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Abstract

We have analyzed §3*S (sulfate and pyrite), 680 arbonate and 613Carponate, and ma-
jor and trace elemental concentrations, including extractable Fe and Mn phases, in
four sections of the Maieberg Formation, the cap carbonate sequence to the Mari-
noan glaciation in northern Namibia. 534S, fate Profiles and other geochemical char-
acteristics in the basal, transgressive cap dolostone (Keilberg Member) are nearly
identical in all sections and indicate deposition from a water mass with very low sul-
fate concentrations. In the overlying interval that consists of rhythmites deposited
during the transgressive high-stand, large geochemical disparities occur between
sections that we interpret to have been deposited in open-ocean versus restricted
settings. In the former, a large negative shift in §34S,,, fate Of ~20%0 above the cap
dolostone accompanies a change in mineralogy from dolomite to limestone, a sharp
decrease in 60 and §'3C, and a positive spike in Fe and Mn concentrations. In
the latter, dolomite persists above the cap dolostone, §34S,,,; fate increases abruptly,
580 and 6'3C are invariant, and a spike in Mn and Fe concentrations is present,
but subtle. These contrasting geochemical signatures in coeval sections can be ex-
plained by strong lateral chemical gradients that developed as cold, euxinic deep
water and a cap of warm, oxic, brackish water flooded the continental shelf during
the post-glacial transgression. The geochemical differences between open-ocean and
restricted sections diminishes upsection, presumably recording the gradual mixing
and homogenization of the waters along the Otavi platform.

Key words: sulfur isotopes, carbon isotopes, cap carbonate, Neoproterozoic,

Preprint submitted to Farth and Planetary Science Letters 24 February 2006



snowball Earth

1 Introduction

At least twice during the Neoproterozoic (1000 — 542 Ma), continental glaciers
reached sea level in the low latitudes [1-4]. Geologic evidence [5, 6] suggests
that the entire ocean froze over during these glaciations due to ice-albedo feed-
back [7-9]. According to the snowball hypothesis [5, 6, 10], such a glaciation
would have endured millions of years, until sufficient volcanically-derived COq
[>0.2 bar; 11] accumulated in the atmosphere to counteract the extremely
potent climate stabilizing effect of a high-albedo, frozen earth. The combined
effect of the extraordinarily high pCOs, the ice-albedo feedback, and increased
water vapor in the atmosphere would have driven a rapid transition from ice-
house to extreme greenhouse once the frozen earth began to thaw [6, 12]. This
aftermath is recorded in the form of sedimentologically and geochemically dis-
tinctive cap carbonate sequences that drape Neoproterozoic glacial deposits
worldwide [e.g., 6, 12-17].

Due to its excellent exposure in a range of paleogeographic settings, high
carbonate-content [18, 19], and rapid rate of deposition [20], the 635 Ma
20, 21] Maieberg Formation cap-carbonate sequence in northern Namibia is
ideally suited for reconstructing the chemistry of the post-Marinoan ocean.
Detailed 6'*C data on the Maieberg Formation have been published previ-
ously [6, 19]. In this paper we contribute complementary 6'3C and §'80 data
from the Maieberg Formation, along with new results on the §*'S composi-
tion of carbonate-associated sulfate (CAS), pyrite, and Fe and Mn concentra-
tions from acid soluble (carbonate bound) and dithionite-extractable (oxides
and oxyhydroxides) phases. These data corroborate previous results from the
Maieberg Formation and other correlative cap carbonates that exhibit large
and rapid shifts in the §*!S composition of both CAS [22, 23] and pyrite
24, 25] following the Marinoan glaciation, but also reveal spatial geochemical
gradients during the high-stand systems tract, between sections deposited in
open-ocean versus restricted settings. The geochemical signatures preserved
within the Maieberg Formation can be explained by the development of a
very stably stratified ocean in the aftermath of glaciation, in which a surface
mixed layer of brackish and oxic water, dominated by surface run-off, caps
cold, anoxic deep waters, resulting in a large surface-to-deep redox gradient.
We attribute the §3#S;,sqze difference of up to ~20%o in the middle Maieberg
Formation to strong lateral chemical gradients that developed along a pale-
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oenvironmental offshore-onshore transect as the redox chemocline transgressed
the Otavi Platform.

