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Abstract
The "Snowball Earths" were cataclysmic events during the late Neoproterozoic's Cryogenian period (720-635 Ma) in which 
most, if not all, of Earth’s surface was covered in ice. Paleoenvironmental reconstructions of these events utilize isotopic 
systems, such as Δ17O and barium isotopes of barites. Other isotopic systems, such as zinc (Zn), can reflect seawater com-
position or environmental conditions (e.g., temperature changes) and biological productivity. We report here a multi-isotopic 
C, O, and Zn data set for carbonates deposited immediately after the Marinoan glaciation (635 Ma) from the Otavi Group 
in northern Namibia. In this study, we chemically separated calcite and non-calcitic carbonate phases, finding isotopically 
distinct carbon and oxygen isotopes. These could reflect changes in the source seawater composition and conditions during 
carbonate formation. Our key finding is largescale Zn isotopic variations over the oldest parts of the distal foreslope cap 
carbonate sections. The magnitude of variation is larger than any found throughout post-snowball cap carbonates to date, 
and in a far shorter sequence. This shows a heretofore undiscovered difficulty for Zn isotopic interpretations. The primary 
Zn sources are likely to be aeolian or alluvial, associated with the massive deglaciation related run-off from the thawing 
continent and a greater exposed surface for atmospheric aerosol entrainment. The samples with the lightest Zn isotopic com-
positions (δ66Zn < 0.3 ‰) potentially reflect hydrothermally sourced Zn dominating the carbonates’ Zn budget. This finding 
is likely unique to the oldest carbonates, when the meltwater lid was thinnest and surface waters most prone to upwelling 
of hydrothermally dominated Snowball Earth brine. On the other hand, local variations could be related to bioproductivity 
affecting the Zn isotopic composition of the seawater. Similarly, fluctuations in sea-level could bring the depositional site 
below and above a redoxcline, causing isotopic variations. These variations in Zn isotope ratios preclude the estimation of 
a global Zn isotopic signature, potentially indicating localized resumption of export production.
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Introduction

The Snowball Earths (SBE) are events in Earth’s history 
when ice sheets covered most, if not all of the Earth’s surface 
(e.g. Cox et al. 2016; Donnadieu et al. 2004; Hoffman et al. 
2017; Kirschvink 1992; Stern and Miller 2019). Physical 
geological evidence traces ice sheets, leaving the extent of 
ocean ice to be inferred from climate models, geochemical 
proxies, and extreme climatic hysteresis inferred from 

low-latitude ice sheet longevity. During this period, the 
surface biosphere survived in cryoconite meltwater-based 
ecosystems on ablative ice sheets and ice shelf surfaces, as 
well as terrestrial dry-valley lakes, streams, and soils in the 
equatorial zone of net ablation (Hawes et al. 2018; Hoffman 
2016; Vincent et al. 2000). Eventually, volcanic outgassing 
causes atmospheric CO2 to reach sufficient levels to create 
a runaway greenhouse warming effect (Caldeira and Kasting 
1992; Halverson et al. 2005; Hoffman et al. 1998; Kirschvink 
1992; Walker et al. 1981). Carbonate δ13C (permil deviation 
of the 13C/12C from the Vienna Pee Dee Belemnite - VPDB)  
values in contemporaneous cap carbonates deposited 
following deglaciation reflect the global scale of the event 
(e.g. Hoffman et al. 2017 and references therein). Isotopic  
excursions captured in the post-SBE cap dolostones are 
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traditionally considered to begin with a steep decline in 
δ13C to -6 ± 1 ‰ (Brasier and Shields 2000; Hoffman et al. 
1998; Hoffman and Schrag 2002; Hoffman et al. 2017; 
Kaufman and Knoll 1995; Kaufman et al. 1997). The post 
SBE carbon isotope excursions (CIEs) likely represent 13C 
depleted carbonates recycled during SBE ocean buffering, 
and during deglaciation through weathering of carbonate 
loess exposed by ice-sheet recession (Higgins and Schrag 
2003). As bicarbonate formation rates are accelerated and 
amplified from CO2 brought into the oceans following the 
glacial events, low δ13C values persist even post climatic 
recovery (Hoffman and Maloof 1999; Hoffman and Schrag 
2002). The timescales to obtain equilibrium are difficult 
to quantify (Gernon et al. 2016 and references therein), 
but have been suggested to be on the order of 5 ⋅ 104 years 
(Yang et al. 2017), although it is possible full equilibrium 
was never attained.

Oxygen isotopes provide another useful tool in interpret-
ing the Snowball events, with δ18O (permil deviation of 
18O/16O from VPDB) values of carbonates providing temper-
ature, source strengths, reservoir exchange magnitudes and 
relative sizes of oxidized and reduced carbon (Jaffres et al. 
2007; Veizer et al. 1999). Ocean water’s δ18O is modeled to  
have been as low as -13 ‰ during the Neoproterozoic, with 
values of δ18O of -5 to -10 ‰ observed in Maieberg For-
mation samples (Hoffman et al. 2021; Jaffres et al. 2007; 
Shields 2005). Of key interest with oxygen is the 5 ‰ offset 
between calcite and dolomite δ18O observed in virtually all 
Maieberg Formation sections.

The association between deglaciation and large changes 
in biological productivity (Canfield et al. 2007; Hoffman and 
Schrag 2000; Kennedy 1996; Peterson et al. 2004) render Zn 
isotopes as suitable biotracers (Isson et al. 2018). Zinc isotope 
ratios are significantly modified by biological (metabolic) 
activity (Dupont et al. 2006; Moynier et al. 2017 and refer-
ences therein). By coupling Zn isotope ratios with the primary 
global productivity proxy, carbon isotope measurements, 
deeper insights to the cumulative biogeochemical processes 
during deglaciation could be gained (Hoffman et al. 2021).

Zinc isotopes have been previously reported in cap car-
bonates from the Nuccaleena Formation in the Flinders 
Ranges, South Australia (John et  al. 2017; Kunzmann 
et al. 2013), and the Doushantuo Formation, China (Lv 
et al. 2018; Yan et al. 2019). These studies have generally 
observed a decrease in δ66Zn values, followed by an increase 
above initial values. In the Flinders Ranges this is from 0.47 
to 0.07 ‰, followed by an increase to as high as 0.87 ‰. 
The first stage has been explained as a consequence of the 
influx of isotopically light Zn from weathering of isotopi-
cally light source rocks, while the second stage is attributed 
to the effects of the reactivation of export production (John 
et al. 2017; Kunzman et al. 2013). These trends have been 
suggested to reflect the consequence of global precipitation 

of carbonate enriched in heavier Zn isotopes, with a positive 
shift due to the removal of lighter Zn by sulfides (Yan et al. 
2019). Of note is that these Zn isotope data are from plat-
formal settings, which were flooded only after substantial 
ice-sheet melting had occurred.

In this work, we report isotopic data of Zn, C, and O from 
cap carbonates of the Otavi Group in Namibia and include 
multiple sample sites to assess the global or regional char-
acter of Zn isotopic patterns within the basal sections of the 
distal foreslope section, representing a much earlier stage of 
deglaciation than previous studies. This could date before 
the low-latitude ice sheet on the Otavi platform had disap-
peared (Hoffman and Macdonald 2010). Our emphasis is on 
the scale of variation in Zn isotope ratios in the immediate 
aftermath of the snowball event with δ13C as an excursion 
benchmark.

Materials and methods

Samples overview

For our study we focused on strata representing the transition 
from the late Cryogenian Ghaub Formation to the early Edi-
acaran Maieberg Formation of the Otatvi Group of northern 
Namibia. The samples were collected from near the base of 
the cap dolostone (Keilberg member (Mb) / Maieberg Forma-
tion (Fm)) representing by definition the onset of Ediacaran 
time (Knoll et al. 2007; Narbonne et al. 2012). These sam-
ples have been extensively described previously, and sample 
names are in accord with these studies (Gyollai 2014; Gyollai 
et al. 2014, 2017).

The sample stratigraphy includes the Ghaub Formation, 
a fragmentarily preserved section of glacial deposits, rich 
in ice-rafted debris derived primarily from the underlying 
upper Ombaatjie Formation (Hoffmann and Prave 1996). It 
is separated from the overlying cap carbonates by a bound-
ary, cm-scale reddish clay layer, developed from erosional 
surface conditions and tectonic overprinting. The Bethanis 
Member of the Ghaub Formation is a meters thick glacial 
debrite, fining upwards until its contact with the Maieberg 
Formation (Hoffman 2011). The Maieberg Formation is a 
ca. 400 m thick expanded transgressive-recessive deposition 
sequence, from which a multi-million year glacial duration 
was inferred (Hoffmann et al. 1998). The Keilberg Member 
of the Maieberg Formation is a meters thick pale-grey to pale 
pink dolostone (Hoffman 2011). Samples representing the 
changeover between the uppermost Ghaub glacial diamictite 
and the basal post-glacial cap dolomite (Keilberg Mb / Maie-
berg Fm) were collected from proximal slope facies deposits 
(Bethanis Mb/Ghaub Fm) abutting the Otavi platform at out-
crops near Fransfontein and near Narachaamspos and from 
outcrops representing inner Otavi platform facies deposits, 
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located within the Khowarib Fold Belt near Ongongo as well  
as from an outcrop at the head of a valley extending from 
Entrance (near Devede village) towards the SW (Figs. 1, 2 and 3).

