide redox and/or tectonic 
changes. However, we interpret the robust U-Pb dates from the older 
fibrous calcites to reflect early and pervasive neomorphism of aragonite, 
followed by essentially closed system behaviour of the U-Pb system. 
Consequently, this date represents the age of a diagenetic phase of early 
cement growth, and it therefore approximates the depositional age of 
the lower Aar Member. Thus, our results provide the first independent 
age constraint for the deposition of the lower Nama Group and showcase 
the utility of early marine carbonate cements for constraining deposi
tional ages via in-situ U-Pb geochronology.
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