2 Background

2.1 The Neoproterozoic Sulfur Cycle

In the modern ocean, the concentration of sulfate is 28 mM and the residence
time is 10 to 20 Myr [26]. Because of its relatively high concentration and
long residence time, the sulfur-isotope composition of this sulfate (§24S,,; Fate),
which today is 21%0 [27], is both homogenous throughout the ocean basins,
and buffered against short-term (< 1 Myr.) variations. The §*!S composition
of seawater sulfate in steady state is a function of the mass and isotopic com-
position of the sulfur fluxes into and out of the ocean. Sulfate is delivered
to the oceans mainly through the oxidative weathering of *4S-depleted pyrite
and other sulfides and the dissolution of evaporite minerals. It is removed from
the ocean mainly as pyrite, following bacterial sulfate reduction, which entails
a large isotopic fractionation [28, and references therein], and the precipita-
tion of evaporite minerals, which incurs negligible fractionation [29]. Assuming
the isotopic composition of sulfur input to the ocean to be roughly constant,
the main controls on marine §%*S of the oceans over geological time scales is
the net fractionation between seawater sulfate and pyrite buried in sediments
(A3*S) and the fraction of total sulfur buried as pyrite [fyrite; 26]. 0**Ssuifate
has changed by about 0.8%¢ since the beginning of the Pleistocene and has
varied between 17.5 and 22.5%0 during the Cenozoic [30].

Although average 6%4S,,; fate Of the Neoproterotozoic ocean appears to be sim-
ilar to that of the Cenozoic [22, 31], average A3!S values were lower and [ pyrite
higher [31, and references therein]. Furthermore, variations in §**Sgyfaze, as
recorded in carbonate-associated sulfate (CAS), were much greater in mag-
nitude [22, 23]. Although marine sulfate concentrations are poorly quantified
for this time period [32], the high amplitude variability in §**Ssy;fate, coupled
with low CAS concentrations (relative to Cenozoic carbonates), suggests that
Neoproterozoic oceanic sulfate concentrations were on average much lower
than modern values—perhaps 10% [e.g., ca. 3 mM; 22, 23]. Because sulfate
concentrations were likely significantly lower in the Neoproterozoic, the sul-
fate reservoir would have been more susceptible to the development of iso-
topic heterogeneities. The nearly quantitative removal of sulfate from the
oceans predicted to occur during snowball events [22] would have rendered
the post-glacial oceans particularly prone to large variations and isotopic het-
erogeneities. Previous work on cap carbonate sequences in Namibia and Death
Valley has shown variations of 17 to 30%o¢ over narrow stratigraphic ranges and



values as high as 40%o [22, 23]. Making sense of these variations and the gen-
eral response of the sulfur cycle should reveal important information on the
behavior of the oceans during the aftermath of Neoproterozoic glaciation.

2.2 Post-Marinoan cap-carbonate sequences

Neoproterozoic cap carbonate sequences overlie glacial deposits and correla-
tive sequence boundaries of the ca. 710 Ma Sturtian [33, 34] and ca. 635 Ma
Marinoan [21] glaciations. Although the cap carbonates to each glacial event
are distinct one from the other [19, 35], both stand out amidst the background
stratigraphy as comprising unusually thick sequences [6]. The Marinoan cap
carbonate sequences are the more complete and include at the base a laterally
extensive transgressive cap dolostone, which in platform settings is commonly
5 - 20 m thick. Typical cap dolostones contain inversely graded layers of macro-
peloids, low-angle cross-stratification, and giant wave ripple structures [e.g.,
10, 17, 36]. A flooding surface at the top of the cap dolostone coincides with
an abrupt shift to either limestone or shale. In some cases, most notably in
shelf margin sections of the Hayhook Formation in the Mackenzie Mountains
(NW Canada), seafloor barite cements occur at this contact [12]. The layer
of sea-floor barite at the top of the Ravensthroat cap dolostone is continuous
for >150 km parallel and >30 km perpendicular to the shelf edge. The occur-
rence of sedimentary barite at this stratigraphic level provides a key constraint
on the evolution of the post-Marinoan ocean since the very low solubility of
barite indicates that it formed from the mixing of two distinct water masses.
Given the link of the barite precipitation with transgression, which was driven
by the melting of the Marinoan glaciers, then it seems likely that these two
water masses were the cold, deep ocean, relict from the snowball, and an oxic,
buoyant surface layer dominated by continental run-off.