The samples from Naraachamspos and other foreslope 
locations represent the lithologically distinct basal turbidite 
interval (≤ 1.0 m) of the Keilberg Member (Hoffman et al. 
2017). This is chronologically followed by a brief fall in rela-
tive sea level, at the start of a much larger relative sea level 
rise, in the Keilberg to middle Maieberg transgression, repre-
senting the “initial regression” observed in Greenland at the 
start of the last Quaternary deglaciation (Clark 1976). The 
initial shoaling at Naraachamspos, in turn, was interpreted as a 
sea-level fall resulting from the loss of gravitational attraction 
generated by the waning Otavi platform and Congo craton ice 
sheet on the regional ocean (Hoffman and Macdonald 2010). 
This would mean that the basal dolomite turbidites represent 
a very early stage of global deglaciation, following the col-
lapse of the tropical sea glacier but with the ice sheets still 
remaining. At this point, the meltwater lid would be relatively 
shallow as it would derive from sea-glacier melting, allowing 
SBE brine to penetrate it given enhanced vertical mixing at 
the continental margins (Phillips 1970; Wunsch 1970), i.e. the 
foreslope locations.

Foreslope facies sample

The sample (C1C1) from the Otavi platform´s proximal 
slope facies is taken from the immediate transitional layers 

between glacial Ghaub deposits and post-glacial Keilberg 
cap carbonates. Further information is available in the elec-
tronic supplementary material (ESM).

Narachaamspos locality (Fig. S1 in the ESM)

The Fransfontein slope at Narachaamspos (“Pip´s rock”) 
exhibits stratified and finally ice-rafted debris flows of the 
Bethanis Member (upper Ghaub Fm), which is overlain with 
a sharp contact by stratified dolomicrite of the basal Keil-
berg Member. Here the C2 and C17 samples span the basal 
20 cm of these capping dolomite strata, whereas sample C3 
is a collection of samples from the direct contact of the two 
formations.

Fransfontein locality (Fig. S2)

Collected at outcrops NE from Fransfontein village, sample 
C1 comes from the top layer of a sequence composed of 
diamictite and well-bedded, fining upward dolostone choked 
throughout with outsized clasts of ice-rafted debris. These 
represent the upper Ghaub Formation (Bethanis Member). 
Paraconformably overlying the Bethanis Mb follows the 
cm-layered, micropeloidal Keilberg cap dolostone featur-
ing giant wave ripple-structures at its base and transition-
ing into limestone rhythmite in the hanging wall. The Keil-
berg cap dolostone is characterized by its content of marly 
silt-mudstone.

Fig. 1   Geological map of the 
Otavi fold belt showing the 
Neoproterozoic carbonate domi-
nated succession (Otavi group) 
and the foreslope-platform 
facies change. Fransfontain 
(sample C1) and Naraachams-
pos (C2, C3, C17) samples are 
from the foreslope. Ongongo 
(K2 and DC samples) and 
Entrance South Valley (C14) are 
from the Ghaub-Maieberg tran-
sition. (Map based on Hoffman, 
Snowb​allea​rth.​org)

https://snowballearth.org/
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Platform facies samples (Fig. S3)

Our samples from the Otavi Group´s inner platform facies 
region focus on Marinoan postglacial transition layers but 
are diachronous with respect to our slope facies samples. 
A) At the Ongongo locality, our sample profile 2 consists 
of 3 drill core-samples covering a 3.5 meter profile of 
the brown-gray dolomite from the distal foreslope of the 
Ghaub-Maieberg transition (Keilberg Mb/Maieberg Fm). 
Its basal contact (Samples K2) is a glacigenic erosional 
surface situated atop the Ombaatjie Formation. We col-
lected these samples from the tectonized, clay boundary 
layers with respect to the underlying Ombaatjie Formation. 
Due to Pan-African folding and thrusting, this contact is 
tectonically overprinted and layers in the Ongongo area 
are vertically dipping. Concerning the subjacent upper 
Ombaatjie strata our sample profile 2 transgresses are an 
erosional surface incised into its basement due to glacial 
erosion that formed a Marinoan Trough cut into Ombaatjie 
deposits and afterwards rapid deglaciation caused removal 
of glacial recession deposits (e.g. Fig. 118 B in: Hoffman  
et al. 2021). B) Within the Khowarib fold belt our sample 
C14 (Fig. S4, Entrance South Valley) is collected from 
the thin red-green marly lutite marking the boundary  

between diamictite and cap dolomite, the latter being red-
dish stained by oxidized iron at its basal layer.

Analytical methods

Multi-isotopic analysis of cap carbonates (dolostone) 
samples dated to the Marinoan glaciation event (635 Myr) 
in Northern Namibia was performed for C, O, and Zn iso-
topic compositions. Samples were chosen based on previ-
ous X-ray diffraction, X-ray fluorescence, mineralogical 
analyses, Raman spectroscopy, and instrumental neutron 
activation analyses work (Gyollai 2014). The samples 
(Fig. 1) were collected seeking representative, pristine 
(unweathered) samples to best fit with the detailed strati-
graphic setting, including localities and names from stud-
ies by Hoffman (2002, 2005). As cap carbonates from 
this area are some of the most studied samples from the 
Neoproterozoic, they are appropriate for exploration  
through new isotope system measurements.

For the zinc isotopic measurements, powdered samples of 
0.2 g were dissolved in cold 2N acetic acid to extract calcite 
(as per Pichat et al. 2003). Samples were alternatively soni-
cated for two hours and mechanically shaken to ensure full 
dissolution, until no CO2 was observed to be released. The 
acetic acid phase containing the carbonates was centrifuged 
and dried under a heat lamp, then redissolved in 1.5N HBr 
with the addition of 0.001 vol% H2O2. Separation of the Zn 

Fig. 3   Schematic representation of our sample site at the Ongongo 
locality. A tectonic hiatus exists between the Ombaatjie and Maieberg 
Formations overprinting a subglacial erosional surface of the Late 
Cryogenian period. Our measured sample K2 is a reddish tectonized 
clayely dolostone at the base of the cap carbonate. This sample was 
deposited above an erosional surface wherein Ghaub Fm diamictites 
of the Ombaatjie Fm were eroded and replaced with postglacial cap 
carbonate sediments. The measured drillcore (DC) samples cover 320 
cm of the basal Keilberg cap carbonate deposits (DC5-49 = 140 cm 
above the base, DC5-50 = 240 cm above the base, DC5-54 = 320 cm 
above the base)

Fig. 2   Location of our Ongongo Sample Locality (red Arrow, Profile 2). 
Annotated satellite image (from Hoffman et al. 2021, Figs. 112) look-
ing obliquely NW toward Ongongo. Magenta lines indicate composite 
section through entire Otavi Group. Formations in stratigraphic order: 
Ob, Beesvlakte Fm; Od, Devede Fm; Ok, Okakuyu Fm; Ac, Chuos Fm; 
Ar, Rasthof Fm; Ag, Gruis Fm; Ab, Ombaatjie Fm; Tm, Maieberg Fm; 
Te, Elandshoek Fm; Th, Hüttenberg Fm; Ms. Sesfontein Fm. Rasthof 
Fm members: 1, rhythmite-turbidite; 2a, lobate stromatolite; 2b, roll-
up microbialaminite; 2c, cryptic microbialite; 3, highstand grainstone. 
Google Earth: Image  © 2020 Maxar Technologies
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from its potentially interfering isobars and sample matrix 
was achieved through anion-exchange chromatography 
(Moynier et al. 2006, 2009). The total Zn yield of the chem-
istry is >99%, monitored through the use of United States 
Geological Survey standard rocks BCR-2 (Columbia river 
basalt, USA) and BHVO-2 (Hawaiian basalt, USA). The 
typical blank was less than 10 ng. Isotopic measurements 
of the isolated Zn were performed on a Thermo Scientific 
Neptune plus MC-ICP-MS following Paniello et al. (2012) 
and Chen et al. (2013). Replicate analyses of the same sam-
ples as well as standards define our external reproducibility 
(2σ deviation) of ±0.04 ‰ for δ66Zn, ±0.05 ‰ (δ67Zn), and 
±0.07 ‰ (δ68Zn).

It is worth noting that in our study we use the same bulk 
carbonate dissolution of carbonates with acetic acid as was 
described in Pichat et al. (2003). It has been previously sug-
gested that a “true” carbonate value can only be found through 
stepwise leaching of the sample (e.g. Liu et al. 2013; Liu et al. 
2014; Bellefroid et al. 2018). While these studies likely find 
the correct isotopic value of the carbonate during the leaching, 
by the nature of leaching it is unclear what the actual value 
of the carbonate should be given the wide range of values 
that have been reported. Regardless, for the purposes of com-
parison between post-Snowball sample sites, bulk dissolution 
allows for a more robust comparison as this is the standard 
method for zinc isotope measurements in cap carbonates 
(John et al. 2017; Kunzmann et al. 2013; Yan et al. 2019). 
In this case one also analyzes other elements via wet chem-
istry, stepwise leaching may prove necessary, at which point 
a comprehensive methodological analysis of the behavior of 
Zn isotopes during stepwise leaching will become necessary.