The barite is associated with the more widespread, but not extensive, for-
merly aragonitic seafloor cements [12], which are locally well developed in
the Hayhook Formation of northwest Canada and in the Maieberg Formation
in Namibia, where they coalesce to form patch reefs. The “crystal fan” reefs
were flooded and smothered by background micrite or clastic sedimentation
[17] at the level of maximum flooding in the cap-carbonate sequence. The re-
mainder of the cap-carbonate sequence consists of an upward-shoaling stack
of sediments, culminating in an exposure surface typically several hundreds of
meters above the base of the sequence. Carbonate content decreases precip-
itously above the cap dolostone in many Marinoan cap-carbonate sequences
[12, 19], such as in the siliciclastic-dominated successions in South Australia
[16] and northeastern Norway [37], where the cap dolostone is overlain by hun-
dreds of meters of purple and red shale and siltstone. The Maieberg Formation
is an exception, and carbonate continues throughout the Tsumeb Subgroup



(see below).

The cap-carbonate sequences are well known for recording a large negative
§13C anomaly, the origin of which is typically linked to the glaciation with
which they are temporally associated [6, 16, 35, 38, 39]. The §3C trends
through the Marinoan cap dolostones are impressively similar worldwide, dis-
playing average 6'*C values of —3 to —4%o, and a slightly negative trend
upsection [19]. Where limestone occurs above the cap dolostone, §'3C values
shift negative by 1 to 2%o at the dolomite-limestone transition [e.g., 16, 40, 41].
5180 values, though generally more variable, also shift downward by 3 to 6%
at this transition [e.g., 16]. Variation of 2-3%o in §'3C values between inner and
outer shelf sections has been reported from the coeval [20] lower Doushantuo
Formation in south China and interpreted as evidence for stratified oceans
following the Marinoan glaciation [42, 43].

2.8 The Otavi Group

The Otavi Group lies on the southwestern margin of the Congo craton where
it is well exposed in the Kaoko and central Damara fold-and-thrust belts in
northwestern and north-central Namibia (Fig. 1). It is disconformably under-
lain by fluviatile clastics of the Nosib Group and paraconformably overlain by
foreland basin siliciclastics of the Mulden Group, deposited following the ca.
580 Ma [45] collision between the western margin of the Angola block [which
now comprises the southwestern Congo craton but might have been separate
until the late Neoproterozoic; 46] and the Parand block of southeastern Brazil
[47, and references therein]. The Otavi Group (Fig. 1b,c) comprises the Om-
bombo, Ugab, Abenab, and Tsumeb subgroups, the latter two of which are
floored by the glaciogenic Chuos (Sturtian) and Ghaub (Marinoan) forma-
tions [48]. Neoproterozoic successions of equivalent age also occur in central
(Witvlei Group) and southwest (Gariep Group) Namibia [49].

During Otavi Group deposition, the Otavi carbonate platform in the north
of the depositional basin (Fig. 1) was progressively differentiated from the
deep-water Outjo basin to the south [50] as a result of north-south crustal
stretching [51]. The mixed siliclastic-carbonate Ombombo Subgroup occurs
only on the northern platform, where it was tilted on a Paleoprotoerozoic
basement high [52] to the south and beveled beneath the Sturtian glacials
[18]. A 760+1 Ma U-Pb age on an ash bed in the middle Ombombo Subgroup;
[Fig. 1; 19] is significantly older than the base of the Ugab Subgroup, which
lies beneath the Chuos Formation on the southern margin of the craton [21]
and is constrained to be younger than 7464+2 Ma [44] by an U-Pb age on the
underlying Naauwpoort Volcanics (Fig. 1). The Chuos Formation is highly
variable in thickness, heterolithic, and, typical of (but not unique to) Sturtian
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Flg 1. a. Simplified geological map showing the distribution of the Otavi Group in northwestern and

north-central Namibia, and the location of measured sections used in this study. Inset map shows location

of the study area on the southwestern tip of the Congo craton (Angola block) on the African continent

b. Schematic north-south stratigraphic cross-section of the Otavi Group [modified from 19], showing the

location of prominent paleotopographic basement highs and the segmentation of the Otavi basin into the

deepwater Outjo basin in the south and the Otavi platform in the north. c. Composite stratigraphic and

§13C profiles through the Otavi Group on the northern platform, modified from Halverson et al. [19], and

based on the assumption (see text) that the Ugab Subgroup in the Outjo basin is entirely younger than

the Ombombo Subgroup and absent on the Otavi Platform. §'3C for the Tsumeb Subgroup is from two

measured sections (MS2,3). U-Pb zircon ages, from youngest to oldest, are from [19, 21, 44]. The legend

in the lower left hand corner is for Fig. 1b and lc. Abbreviations: Ch = Chuos Formation, Gr = Gruis

Formation, Omb. = Ombombo Formation, G. = Ghaub Formation.
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glacial deposits, contains banded iron-formation (BIF) and is overlain by a
cap carbonate sequence (Rasthof Fm.) with a negative §'3C anomaly [53](Fig.