For carbon and oxygen isotopic measurements, fine pow-
dered samples were added to a quartz reaction vessel con-
taining 100 % phosphoric acid (H3PO4) in the side arm. The 
sample tube was pumped overnight to remove trapped air 
in the acid. The acid was added to the evacuated carbonate 
powder at room temperature and allowed to react for 8h at 
25±2 °C. The CO2 gas was cryogenically separated using 
two glass spiral traps (trap I at -65 °C to collect water and 
trap II at -196 °C to collect CO2) and non-condensable gas 
was removed from the system. Trap II was replaced with eth-
anol slush at -65 °C and CO2 was cryogenically transferred 
to the sample tube. After CO2 extraction, the sample tube 
was placed in a silicone bath at 150°c for 4 hours and CO2 
released at this temperature collected as described above. 
This CO2 extraction at two different temperatures allowed 
separation of the Ca-rich (calcite) carbonate phase from the 
Fe-Mg-Mn-rich carbonate phase (Al-Aasm et al. 1990). Al-
Aasm et al. (1990) have experimentally shown that this is one 
of the most effective ways to chemically isolate calcite from  
dolomite, siderite, and magnesite. At 25 degrees calcite is the  
only reactive species and is nearly 100% reacted, while all  
other carbonate species are removed at 50 degrees, 

as determined in their control pure component 
extractions. The present work employs their opti-
mized extraction protocol. The C and O iso-
topic composition of purified CO2 was measured  
on a Finnigan MAT 253 Isotope Ratio Mass Spectrometer, as 
described in detail by Shaheen et al. (2010). Control samples  
of carbonate of known isotopic composition were routinely  
analyzed to insure isotopic precision and accuracy. For rep-
licate mass spectrometric analysis 1 sigma standard devia-
tions (SD) typically are 0.01‰ for δ13C and δ18O. Overall  
reproducibility for acid dissolution and gas chromatography steps 
for CO2 gas (n = 5) is ± 0.05 ‰ for δ13C and ± 0.1‰ for δ18O 
(Shaheen et al. 2015).

Results

The Zn, C, and O isotopic data from the cap carbonates are 
presented in Table S1 and are combined with previous data 
from Gyollai (2014). All δ13C and δ18O measurements are 
standardized to VPDB. The δ18O values vary between (n  
= 23) -3 and 12 ‰, with the calcite and low-Ca carbon-
ates offset by 3 ‰ (Fig.  4) and δ13C (n=34) between 0 
and -10 ‰, with most data points above -6 ‰. There is  
little correlation between the δ13C and δ18O values, though 
the Naraachamspos calcites show minor correlation. The  
data are compared to other measurements in the discus-
sion section.

Global temporal equivalents for the Maieberg δ13C excur-
sion show depletion in 13C relative to typical seawater val-
ues of 0.0 ‰ (Halverson et al. 2010). The evidence of the 
excursion is also found in C isotopic data reaching an aver-
age nadir between -5 to -7 ‰, which agree with the ranges 
reported in previous studies of the Marinoan (Halverson 
et al. 2002; Hoffman et al. 1998; Hoffman and Maloof 1999; 
Kasemann et al. 2005; Kaufman et al. 1991).

Measurements of δ13C in this study were performed on 
chemically separated calcium-poor carbonates (primarily 
dolomite) and a calcium-rich phase (calcite). The goal was 
to determine the difference in the chemical record between 
the two minerals described in the experimental section. The 
extraction protocol removes calcites from other carbonates, 
following the experimental studies of Al Aasm et al. (1990). 
The δ13C value exhibits a general correlation between the 
chemically separated low-Ca carbonate and calcite. In the 
majority of the samples the non-calcite component (high 
temperature extract) has a concentration of released CO2 
~10 times that of calcite. At the sampling location of the C1 
samples1 δ13C values remain constant while δ66Zn values 
vary widely. At C2 and C3, the δ66Zn values do not fluctu-
ate, while the δ13C values reach the low of -6 ‰. At δ13C 
values of -3 ‰, δ66Zn undergoes greater variation. At C14 
the δ66Zn value reaches its heaviest ratio, while the δ13C 
value is isotopically lightest.
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The greatest range of variation of δ66Zn values coincide with 
δ13C values near zero (Fig. 5). These δ66Zn values exceed those 
typically measured in clastic sediments and igneous rocks. In turn, 
the δ13C excursions occur almost exclusively within the range of 

δ66Zn values of 0.3 and 0.5 ‰. The variation of Zn isotopic ratios 
beyond standard terrestrial ranges occurs in association with δ18O 
values of 2 to 5 ‰. In turn, δ18O variations occur primarily within 
the relatively narrow range of δ66Zn values 0.4 ± 0.1 ‰.

Fig. 4   δ13C vs. δ18O: δ18O val-
ues lie primarily between -1‰ 
and 5‰. The calcites generally 
cluster around δ18O values of 
3‰, while non-calcite (primarily 
dolomite) carbonates lie between 
-1 and 0‰. Values are given in 
standard per mil notation

Fig. 5   δ66Zn (WR) vs δ13C (both phases) in per mil: In samples from 
both the foreslope and platform, the zinc isotopes are decoupled from  
the carbon (R2 of 0.0931 for foreslope, 0.1575 for platform). The 
biggest variation in δ66Zn occurs in samples which do not show the 
negative carbon isotope values associated with post snowball sam-
ples, while the largest variations in δ13C show δ66Zn values which 

fall towards the upper range of most modern terrestrial samples (here 
titled Earth crust, spanning the range of modern clastic sediments and 
igneous samples), although almost all samples are far below modern 
carbonates (dark grey). In blue, we highlight the mixing of the C and 
Zn isotopic reservoirs, showing the two as largely decoupled
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Discussion

Overview

The SBE ended with high pCO2, giving a distinct isotopic 
signature in cap carbonates. The initial post-glacial weath-
ering and nutrient fluxing was likely dominated by highly 
reactive glacial rock powder (loess) exposed by the receding 
ice sheets, on account of its high surface area to volume 
and unweathered composition. Intense chemical weathering 
on the continents led to a high flux of nutrients and high 
primary productivity. However, given the low primary pro-
ductivity during the Precambrian, C isotopes cannot directly 
reflect primary productivity while Zn potentially can. While 
previous studies discussed this possibility by reporting Zn 
isotopic data at low spatial resolution (ca. 1 m between sam-
ples), here we analyze at far higher (1 cm) resolution to  
better constrain the small-scale variations (Fig. 6).

As most modern terrestrial inorganic zinc has a rela-
tively narrow range of δ66Zn values (Fig.  5), the wide  
range observed in the dataset suggest different Zn sources 
control the isotopic signatures. These sources provide 
estimates to contributions which drive the secular change 
previously reported for Zn isotopes. We will discuss these  
processes alongside the variations in δ13C and δ66Zn val-
ues and the decoupling of the two isotope systems.

Oxygen, carbon, and phases of carbonate

δ18O and δ13C ranges (Fig. 4) are consistent with the com-
posite carbonates data reported by Jaffres et al. (2007). 
The modest variability in δ18O compared to δ13C suggest 
that both calcitic and non-calcitic carbonates have under-
gone mild diagenesis (Bao et al. 2008; Zhou et al. 2010). 

Furthermore, little evidence for diagenesis based on trace 
element and petrographic analysis have been observed in 
these samples (Gyollai 2014). Our δ18O data in calcite are 
similar to those of non-calcite carbonate, but do not correlate 
with the δ13C variations. This decoupling may indicate a 
partial reset in the oxygen record given that secondary alter-
ation processes conventionally smooth out isotopic structure 
(Swart 2015). Of note is the particularly high values of δ18O 
(up to 12) reached in some samples, as such high oxygen 
isotopic values could indicate evaporitic conditions. How-
ever, this is by no means a “smoking gun,” simply the most 
likely explanation for the magnitude of effect. Macroscopic 
evidence suggests that calcite in the Keilberg Member cap 
dolomite is a late-stage (possibly post-tectonic) fracture- and 
void-filling sparry cement, the origin of which is unrelated 
to Neoproterozoic seawater other than being buffered by 
Neoproterozoic carbonate rock along its possibly meteoric 
fluid pathway. Accordingly, the calcite in the cap dolomite 
tends to be more 13C depleted than the dolomite because 
the pore-fluid from which it precipitated was buffered by 
the thick overlying middle Maieberg Formation limestones, 
which are consistently 2−3 permil more 13C depleted than 
the cap dolomite. However, in these older samples, there is 
little evidence of those same events.