1).

Extension continued along the southern margin of the Angola block through
Abenab times, uplifting at least two basement blocks (Makalani and Huab
rims) and bisecting the Otavi platform (Fig. 1). Carbon-isotopic data from
the Abenab Subgroup suggest increased restriction from the outer shelf in
the south to the inner shelf on the northern Otavi platform [19]. The base of
the Ombaatjie Formation approximates the onset of the Otavi passive mar-
gin [53]. In the upper Ombaatjie Formation, §'*C values drop from +8%o to
-5%0 through 20 - 40 m of unremarkable dolomite section, heralding the onset
of the Ghaub glaciation [53]. A decrease in A*!S coincides with the negative
§13C anomaly and implies a major perturbation in the sulfur cycle [31] ac-
companied a change in the carbon cycle. The upper Ombaatjie Formation is
variably truncated beneath the Ghaub Formation, which consists predomi-
nantly of carbonate matrix diamictite, with clasts derived almost exclusively
from the underlying Abenab Subgroup. The Ghaub Formation is patchy and
thin throughout most of the Otavi platform, but is continuous and 40 - 80
m thick on the continental foreslope (Fransfontein Ridge), where it has been
interpreted to represent a single glacial advance and retreat cycle [54]. Hoff-
mann et al. [21] obtained a U-Pb date of 635.5+1.2 Ma from an ash bed in
the upper Ghaub Formation in central Namibia (central zone of the Damara
belt), providing the first direct age on the Marinoan glaciation.

2.3.1 The Maieberg Formation

The Ghaub glacials are at the base of the Tsumeb Subgroup, a thick package
of carbonates (<3000 m) that comprises most of the passive margin sequence
in northern Namibia. The top of the Tsumeb Subgroup is a major erosional
paraconformity beneath the Mulden Group, which in places has removed the
Otavi Group entirely [55]. The Maieberg Formation is the cap carbonate to
the (Marinoan) Ghaub glacials and is comprised of a ~ 250 - 400 m thick
transgressive-high stand sequence that filled accommodation space generated
during the long-lived Marinoan glaciation [6, 18]. A pair of precise U-Pb zircon
ages from ashes in the equivalent lower Doushantuo Formation of South China
[20], indicate that the entire Maieberg Formation was deposited in <3 Ma. The
Maieberg Formation, defined by Hoffman and Halverson [50] to include the
entire cap carbonate sequence, bound above by a mappable sequence bound-
ary, is divided here into three members: the basal (formally defined) Keilberg
Member (cap dolostone), a middle member comprising limestone and dolomite
rhythmite, and an upper member consisting of dolomite grainstone.

The distinctive Keilberg Member cap dolostone is the transgressive base of the



cap sequence and is ubiquitous on the Otavi platform. On the northern plat-
form, the Keilberg Member is 10 - 25 m thick, but it is significantly thicker (50
- 75 m) on the rims of the Makalani and Huab topographic highs in the south-
ern part of the basin [Fig. 2, 56]. The Keilberg Member contains a series of
unusual sedimentary structures, typical of other Marinoan cap dolostones [12],
deposited during the post-glacial transgression, including microbial bioherms
and associated tubular and sheet infillings [“tubes”, cf. 57] and megaripple
structures towards the top [58], interpreted to record deposition at depths
betwen 200 and 400 m under oscillatory flow, achieved by sustained, intense
winds that were initiated by high atmospheric pressure gradients in the after-
math of glaciation [10].