Previous studies focused on bulk carbonates through 
micro-drilling sawed surfaces to avoid macroscopic late-
stage fracture and void-filling calcite, though this would  
not exclude microscopic calcite. In contrast, our study 
employs chemical separation and finds that the calcite 
tends to exhibit a more negative δ13C value than the non-
calcite. The difference (average 0.5 ‰, n=34) between the 
calcite and dolomite dominated non-calcite could derive 
from different sourcing of materials rather than a deposi-
tional selective isotopic effect where one would expect a 

Fig. 6   Stratigraphic Profile. Section of the Naraachamspos distal 
foreslope. While the profile is the first 17cm, the member extends 
for a further 20m. The δ18O (VPDB) broadly increases through time. 
The extremely negative δ13C values are clustered towards the base of 
the section, in the bottom few centimeters of the profile. These are  

the most likely section to be altered through alteration at the dolo-
mite contact. Finally, the δ66Zn varies wildly through time, likely a 
reflection of ocean mixing times (between 100s to 1000s of years for 
modern oceans)
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transition between the carbon isotopes rather than clusters. 
While calcite easily forms from dissolved CO2, dolomite 
may form in areas richer in organic matter (Bramlette  
1946, Kelts and McKenzie 1982, Swart 1993). Therefore, 
the different regions may capture redox/pH changes, how-
ever one cannot conclusively state that this is the inher-
ent mechanism for dolomite formation during diagenesis. 
In the post-glacial depositional environments, this means 
calcite incorporates atmosphere CO2 more directly, while 
non-calcite carbonates more extensively sampled the dia-
genetic environment in their formation (Swart 2015). This 
could explain why the non-calcite carbonates are isotopi-
cally lighter than the "typical" carbon signature following 
deglaciation (Hoffman et al. 2017). It is likely that more 
than one fractionation factor (e.g. pH, temperature, and 
molality of solute species – especially electrolytes and 
organics) is operative, and interlinked with environmental 
changes. These effects would include single stage fractiona-
tion factor variations, chemical reaction mechanisms, and 
position of isotopic chemical equilibria. Interestingly, at 
the isotopically lightest values the calcite is lighter than  
the non-calcites. This reversal effect could be the result of 
a change in the composition of the source region or of the 
chemical formation mechanism of the non-calcite carbon-
ates, which would change the concomitant relevant isotopic 
fractionation factors (Swart 2015). Determination of the 
specific compositional/chemical differences could be found 
through trace element proxies or alternate isotopic results 
(Abanda and Hannigan 2006). Our measured range of δ13C  
values (between 0 and -10 ‰) is similar to that found in 
bulk carbonates by Hoffman et al. (2007). These varia-
tions have many potential sources, as previously discussed 
(Bechstädt et al. 2018). These observations thus lead to a 
next step in quantifying the relative contributions of dif-
ferent proportions of carbonates to chemical/depositional  
and source strength variations over time.

Δ13Ccalcite – non-calcite (the difference between the δ13C of 
calcite and non-calcite) is variable but typically negative. 
Differences in δ13C between coexisting dolomite and cal-
cite indicates an absence of homogenizing alteration that 
post-dates the calcite. If the calcite is a late-stage (burial 
or post-burial) product, the earlier dolomite might still be 
altered from its composition on the seafloor (e.g. Ahm 
et al. 2019; Hoffman and Lamothe 2019). Similarly, δ18O  
values show offset between calcite and non-calcite. Sec-
ondary or random scattering could account for a diagenetic 
reset affecting only one phase. As this is not observed, we 
rule this process out. This is probable, as Naraachamspos 
is paleobathymetrically below the level of intense fluid-
buffered diagenesis (Hoffman and Lamothe 2019). The  
extremely high Sr/Ca ratios (as reported in the ESM) can 
also indicate a primary signature, although this is not a  
reliable metric.

Comparison of zinc and carbon isotope ratios

We observe little correlation between the δ66Zn and δ13C 
values amongst the samples (Fig. 5). The δ13C values are 
low, consistent with models invoking a greater role of bio-
logical organics in the upper ocean, as well as upwelling 
of deep water. Upwelling deep water would be enriched in 
nutrients, leading to algal blooms in the shallower parts of 
the ocean, where the samples were deposited. The observed 
δ66Zn falls primarily between 0.2 ‰ and 0.6 ‰, with some 
values reaching as low as -0.3 ‰. These ranges could be 
the result of crustal contributions or upwelled deep water, 
with the negative excursions the result of enhanced biologi-
cal activity. Uniformity in δ13C could reflect equilibration 
of meltwater-lid dissolved inorganic carbon with the larger 
atmospheric CO2 reservoir, given that carbonates in the  
turbidites formed upslope from their site of final deposi-
tion. The massive carbon pool of this dissolved inorganic  
material would also potentially mask smaller changes in 
δ13C values. δ13C values of -0.5 ± 0.5 ‰ fall within the 
δ66Zn range of -0.30 to 0.45 ‰. δ13C values below -1 ‰ 
uniformly track with a δ66Zn of 0.45 ‰. The absence of 
correlation between the (possible) bio-signatures of pri-
mary productivity in zinc and carbon isotope systematics 
demonstrates that biological processes may not exclusively 
account for the isotopic values. The lack of correlation also 
demonstrates the value of simultaneous isotopic measure-
ments, as it allows for elimination of potential causes of 
isotope fractionation.

Differences in δ66Zn between the calcite and non-calcite 
carbonates (Fig. 5) would likely be due to their different 
structures and chemical compositions (i.e. Mg and Ca). The 
larger ionic radius of Ca compared to Mg (and Zn) affects 
the bonding environment of Zn and therefore would result 
in distinct isotopic compositions of Zn between calcite and 
dolomite. However, the coupled carbon (calcite and non-
calcite) isotope variations along the profiles indicates that 
there must also be some source compositional variations 
as C mineral structure changes would decouple between 
phases. This argument is qualitative, pointing to the need 
for extended measurements of coupled isotopic systems to 
parse out ambient changes and their role in weathering ver-
sus redox conditions. This would allow for a comprehensive 
model that folds in future experimental measurements of 
biological fractionation factors for more species and over a 
greater range of pH and temperature. More extended trace 
element and multi-isotope measurements in differing depo-
sitional environments are important. Ultimately, the roles of 
biology, climate, and geochemical weathering will be better 
understood. Nevertheless, our data, by coupling for the first 
time Zn and C isotopes in calcite and non-calcite miner-
als, suggest that the change of mineral structure is not the 
only control on carbonate Zn isotopic composition. Instead, 
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variations in the Zn source must also exert a strong control 
on the final observed isotopic composition.

Zinc isotopes

An important facet in interpreting the Zn isotopic results is 
to determine the different Zn sources. Distinct Zn isotope 
compositions are associated with changes in Zn speciation, 
metabolic processes, hydrothermal activity, and geochemical 
weathering. Changes in the speciation of Zn (particularly 
when sulfides are involved), affect the Zn isotopic composi-
tion of the available pool of Zn in the seawater, and therefore 
could affect the isotopic composition of the carbonates (Fujii 
et al. 2011). The proliferation of life into a newly sunlit, 
nutrient-rich, and rapidly warming ocean following Snow-
ball deglaciation strongly suggests biology as a potential 
source. The long period of liquid ocean isolation with exclu-
sively hydrothermal inputs would suggest that hydrothermal 
values should appear in the record.

The speciation of zinc within the ocean is primarily pH 
controlled, which can affect its residence time and concentra-
tions (Bruland et al. 1994; Fujii et al. 2011, 2014). Follow-
ing global deglaciation, the oceanic pH may have fluctuated 
due to high variations in dissolved CO2 and seawater com-
position, as well as delivery of acidic and alkaline materials 
through pathways such as weathering. The pH of standard 
ocean water during the Cryogenian is modeled as 8.1, the 
same as present, though in the post-glacial periods the pH 
was suggested to have dropped as low as 7.0 (Kasemann 
et al. 2005) or lower (Ohnemueller et al. 2014). At both pH 
7 and 7.8, as in the modern ocean, the dominant species of 
Zn in the modern ocean is Zn2+ (Zirino and Yamato 1972). 
However, Zinc hydroxide (Zn(OH)2) overtakes Zn2+ as the 
dominant Zn species at pH 7.8 and Zn will have a far shorter 
residence time in more alkaline conditions. The fractiona-
tion factor for calcitesolid-liquid is pH dependent with an 0.6 ‰ 
range of fractionation between pH of 8.5 and 6.1 (Mavromatis 
et al. 2019). This fractionation factor remains constant, irre-
spective of ambient pH, rendering Zn isotopes an ideal pH 
proxy. Furthermore, the Zn isotopic fractionation process is 
highly sensitive to ionic strength, and a near 0.4 ‰ variation 
in Zn isotope ratios may be achieved by variation from high 
to low ionic strength (Dong and Wasylenski 2016). The pres-
ence of anoxic iron rich deep ocean environments along with 
enhanced hydrothermal zinc concentrations would provide 
high levels of oceanic zinc, while post-glaciation ice melt or 
alkaline detrital inputs would provide zinc deficits. Overall, 
changes in the redox states of the ocean would affect bio-
chemical access to zinc as a consequence of the change in its 
chemical speciation and bioavailability (John et al. 2007; Scott 
et al. 2013; Little et al. 2014).

The large detrital content of the post-glacial upper ocean lifts 
the restraints on limiting nutrients (such as bioavailable Zn), 

creating an ideal environment for reproduction and global pri-
mary productivity expansion (Brand et al. 1983). The δ66Zn of 
the modern ocean (0.5‰) is higher than crustal values (~0.3‰), 
in part the consequence of biological activity (Bermin et al. 
2006; Little et al. 2014; Vance et al. 2016). δ66Zn values vary 
with oceanic depth, the consequence of biological processes 
(Bermin et al. 2006; Conway and John 2014; John et al. 2008; 
Lohan et al. 2002; Zhao et al. 2014) or reversible scavenging of 
Zn onto organic matter by ion-surface electrostatic attachment 
(Conway and John 2015; John and Conway 2014; Weber et al. 
2018). Zinc isotope composition follows the depth profile of 
concentration, with surface values as high as 0.8‰, decreas-
ing to -0.1‰ at 80 m depth before increasing back towards a 
more globally homogeneous deep-water δ66Zn value of 0.5‰. 
Isotopically light Zn is utilized in the productive zone, while 
dead organic matter is remineralized at ca. 80 m, and stable 
values are reached at depth. This light Zn remains in biologically 
active use by other organisms, potentially producing two distinct 
isotopic zinc reservoirs as heavier Zn is removed from the bio-
sphere (John et al. 2007; John and Conway 2014; Moynier et al. 
2017). This could account for our observed variations in δ66Zn. 
The present limit is that there are finite culturing experiments 
(species wise) and the precise zinc concentration, pH, and zinc 
chemical state are not sufficiently constrained.

Isotopically heavy Zn observed in our carbonates there-
fore also may be explained as the combination of biological 
uptake and reversible scavenging of Zn onto sinking parti-
cles (Gelabert et al. 2006; John et al. 2007; John and Conway 
2014; Weber et al. 2018). As shown by John et al (2007) 
the adsorption of heavy zinc onto cell surfaces undergoes a 
desorption reabsorption process (John and Conway 2014). 
The unstable climate post-snowball could lead to largescale 
biosphere die-offs, allowing for different reservoirs (i.e. hot 
or cold) to be captured in the carbonate formation process.

Many of our observed δ66Zn values beyond the range of 
typical crustal values may relate to the addition of hydro-
thermal Zn, as hydrothermal Zn can bear some of the light-
est δ66Zn values (-0.51 to 0.01 ‰) (Lemaitre et al. 2020). 
Although the influence of hydrothermal Zn is relatively 
small compared to terrestrial inputs in the modern ocean 
(Little et al. 2014), in the absence of continent – ocean 
interactions during the Snowball phase, hydrothermally 
sourced Zn will become the dominant input of Zn to the 
ocean. Support for SBE brine-meltwater mixing from the top 
of Marinoan cap dolomites exists in the form of sea-floor 
barite, in which Ba-isotopes indicate a globally homogenous 
source indistinguishable from modern pelagic Ba (i.e. the 
well-mixed residual SBE brine), and sulfate Δ17O carrying 
the SBE atmospheric O2 signature indicating that the sulfate 
was delivered in post-SBE run-off from oxidative weath-
ering of sulfides in loess, tills, and rocks (Crockford et al. 
2018). The expected range of δ66Zn in the upwelled water 
would fall below crustal values (0.3 ‰). This is one of the 
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most likely sources of the negative δ66Zn isotope signatures. 
Variations may be attributable to cycling of the hydrother-
mally dominated deep waters and deglaciation derived water 
reservoirs (Yang et al. 2017). However, it is difficult to assert 
whether these values are exclusively hydrothermal and bio-
logical fractionation processes may also be significant.

Other sources of variations of δ66Zn within our own 
samples beyond 0.3 ± 0.1 ‰ could be the result of zinc- 
containing sediments being deposited in the ocean by  
continental erosion during the wet, warm period following 
deglaciation. This is unlikely, however, as the southwest 
cape of Congo craton, if not the entire craton, was blanketed 
by carbonate rock before, during, and after the Cryogenian 
SBEs, and thus would not be a source for non-carbonate  
terrigenous Zn. Furthermore, our methods exclusively 
extract zinc from the carbonates, so potential heterogeneities 
introduced directly via clastic non-carbonate components are 
unlikely. The variations of Zn isotopes related to mixed sig-
nals from overprinting, the carbonates, and the clastic non-
carbonates are best determined using step-leaching (e.g. Liu  
et al. 2013; Liu et al. 2014; Bellefroid et al. 2018). Even if  
these components were dissolved to the extent that the Zn was 
incorporated into the carbonate phase, which is chemically  
very unlikely due to the electron volume of Zn, the seawater 
record would overprint it given the differences in reservoir 
sizes. As such, we suggest that the primary δ66Zn sources 
were likely upwelled hydrothermally dominated deep-ocean 
water in the aftermath of glaciation, with variations derived 
from biological activity. As oceanic Zn mixing and residence 
times were roughly the same (ca. 51 kyr) (Yang et al. 2017),  
regional Zn heterogeneity is unsurprising.

Relevance to previous studies

Comparison of our results with those of previous studies 
(John et al. 2017; Kunzmann et al. 2013; Lv et al. 2018; Yan 
et al. 2019) allows for an assessment of the global or regional 
character of the Zn isotope evidence. However, our samples 
are sourced from the distal foreslope, while these other stud-
ies have analyzed platform settings. As such, direct compari-
son is not possible. In both cases, the initial δ66Zn may be 
representative of continental, hydrothermal, and deep-water 
inputs. Kunzmann et al. (2013) and John et al. (2017) results 
from the Nuccaleena section of the Flinders Ranges trend 
towards lighter values than typical carbonates, which we also 
observed in some of the transition layers. These δ66Zn values 
are in the range of mantle values (0.2 to 0.4 ‰), and those 
of hydrothermally dominated systems (e.g. John et al. 2008), 
as would be expected following resumption of oceanic mix-
ing following deglaciation given the dominance of volcanic 
inputs during the Snowball period. While the general trend 
is mirrored amongst the samples in the Jiulongwan Section 
of the Doushantuo Formation (Yan et al. 2019), rather than 

a descent from ca. 0.4 to 0.2 ‰, these samples fall from 
0.6 to 0.4 ‰. Thus, there is a similar magnitude of change 
between the Jiulongwan and Nuccaleena sections, indicative 
of a global oceanic trend. It is noteworthy that the range 
of variation in δ66Zn, which we observe in the 17 cm span 
of one profile from the basal turbidite interval in a distal 
foreslope setting (Fig. 6) is mirrored in the meters long pro-
files from full-thickness cap dolomites in platform settings 
shown in Fig. 5 of Yan et al. (2019) (containing data from 
John et al. 2017; Kunzmann et al. 2013; Lv et al. 2018). It is 
worth noting that the stratigraphic span of our data (ca. 20 
cm) falls between any two data points of the previous studies 
(50 cm – 1 m between samples). As such, determining the 
larger and true extent of Zn isotopic trends can be improved 
with smaller distances between samples, to avoid the risk of 
sample bias creating a potential false signature.

While it is tempting to arrive at a lifetime and magnitude 
of the zinc reservoirs, there are significant restrictions. As 
discussed, the light isotope effect from cellular uptake is 
highly dependent on source Zn concentrations which, unfor-
tunately, is not known. The same is true for temperature 
dependence of the fractionation process. The chemistry of 
surface adsorption, desorption, and immediate re-adsorption 
is known to produce heavy isotope enrichment, but this has 
been determined for one species at one temperature (John 
et al. 2007). The molecular level details are not known, and 
thus we cannot currently address the quantitative role of 
the oceanic speciation of zinc (elemental vs organic ligand 
complexed). The hydrothermal process is restricted in quan-
tification of the process as it is a temperature dependent 
fractionation process and we do not know the global extent 
or temperature of these sources following the Marinoan. The 
actual chemistry of the subsurface process also requires a 
more detailed mechanistic description.

It is plausible that the biospheric signal overrides the 
hydrothermal system, as has been suggested based on the 
increasing dominance of eukaryotes (Isson et al. 2018), 
but given the restrictions listed above, it is not possible to 
generalize this. Simultaneous sulfur and boron isotopes as 
well as rare earth elements and iron isotopes (e.g. Busigny 
et al. 2018) may provide better evidence of hydrothermal 
waters’ modulation of the carbonate isotopic signature as 
sulfur captures both source and redox state parameters with 
the multiplicity of available sulfur valence states (Thiemens 
2006; Thiemens and Lin 2019), and serve as an expansion 
on the work of Ohnemueller et al. (2014). Boron records 
the pH, capturing another parameter for the post-glacial 
oceans. The precipitation of sphalerite (Zn sulfide) could 
cause hydrothermal sources of Zn to trend towards becoming 
isotopically heavy. This, in turn, leads to a high potential for 
measuring sulfur and zinc isotopes together in future experi-
ments. This would be especially helpful for redox considera-
tion as the four isotope system of sulfur and its possession 
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of multiple valence states (plus, minus, and zero) render it a 
sensitive measure of chemical mechanisms and redox condi-
tions, including sedimentation and biological interactions.