The Keilberg Member is everywhere bound above by a marine flooding surface
without hiatus [12], and in typical platform settings [measured section(MS)2,3,5,8;
Fig. 3] is overlain by recessive, marly limestone rhythmites with thin interbeds
of allodapic dolomite forming the base of the middle member. Above a max-
imum flooding surface in this lower interval, the middle member grades into
nearly pure pink limestone then gray dolomite rhythmite. Large-scale swa-
ley cross-stratification is common in the upper part of the middle member.
The contact between the middle and upper members is transitional, with the
gray dolomite rhythmites grading into gray, coarsening-upward, cross-bedded
grainstone. The top of the Maieberg Formation is a heavily silicified exposure
surface. The overlying Elandshoek and Hiittenberg formations comprise cyclic
parasequences of predominantly cherty, dolomite grainstone.

Although the sequence of facies in the Maieberg Formation is the same through-
out the platform, the middle member is not always limestone (Fig. 2). In one
section in the Otavi Mountainland, near the type section, the Keilberg Mem-
ber is instead overlain by shale and is nearly devoid of carbonate, presumably
due to the proximity of this section to a major source of siliciclastic sediments
into the basin. Elsewhere, and of significance to this study, dolomite persists
above the cap dolostone. We present two all-dolomite Maieberg sections here:
MS-1 (Figs. 2, 6) is our northernmost section, and MS-4 (Figs. 2, 5) is lo-
cated on the Makalani rim (Figs. 1,2), where the Maieberg Formation onlaps
a basement high [59]. Stratigraphic geometries indicate that the Makalani rim
(MS-4) was deposited in a relatively shallow part of the Otavi platform, and it
stands to reason that this and other shallow platform environments furnished
the fine dolomite turbidites found in the lower part of the middle member
in deeper water sections. The paleogeographic setting of the northern section
(MS-1) is less certain, but its location far to the north of the shelf margin
suggests that it occupied a relatively restricted environment. Moreover, the
two all-dolomite sections are thinner overall than adjacent limestone-bearing
sections, implying lower subsidence rates.

The Karibib Formation is the condensed, slope-facies equivalent of the Tsumeb



Subgroup in the Outjo basin [Fig. 2; 21, 60] and typically consists of rhyth-
mites, fine turbidites, and grain and debris flow deposits. Near the shelf break,
the Karibib Formation includes a middle interval of limestone, but more dis-
tal sections are entirely dolomite (Fig. 2). In sections near the shelf margin,
the Karibib Formation shoals upward into high energy grainstone and domal
stromatolite facies, manifesting the southward progradation of the Tsumeb
carbonate platform [56]. The Keilberg Member is absent in the Karibib For-
mation, but sheet-crack cements occur ~1 m above the top of the Ghaub
Formation [58] and are reminiscent of some other Marinoan cap dolostones
[61].

In most sections, the upper Keilberg Member is accompanied by a negative
shift in §*C and §'®O compositions (Figs. 3, 4). §'3C reaches a low of -5.5%
in the middle member at approximately the level of the maximum flooding
surface, above which it gradually rises, approaching 0%o near the top of the
formation [6, 50]. The Karibib Formation preserves a similar but condensed
§13C anomaly that has been reproduced in multiple sections [6, 19, 50]. The
Maieberg isotope anomaly occupies 300-400 m of strata on the platform, 40
m on the medial foreslope (Fransfontein), and 25 m on the distal foreslope
(Bethanis).

3 Methods

3.1  Sulfur Isotopes

Sulfur isotope ratios are expressed as per mil (%o) deviations from the S isotope
composition of Canion Diablo Troilite (CDT) using the conventional delta
(631S) notation. All new sulfur isotope data and accompanying elemental data
are presented in tabulated form in Supplementary Tables 1-4.

The method used here for extracting carbonate-associated sulfate (CAS) from
carbonate rocks is modified slightly from that described by Burdett et al. [62].
Carbonate rock samples were first cut to remove weathered surfaces and veins,
then pulverized. An aliquot of 15 to 80 g of sample powder was then soaked in
a 5.25% sodium hypochlorite solution for ~24 hours. The sediment was rinsed
with deionized water, dissolved in 3 N HCI, and the insoluble residue was
removed using 0.5 pm filters. Approximately 25-30 mL of saturated BaCl,
was added to the filtrate. Precipitated BaSO, (barite) was filtered through
Whatman No. 42 ashless filter papers.

Approximately 2 to 10 mg of BaSO, barite was mixed with V,O5; and com-
busted in an Elemental Analyzer at 1000°C. SOy was isolated cryogenically
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on a vacuum line and total S mass was determined. The purified SO, was
sealed in pyrex tubing and analyzed on a VG Prism Series II isotope ratio
mass spectrometer. Sulfur isotope results were generally reproducible within
+0.2%0, based on repeat analysis of standards.