An important focal point of the work has been to address 
the issue of local versus non local sources of environmen-
tal change in this time period. The Zn isotopic variations 
are measured in several regions of Namibia, suggesting 
that these signals may record localized events (Site 1, 
C14, C15), without ruling out global events with impact 
of local geochemical signatures. These isotopic variations 
are more likely to be the result of biological fractionation 
of Zn isotopes (Isson et al. 2018), with isotope ratios below 
the continental average being non-uniquely characteristic of 
biological processes. These data further support the role of 
local biological processes, as one would not expect a homo-
geneous global recovery of the biosphere, and variations in a 
smaller local reservoir may produce an amplified signal due 
to mass conservation requirement for a smaller environment.

Conclusions and future work

Multi-site, multi-isotope analyses of the Marinoan cap 
carbonates from Namibia reveal multiple contributing Zn 
isotopic processes in the aftermath of the SBE glaciations. 
Non-crustal zinc isotope ratios (δ66Zn values beyond the 
range of 0.3 to 0.5 ‰) are unlikely to be the consequence of 
detrital inputs, leaving biological activity as the most likely 
explanation for these values. However, mixing reservoirs, 
such as upwelled hydrothermally dominated deepwater, 
could be another potential source. Local variations in δ66Zn 
values are found, with the isotopically light excursions best 
explained as being derived from local resumption of biologi-
cal activity, likely in the form of algal blooms.

We find that the most negative δ13C values, from -4 ‰ and 
lower are associated with δ66Zn values of approximately 0.45 
‰. The primary source of the carbon signature is likely the 
consequence of enhanced primary productivity during post-
glacial melting. However, this leaves variations in the carbon 
signature unaccounted for, which require more detailed analysis.

The key finding is that we observe the same magnitude 
of variation in Zn isotope compositions (ca. 0.8 ‰ variation 
in δ66Zn) for an extremely short timescale following degla-
ciation as seen in other profiles of the cap carbonates (ca. 
0.6 ‰). The full-thickness cap dolomites in South Australia 
(0.2 – 0.8 ‰) and South China (0.4 – 1.0 ‰) have different 
ranges of variation as this study (-0.3 to 0.5 ‰), though the 
ranges are demonstrably heavier. The lack of homogeneity 
amongst the δ66Zn values in the samples from this study is 
the likely consequence of regionalized export production, as 
Zn taps multiple sources. A key next step would be to obtain 
and analyze full-thickness sample sets spanning the Keilberg 
Mb cap dolomite on the distal foreslope (6-10 m) and inner 

platform (ca. 20 m). This would allow comparison of δ66Zn 
with records from other paleocontinents. Most critically, 
though, it would construct a more thorough image of an inter-
val of time and paleoenvironment not recognized elsewhere.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00710-​023-​00827-0.

Acknowledgements  We are grateful for support by the Geological Sur-
vey of Namibia and its then director Gabi Schneider with relation to 
fieldwork organization and sample export management. We would like 
to thank the handling editors, particularly guest editor Eugen Libow-
itzky. We would like to thank the many reviewers of this manuscript, 
anonymous as well as otherwise. In particular, our thanks to (alphabeti-
cally), Andrey Bekker, Philippe Claeys, Steven Goderis, Julia Parlato, 
and Peter Sprung for their revisions. The scholarly and insightful com-
ments from Paul F. Hoffman were of great help in this final iteration. 
Nasrin Marzban is gratefully acknowledged for travel expenses.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abanda PA, Hannigan R (2006) Effect of diagenesis on trace element 
partitioning in shales. Chem Geol 230:42–59

Al-Aasm IS, Taylor BE, South B (1990) Stable isotope analysis of 
multiple carbonate samples using selective acid extraction. Chem 
Geol 80:119–125

Ahm ASC et al (2019) An early diagenetic deglacial origin for basal 
Ediacaran “cap dolostones.” Earth Planet Sci Let 506:292–307

Bao HM, Lyons JR, Zhou CM (2008) Triple oxygen isotope evidence 
for elevated CO2 levels after a Neoproterozoic glaciation. Nature 
453:504–506

Bechstädt T, Jäger H, Rittersbacher A, Schweisfurth B, Spence G, 
Werner G, Boni M (2018) The Cryogenian Ghaub Formation of 
Namibia - New insights into Neoproterozoic glaciations. Earth 
Sci Rev 177:678–714

Bermin J, Vance D, Archer C, Statham PJ (2006) The determination of 
the isotopic composition of Cu and Zn in seawater. Chem Geol 
226:280–297

Bellefroid EJ, Planavsky NJ, Miller NR, Brand U, Wang C (2018) 
Case studies on the utility of sequential carbonate leaching for 
radiogenic strontium isotope analysis. Chem Geol 497:88–99

Bramlette MN (1946) The Monterey Formation of California and the 
Origin of Its Siliceous Rocks. U.S. Geol Surv Prof Paper 212:84

Brand LE, Sunda WG, Guillard and RRL, (1983) Limitation of marine 
phytoplankton reproductive rates by zinc, manganese and iron. 
Limnol and Oceanogr 28:1182–1198

Brasier MD, Shields G (2000) Neoproterozoic chemostratigraphy and 
correlation of the Port Askaig glaciation, Dalradian Supergroup 
of Scotland. J Geol Soc Lond 157:909–914

https://doi.org/10.1007/s00710-023-00827-0
http://creativecommons.org/licenses/by/4.0/


384	 M. M. Thiemens et al.

1 3

Bruland KW, Orians KJ, Cowen JP (1994) Reactive trace-metals 
in the stratified North-Pacific. Geochim et Cosmochim Acta 
48:3171–3182

Busigny V, Planavsky NJ, Goldbaum E, Lechte MA, Feng L, Lyons 
TW (2018) Origin of the Neoproterozoic Fulu Iron Formation, 
South China: Insights from iron isotopes and rare earth element 
patterns. Geochim et Cosmochim Acta 242:123–142

Caldeira K, Kasting JF (1992) Susceptibility of the early Earth to 
irreversible glaciation caused by carbon-dioxide clouds. Nature 
359:226–228

Canfield DE, Poulton SW, Narbonne GM (2007) Late-Neoproterozoic 
deep-ocean oxygenation and the rise of animal life. Science 
315:92–95

Chen H, Savage P, Teng F-Z, Helz RT, Moynier F (2013) Zinc iso-
tope fractionation during magmatic differentiation and the 
isotopic composition of the bulk Earth. Earth Planet Sci Let 
369–370:34–42

Clark JA (1976) Greenland’s rapid postglacial emergence: A result of 
ice-water gravitational attraction. Geology 4:310–312

Conway TM, John SG (2014) The biogeochemical cycling of zinc and 
zinc isotopes in the North Atlantic Ocean. Glob Biogeochem 
Cycles 28:1111–1128

Conway TM, John SG (2015) The cycling of iron, zinc, and cadmium 
in the North East Pacific Ocean – Insights from stable isotopes. 
Geochim et Cosmochim Acta 164:262–283

Cox GM, Halverson GP, Stevenson RK, Vokaty M, Poirier A, Marcus 
K, Li ZX, Denyszyn SW, Strauss JV, Macdonald FA (2016) Con-
tinental flood basalt weathering as a trigger for Neoproterozoic 
Snowball Earth. Earth Planet Sci Let 446:89–99

Crockford PW, Hodgskiss MSW, Uhlein GJ, Caxito F, Hayles JA,  
Halverson GP (2018) Linking paleocontinents through triple 
oxygen isotope anomalies. Geology 46:179–182

Dong S, Wasylenki LE (2016) Zinc isotope fractionation during 
adsorption to calcite at high and low ionic strength. Chem Geol 
447:70–78

Donnadieu Y, Godderis Y, Ramstein G, Nedelec A, Meert J (2004) 
A “snowball Earth” climate triggered by continental break-up 
through changes in runoff. Nature 428:303–306

Dupont CL, Yang S, Palenik B, Bourne PE (2006) Modern proteomes 
contain putative imprints of ancient shifts in trace metal geo-
chemistry. Proc Natl Acad Sci 10347:17822–17827

Fujii T, Moynier F, Pons MF, Albarede F (2011) The origin of Zn 
isotope fractionation in sulfides. Geochim et Cosmochim Acta 
75:7632–7643

Fujii T, Moynier F, Blichert-Toft J, Albarède F (2014) Density func-
tional theory estimation of isotope fractionation of Fe, Ni, Cu, 
and Zn among species relevant to geochemical and biological 
environments. Geochim et Cosmochim Acta 140:553–576

Gelabert A, Pokrovsky OS, Viers J, Schott J, Boudou A, Feurtet-Mazel 
A (2006) Interaction between zinc and freshwater and marine 
diatom species: Surface complexation and Zn isotope fractiona-
tion. Geochim et Cosmochim Acta 70:839–857

Gernon TM, Hincks TK, Tyrrell T, Rohling EJ, Palmer MR (2016) 
Snowball Earth ocean chemistry driven by extensive ridge vol-
canism during Rodinia breakup. Nat Geosci 9:242–248

Gyollai I (2014) Mineralogical, petrological, and geochemical studies of 
Neoproterozoic Sturtian (750 Ma) and Marinoan (635 Ma) post-
glacial transition layers in Otavi Group, NW Namibia. Dissertation, 
University of Vienna