Pyrite was extracted from the insoluble residue using the chromium reduc-
tion method [63], which liberates HyS from specific reduced inorganic forms
of sulfur (pyrite sulfur, acid-volatile sulfur, and elemental sulfur). The HyS
was then precipitated as AgyS, aliquots of which were combusted in the pres-
ence of cupric oxide for a quantitative conversion to SO,. The sulfur-isotopic
composition of the SOy was analyzed via the same method described above.
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3.2 Carbon and ozxygen isotopes

Carbon and oxygen isotope ratios presented in this paper are expressed in %o
deviations relative to VPDB in the standard delta (6'3C, 6'80) notation. New
data presented in this paper are presented in tabulated form in Supplementary
Tables 1-4. All data were acquired on an Optima dual inlet IRMS at the Har-
vard University Laboratory for Geochemical Oceanography. Average external
precision is estimated to be better than 0.1%o for both carbon and oxygen,
based on repeat analyses of standards. Analytical methods are described in
greater detail in Halverson et al. [36].

3.3 Elemental Chemistry

Concentrations of Ca, Mg, Fe, Mn, Sr and Ba were determined on an in-
ductively coupled plasma (ICP) spectrophotometer in the Penn State Ma-
terials Characterization Laboratory. Approximately 0.25 mg of sample was
weighed, reacted with 5% acetic acid and diluted with deionized water. In-
soluble residues were removed via filtration, dried and weighed. The mass
of insoluble residue was subtracted from the original mass to calculate trace
and minor-element concentrations relative to 100% carbonate and reported in
ppm. Tabulated data are presented in Supplementary Tables 1-4. Duplicate
extractions using unknowns yielded standard deviations of less than 10% of
the mean.

3.4 Buffered Fe and Mn extractions

Fe extractions using buffered dithionite (sodium dithionite in a pH 4.8 buffer
comprising 0.35 M acetic acid and 0.2 M sodium citrate; room temperature)
were performed [64]. The phases extracted via this method are dominated by
iron oxides and oxyhydroxides as opposed to the acid-soluble fraction that is
comprised of mainly Fe?" (Fe,.,4) and Mn?*™ (Mn,g,) that substituted into car-
bonate minerals. Iron bound in sulfide minerals was not quantified. Dithionite-
soluble iron (Fe,,) and manganese (Mn,,) concentrations were measured by
ICP spectrophotometry as described above. Tabulated data are presented in
Supplementary Tables 1-4.
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4 Results

Here we present stratigraphic and geochemical data from four measured sec-
tions of the Maieberg Formation from the Otavi platform, representing what
we interpret to be two contrasting depositional environments: restricted versus
open marine. These four sections are a subset of a much larger collection of
stratigraphic sections and accompanying 63C and §**O data, much of which
has been presented separately [12, 18, 19, 50].

4.1  Measured section 3

Measured section 3, located in the Khowarib Schlucht in the center of the
northern platform (Fig. 1), is a characteristic section of the Maieberg For-
mation. Detailed §3*S and elemental data have been acquired on only the
lowermost 80 m of the section (Fig. 3); however, the complete stratigraphic
and carbon isotopic profile from this section are included in the composite
section of the Otavi Group presented in Figure 1. The Keilberg Member and
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the contact with the underlying Ghaub Formation (and Ombaatjie Formation
where the Ghaub is absent) are particularly well exposed.

The §'3C data in the lower Maieberg Formation at MS-3 define a very smooth
profile (Fig. 3). §*3C compositions average ~ —3%o through the Keilberg Mem-
ber and decrease slightly toward the top of the cap dolostone, followed by a
more abrupt drop associated with the shift from dolomite to limestone. §3C
compositions continue to decline to a low of ~ —5.5%¢ in the lower middle
member. 680 compositions are slightly more variable, but otherwise parallel
the §'3C profile with a similar negative shift concurrent with the dolomite-
limestone transition. Although the sulfur isotope data are not nearly as de-
tailed, they do show a smooth rise in §**Ss 4 from 16 to 24%o within the
Keilberg Member, followed by a drop of over 10%o spanning the dolomite-
limestone transition. 6**Sg,; 4 remains low (15 - 20%0) throughout the 60 m
of sampled middle member.

Both acid-soluble iron (Fe.,;) and dithionite-soluble iron (Fe,,) concentra-
tions remain relatively low through the lower half of the cap dolostone, but
begin to rise towards the top (Fig. 3). Fe. spikes to a high of 10,000 ppm
precisely at the top of the cap dolostone and remains high in the overlying
limestone, whereas the rise in Fe,, is more subtle and does not peak at this
boundary. Changes in Mn.,;, and Mn,, concentrations are similar to those
in iron, although concentrations are much lower (450 ppm), and the peak in
Mn,,. occurs 20 m above the dolomite-limestone transition.

4.2 Measured section 8

Measured section 8 (Fig. 4) is our easternmost section and is located on Ar-
beitsgenot Farm, ~80 km to the west of the type section of the Maieberg
Formation in the Otavi Mountailand. Both the Ombaatjie Formation (109 m)
and the Maieberg Formation (~220 m) are relatively thin in this section, but
are stratigraphically homologous to sections on the southern margin (Huab
Rim) of the northern platform and likely were deposited in a similar, shelf
margin environment.

§13C and 680 show virtually the same pattern in the Keilberg Member here
as in MS-3, with the exception that the negative offset across the dolomite-
limestone transition is more pronounced. The §34S,; fate profile in the Keilberg
Member is also similar, with a rise of >10%o, followed by a decline of nearly
20%o spanning the top of the Keilberg member and the base of the middle
member. §**Sg, e 18 relatively stable through most of the middle member, but
begins to increase just below the switch from limestone to dolomite. §3*S,,, fate
then levels off near 40%o in the upper member. Limited §3*S data from finely
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Flg 4. Stratigraphic column and geochemical data for Measured Section 8, which is located far to the
east of the N-S cross-section shown in Figure 2, but was deposited near the shelf edge, similar to MS-5.

Refer to Figure 3 for legend, and see Supplementary Table 2 for tabulated data.

disseminated pyrite in the same samples are nearly identical to 6**Sgurate
through most of the limestone interval, but 634Spym~te begins to decrease in
step with the increase in §3*S,,; fate ear the top of the middle member.

Similar to MS-3, iron concentrations begin to increase in the upper Keilberg
Member. Whereas Fe,,,;, concentration spikes to ~13,000 ppm precisely at the
dolomite—limestone boundary, before declining sharply in the lower part of the
middle member, Fe,, concentrations continue to increase across this contact,
reaching a high of ~7,000 ppm near the level of maximum flooding (Fig. 4).
Changes in Mn concentration again roughly mirror those of Fe, with peak
concentrations of both Mn,, and Mn,, (~600 ppm) occurring at the base
of the middle member. Both Fe and Mn concentrations decrease upsection to
levels approximately equal to those in the lower half of the cap dolostone.

4.8  Measured section 4

Measured section 4 (Fig. 5) is located southwest of MS-3, on the eastern limb
of the Grootberg Syncline to the northwest of Khorixas (Fig. 1), a region that
mapping and stratigraphic geometries [53, 59] indicate was a paleotopogaphic
high (Makalani rim; Fig. 1) through the onset of Maieberg deposition. As
such, this section is inferred to have been deposited in a shallower, and thus
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Fig. 9. Stratigraphic column and carbon and oxygen isotope data for Measured Section 4. Refer to Figure

3 for legend and see Supplementary Table 3 for tabulated data.

more restricted, environment than sections on the northern platform [19, 53].
The overall stratigraphy of the Maieberg Formation at MS-4 is similar to
other Maieberg sections, with the exception that the Keilberg Member here is
unusually thick (75 m) and the middle member is entirely dolomite. The §'3C
and 580 profiles through the Keilberg Member are also very similar to those
in other sections, but this likeness disappears in the middle member, where
neither 6*C nor §'80 change perceptibly. In fact, above the basal 10 m of
the formation, §'3C remains virtually constant into the upper member, at ~
—2.5%0; 680 vary much less, and are on average more *O-enriched than in
northern platform sections.

Attempts to extract CAS from MS4 yielded no sulfate, indicating that the
CAS concentrations in this section are extremely low. For this reason, we did
not assess trace metal concentrations through this interval.

4.4  Measured section 1

Measured section 1 (Fig. 6) is our northernmost section on the northern plat-
form and is located near the village of Otjomatemba. Although the Maieberg
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Fig. 6. Stratigraphic column and geochemical data from Measured Section 1. Refer to Figure 3 for legend,
and see Supplementary Table 4 for tabulated data.