Gyollai I, Mader D, Polgari M, Popp F, Koeberl C (2014) Lack of 
evidence for impact signatures in Neoproterozoic postglacial 
deposits from NW-Namibia. Austrian J Earth Sci 107:100–111

Gyollai I, Polgari M, Fintor K, Pal-Molnar E, Popp F, Koeberl C 
(2017) Microbial activity records in Marinoan Snowball Earth 

postglacial transition layers connecting diamictite with cap 
carbonate (Otavi Group, NW-Namibia). Austrian J Earth Sci 
110:2–18

Halverson GP, Hoffman PF, Schrag DP, Kaufman JA (2002) A major 
perturbation of the carbon cycle before the Ghaub glaciation 
(Neoproterozoic) in Namibia: Prelude to Snowball Earth? Geo-
chem, Geophys, Geosys 3:1–24

Halverson GP, Hoffman PF, Schrag DP, Maloof AC, Rice AHN (2005) 
Toward a Neoproterozoic composite carbon-isotope record. GSA 
Bulletin 117:1181-1207

Halverson GP, Wade BP, Hurtgen MT, Barovich KM (2010) Neoprote-
rozoic chemostratigraphy. Precambrian Res 182:337–350

Hawes I, Jungblut AD, Matys ED, Summons RE (2018) The “Dirty 
Ice” of the McMurdo Ice Shelf: Analogues for biological oases 
during the Cryogenian. Geobiol 16:369–377

Higgins JA, Schrag DP (2003) Aftermath of a snowball Earth. Geo-
chem Geophys Geosys 4:1028

Hoffmann KH, Prave AR (1996) A preliminary note on a revised sub-
division and regional correlation of the Otavi Group based on 
glaciogenic diamictites and associated cap dolostones. Commun 
Geol Soc Namibia 11:81–86

Hoffman PF (2002) Carbonates bounding glacial deposits: Evidence 
for Snowball Earth episodes and greenhouse aftermaths in the 
Neoproterocoic Otavi Group of northern Namibia. - IAS Field 
Excursion Guidebook, 16th Int. Geol. Congress, Rand Africaans 
Univ. Johannesburg, S-Africa

Hoffman PF (2005) 28th DeBeers - Alex. Du Toit Memorial Lecture 
2004. On Cryogenian (Neoproterozoic) ice-sheet dynamics and 
the limitations of the glacial sedimentary record. S Afr J Geol 
108:557–576

Hoffman PF (2011) Strange bedfellows: glacial diamictite and cap 
carbonate from the Marinoan (635 Ma) glaciation in Namibia. 
58:57–119

Hoffman PF (2016) Cryoconite pans on Snowball Earth: supraglacial 
oases for Cryogenian eukaryotes? Geobiol 14:531–542

Hoffman PF, Abbot DS, Ashkenazy Y, Benn DI, Brocks JJ, Cohen PA, 
Cox GM, Creveling JR, Donnadieu Y, Erwin DH, Fairchild IJ, 
Ferreira D, Goodman JC, Halverson GP, Jansen MF, Le Hir G, 
Love GD, Macdonald FA, Maloof AC, Partin CA, Ramstein G, 
Rose BEJ, Rose CV, Sadler PM, Tziperman E, Voigt A, Warren 
SG (2017) Snowball Earth climate dynamics and Cryogenian 
geology and geobiology. Sci Adv 3:e1600983

Hoffman PF, Halverson GP, Domack EW, Husson JM, Higgins JA, 
Schrag DP (2007) Are basal Ediacaran (635 Ma) post-glacial 
“cap dolostones” diachronous? Earth Planet Sci Let 258:114–131

Hoffman PF, Halverson GP, Schrag DP, Higgins JA, Domack EW, 
Macdonald FA, Pruss SB, Blattler CL, Crockford PW, Hodgin 
EB, Bellefroid EJ, Johnson BW, Hodgskiss MSW, Lamothe KG, 
LoBianco SJC, Busch JF, Howes BJ, Greenman JW, Nelson LL 
(2021) Snowballs in Africa: Sectioning a long-lived Neoprotero-
zoic carbonate platform and its bathyal foreslope (NW Namibia). 
Earth-Sci Rev 103616

Hoffman PF, Kaufman AJ, Halverson GP, Schrag DP (1998) A Neo-
proterozoic Snowball Earth. Science 281:1342–1346

Hoffman PF, Lamothe KG (2019) Seawater-buffered diagenesis, 
destruction of carbon isotope excursions, and the composi-
tion of DIC in Neoproterozoic oceans. Proc Natl Acad Sci 
116:18874–18879

Hoffman PF, Macdonald FA (2010) Sheet-crack cements and early 
regression in Marinoan (635 Ma) cap dolostones: Regional 
benchmarks of vanishing ice-sheets? Earth Planet Sci Let 
300:374–384

Hoffman PF, Maloof AC (1999) Glaciation: the Snowball theory still 
holds water. Nature 397:384–384



385Zinc, carbon, and oxygen isotopic variations associated with the Marinoan deglaciation﻿	

1 3

Hoffman PF, Schrag DP (2000) Snowball Earth. Scientific American 
282:68–75

Hoffman PF, Schrag DP (2002) The Snowball Earth hypothesis: testing 
the limits of global change. Terra Nova 14:129–155

Isson TT, Love GD, Dupont CL, Reinhard CT, Zumberge AJ, Asael D, 
Gueguen B, McCrow J, Gill BC, Owens J (2018) Tracking the 
rise of eukaryotes to ecological dominance with zinc isotopes. 
Geobiol 16:341–352

Jaffres JBD, Shields GA, Wallmann K (2007) The oxygen isotope evo-
lution of seawater: A critical review of a long-standing contro-
versy and an improved geological water cycle model for the past 
3.4 billion years. Earth-Sci Rev 83:83–122

John SG, Conway TM (2014) A role for scavenging in the marine 
biogeochemical cycling of zinc and zinc isotopes. Earth Planet 
Sci Let 394:159–167

John SG, Geis RW, Saito MA, Boyle EA (2007) Zinc isotope fractionation 
during high-affinity and low-affinity zinc transport by the marine 
diatom Thalassiosira oceanica. Limnol Oceanogr 52:2710–2714

John SG, Kunzmann M, Townsend EJ, Rosenberg AD (2017) Zinc and 
cadmium stable isotopes in the geological record: A case study 
from the post-snowball Earth Nuccaleena cap dolostone. Pal-
aeogeography, Palaeoclimatology, Palaeoecology 466:202–208

John SG, Rouxel OJ, Craddock PR, Engwall AM, Boyle EA (2008) 
Zinc stable isotopes in seafloor hydrothermal vent fluids and 
chimneys. Earth Planet Sci Let 269:17–28

Kasemann SA, Hawkesworth CJ, Prave AR, Fallick AE, Pearson PN 
(2005) Boron and calcium isotope composition in Neoprotero-
zoic carbonate rocks from Namibia: evidence for extreme envi-
ronmental change. Earth Planet Sci Let 231:73–86

Kaufman AJ, Hayes JM, Knoll AH, Germs GJB (1991) Isotopic com-
positions of carbonates and organic-carbon from upper Pro-
terozoic successions in Namibia - Stratigraphic variation and 
the effects of diagenesis and metamorphism. Precambrian Res 
49:301–327

Kaufman AJ, Knoll AH (1995) Neoproterozoic variations in the C-iso-
topic composition of seawater: stratigraphic and biogeochemical 
implications. Precambrian Res 73:27–49

Kaufman AJ, Knoll AH, Narbonne GM (1997) Isotopes, ice ages, 
and terminal Proterozoic earth history. Proc Natl Acad Sci 
94:6600–6605

Kelts K, McKenzie JA (1982) Diagenetic dolomite formation in Qua-
ternary anoxic diatomaceous muds of Deep Sea Drilling Project 
Leg 64, Gulf of California. In Initial Reports of the DSDP, 64 
(Pt.2): Washington (U.S. Govt. Printing Office) 553-569

Kennedy MJ (1996) Stratigraphy, sedimentology, and isotopic geo-
chemistry of Australian Neoproterozoic postglacial cap dolos-
tones: deglaciation, δ13C excursions, and carbonate precipitation. 
J Sediment Res 66:1050–1064

Kirschvink JL (1992) Late Proterozoic low-latitude glaciation: the 
Snowball Earth. In: Schopf JW, Klein C (eds) The Proterozoic 
Biosphere. Cambridge University Press, Cambridge, pp 51–52

Knoll A, Walter M, Narbonne G, Christie-Blick N (2007) The Ediacaran 
Period: a new addition to the geologic time scale. Lethaia 39:13–30

Kunzmann M, Halverson GP, Sossi PA, Raub TD, Payne JL, Kirby J 
(2013) Zn isotope evidence for immediate resumption of primary 
productivity after Snowball Earth. Geology 41:27–30

Lemaitre N, de Souza GF, Archer C, Wang R-M, Planquette H, Sarthou 
G, Vance D (2020) Pervasive sources of isotopically light zinc 
in the North Atlantic Ocean. Earth Planet Sci Let 539:116216

Little SH, Vance D, Walker-Brown C, Landing WM (2014) The oce-
anic mass balance of copper and zinc isotopes, investigated by 
analysis of their inputs, and outputs to ferromanganese oxide 
sediments. Geochim et Cosmochim Acta 125:673–693

Liu C, Wang Z, Raub TD (2013) Geochemical constraints on the 
origin of Marinoan cap dolostones from Nuccaleena Forma-
tion, South Australia. Chem Geol 351:95–104

Liu C, Wang Z, Raub TD, Macdonald FA, Evans DA (2014) Neopro-
terozoic cap-dolostone deposition in stratified glacial meltwater 
plume. Earth Planet Sci Let 404:22–32

Lohan MC, Statham PJ, Crawford DW (2002) Total dissolved zinc 
in the upper water column of the subarctic North East Pacific. 
Deep Sea Res Part II Top Stud Oceanogr 49:5793–5808

Lv Y, Liu SA, Wu H, Hohl SV, Chen S, Li S (2018) Zn-Sr iso-
tope records of the Ediacaran Doushantuo Formation in South 
China: diagenesis assessment and implications. Geochim Cos-
mochim Acta 239:330–345

Mavromatis V, González AG, Dietzel M, Schott J (2019) Zinc iso-
tope fractionation during the inorganic precipitation of cal-
cite–Towards a new pH proxy. Geochim et Cosmochim Acta 
244:99-112

Moynier F, Albarede F, Herzog GF (2006) Isotopic composition of 
zinc, copper, and iron in lunar samples. Geochim et Cosmo-
chim Acta 70:6103–6117

Moynier F, Pichat S, Pons ML, Fike D, Balter V, Albarede F (2009) 
Isotopic fractionation and transport mechanisms of Zn in 
plants. Chem Geol 267:125–130

Moynier F, Vance D, Fujii T, Savage P (2017) The Isotope Geochem-
istry of Zinc and Copper. Rev Mineral Geochem 82:543–600

Narbonne G, Xiao S, Shields GA (2012) The Ediacaran Period. The 
Geologic Time Scale v. 1, chapter 18. Elsevier 413-435

Ohnemueller F, Prave AR, Fallick AE, Kasemann SA (2014) Ocean 
acidification in the aftermath of the Marinoan glaciation. Geol-
ogy 42:1103–1106

Paniello RC, Moynier F, Beck P, Barrat JA, Podosek FA, Pichat 
S (2012) Zinc isotopes in HEDs: Clues to the formation of 
4-Vesta, and the unique composition of Pecora Escarpment 
82502. Geochim et Cosmochim Acta 86:76–87

Peterson KJ, Lyons JB, Nowak KS, Takacs CM, Wargo MJ, McPeek 
MA (2004) Estimating metazoan divergence times with a molec-
ular clock. Proc Natl Acad Sci 101:6536–6541

Phillips OM (1970) On flows induced by diffusion in a stably stratified 
fluid. Deep Sea Res Oceanogr Abs 17:435–443

Pichat S, Douchet C, Albarede F (2003) Zinc isotope variations in 
deep-sea carbonates from the eastern equatorial Pacific over the 
last 175 ka. Earth Planet Sci Let 210:167–178

Scott C, Planavasky NJ, Dupont CL, Kendall B, Gill BC, Robbins LJ, 
Husband KF, Arnold G, Wing BA, Poulton SW, Bekker A, Anbar 
AD, Konhauser KO, Lyons TW (2013) Bioavailability of zinc in 
marine systems through time. Nature Geosci 6:125–128

Shaheen R, Abramian A, Horn J, Dominguez G, Sullivan R, Thiemens 
MH (2010) Detection of oxygen isotopic anomaly in terrestrial 
atmospheric carbonates and its implications to Mars. Proc Natl Acad 
Sci 107:20213–20218

Shaheen R, Niles PB, Chong K, Corrigan CM, Thiemens MH (2015) 
Carbonate formation events in ALH 84001 trace the evolution 
of the Martian atmosphere. Proc Natl Acad Sci 112:336–341

Shields GA (2005) Neoproterozoic cap carbonates: a critical appraisal 
of existing models and the plumeworld hypothesis. Terra Nova 
17:299–310

Stern RJ, Miller NR (2019) Neoproterozoic glaciation—snowball earth 
hypothesis, reference module in earth systems and environmental 
sciences. Encyclo of Geol 546–556

Swart PK (1993) The formation of dolomite in sediments from the con-
tinental margin of Northeastern Queensland. Proc Ocean Drill 
Prog Sci Res 133:513–523

Swart PK (2015) The geochemistry of carbonate diagenesis: The past, 
present and future. Sedimentol 62:1233–1304

Thiemens MH (2006) History and Applications of Mass-Independent 
Isotope Effects. Annual Rev Earth Planet Sci 34:217–262

Thiemens MH, Lin M (2019) Use of Isotope Effects To Understand the 
Present and Past of the Atmosphere and Climate and Track the 
Origin of Life. Angewandte Chemie. 58:6826–6844



386	 M. M. Thiemens et al.

1 3

Vance D, Little SH, Archer C, Cameron V, Andersen MB, Rijkenberg 
MJA, Lyons TW (2016) The oceanic budgets of nickel and zinc 
isotopes: the importance of sulfidic environments as illustrated 
by the black sea. Philos Trans 374:20150294

Veizer J, Ala D, Azmy K, Bruckschen P, Buhl D, Bruhn F, Carden 
GAF, Diener A, Ebneth S, Godderis Y, Jasper T, Korte C, 
Pawellek F, Podlaha OG, Strauss H (1999) 87Sr/86Sr, δ13C and 
δ18O evolution of Phanerozoic seawater. Chem Geol 161:59–88

Vincent WF, Gibson JA, Pienitz R, Villeneuve V, Broady PA, Hamilton 
PB, Howard-Williams C (2000) Ice shelf microbial ecosystems 
in the high arctic and implications for life on snowball earth. 
Naturwissenschaften 87:137–141

Walker JCG, Hays PB, Kasting JF (1981) A negative feedback mecha-
nism for the long-term stabilization of Earth’s surface-temperature.  
J Geophys Res Oceans Atmos 86:9776–9782

Weber T, John S, Tagliabue A, DeVries T (2018) Biological uptake 
and reversible scavenging of zinc in the global ocean. Science 
361:72–76

Wunsch C (1970) On oceanic boundary mixing. Deep Sea Res Ocean-
ogr Abs 17:293–301

Yan B, Zhu X, He X, Tang S (2019) Zn isotopic evolution in early Edi-
acaran ocean: A global signature. Precambrian Res 320:472–483

Yang J, Jansen JF, Macdonald FA, Abbot DS (2017) Persistence of 
a freshwater surface ocean after a snowball Earth. Geology 
45:615–618

Zhao Y, Vance D, Abouchami W, de Baar HJW (2014) Biogeochemical 
cycling of zinc and its isotopes in the Southern Ocean. Geochim 
et Cosmochim Acta 125:653–672

Zhou CM, Bao HM, Peng YB, Yuan XL (2010) Timing the deposition 
of 17O-depleted barite at the aftermath of Nantuo glacial melt-
down in South China. Geology 38:903–906

Zirino A, Yamamoto S (1972) PH-dependent model for chemical spe-
ciation of copper, zinc, cadmium, and lead in seawater. Limnol 
Oceanogr 17:661–671

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

1	 School of Geosciences, University of Edinburgh, 
Old College, South Bridge, Edinburgh EH8 9YL, 
United Kingdom

2	 Analytical, Environmental and Geo‑ Chemistry, Vrije 
Universiteit Brussel (VUB), Pleinlaan 2, 1050 Elsene, 
Belgium

3	 Department of Chemistry, University of California, 
San Diego, 9500 Gilman Drive # 0356 , La Jolla, 
CA 92093‑0356, USA

4	 Department of Lithospheric Research, University of Vienna, 
Althanstrasse 14, A‑1090 Vienna, Austria

5	 Department of Geology, University of Vienna, Althanstrasse 
14, A‑1090 Vienna, Austria

6	 Institut de Physique du Globe de Paris, Université Paris Cité, 
CNRS UMR 7154, 1 rue, Jussieu 75238, Paris, France

Maxwell M. Thiemens1,2 · Robina Shaheen3 · Carina T. Gerritzen2 · Ildiko Gyollai4 · Kenneth Chong3 · Friedrich Popp5 · 
Christian Koeberl4 · Mark H. Thiemens3 · Frédéric Moynier6

Authors and Affiliations


	Zinc, carbon, and oxygen isotopic variations associated with the Marinoan deglaciation
	Abstract
	Introduction
	Materials and methods
	Samples overview
	Foreslope facies sample
	Narachaamspos locality (Fig. S1 in the ESM)
	Fransfontein locality (Fig. S2)
	Platform facies samples (Fig. S3)

	Analytical methods
	Results
	Discussion
	Overview
	Oxygen, carbon, and phases of carbonate
	Comparison of zinc and carbon isotope ratios
	Zinc isotopes
	Relevance to previous studies

	Conclusions and future work
	Anchor 19
	Acknowledgements 
	References