Formation here is somewhat thinner (325 m) than in sections to the south
(Fig. 2), the underlying Abenab Subgroup is about 50% thicker than typi-
cal platform sections and the upper Ombaatjie Formation and is unusually
complete [53]. The Ghaub Formation is absent in this section, but continuous
occurrences are found several kilometers to the south. Major facies changes
also occur to the south, with debris flow beds and argillite in the upper Om-
baatjie Formation and the appearance of the sheet-crack facies in the lower
Maieberg Formation indicating a deepening depositional environment. At the
same time, the Gruis and Ombaatjie Formations thin dramatically to the
south.

Like MS-4, MS-1 is entirely dolomite, despite comprising the same sequence
of facies as other typical platform sections. Similarly, the §'3C profile through
the Maieberg Formation at MS-1 (Fig. 6) is virtually identical to that at MS-4
(Fig. 7), with the exception that §'3C rises to 0%¢ by the top of the formation
here, suggesting a more complete section. Both §'3C and §'®0 are invariant
across the top of the Keilberg Member. However, 53485ulfate values, which
exhibit the familiar rise then fall in the Keilberg Member, increase abruptly by
25%o at the base of the middle member (Fig. 6) and remain high (~40%) into
the upper member (with the exception of one point) sharply contrasting with
the MS-3 and MS-8 sections where §3*S,; e declines abruptly at the base of
the middle member (Fig. 7). Whereas overall Fe 4, and Mn,,,;, concentrations
are substantially lower here than in MS-3 and MS-8, they show the same
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Fig. 7. Carbon and sulfur (sulfate) isotopic compositions for all four sections of the Maieberg Formation
presented in this paper, separated into restricted- and open-shelf settings. The data are scaled to an arbitrary
thickness for each of the three members to emphasize consistent and large variation in 534ssulfate in
the Keilberg Member and a large difference §34S,,,; fate in the middle member between restricted and
open shelf sections, which is interpreted to record a lateral chemical gradient on the Otavi platform. This
gradient decays upsection, presumably recording homogenization of the ocean. §'3C compositions are also
different between the inner shelf and shelf rim sections. While coupled shifts in ¢13C and 613C at the
dolomite-limestone transition in MS-3,8 suggest that part of this signal is due to an equilibrium isotopic

fractionation between calcite and dolomite.

pattern of a pulse to higher concentrations straddling the upper contact of
the cap dolostone. Both Fe,, and Mn,, concentrations are relatively low and
constant throughout this section.

5 Fidelity of sulfur isotope signatures

It is established that the SO?™ ion substitutes for the CO3~ ion in trace quan-
tities in the carbonate crystal lattice [65], and carbonate-associated sulfate
(CAS) is now routinely analyzed as a proxy for the §*'S of ancient seawater
sulfate [e.g., 22, 23, 66, and references therein|. Burdett et al. [62] showed that
CAS is incorporated into modern foraminifera from seawater with no isotopic
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fractionation, and Kah et al. [32] demonstrated that 0**S, 4 variations in
dolomites of the 1.2 Ga Bylot Supergroup mirror those of coeval evaporite
minerals. However, little systematic work has been carried out to monitor the
effects of diagenesis and dolomitization or to test basin-scale reproducibility
of 6**Sguitate signatures. The large variations in 6**Sgyfare preserved in the
Maieberg Formation warrant consideration of secondary processes that could
affect the sulfur-isotope composition of ancient carbonates.

Burial diagenesis has been shown to decrease CAS concentrations [67]. Al-
though sulfate loss alone should not change §**S values, sulfur-isotope signa-
tures will become progressively more susceptible to overprinting as CAS con-
centration decreases. Erez [68] has observed in laboratory experiments that
CAS concentrations in foraminifera correlate positively with magnesium con-
centrations, presumably due to crystal lattice defects caused by incorporation
of the Mg?* ion. Although we cannot be certain that the same process oper-
ates during inorganic carbonate precipitation or dolomitization, we have ob-
served qualitatively in Neoproterozoic rocks globally (unpublished data) that
dolomite samples have, on average, greater CAS concentrations than lime-
stone samples. Though seemingly at odds with the hypothesis that the sulfate
ion inhibits dolomite formation [69], these observations present the possibility
that carbonates might incorporate pore-water sulfate during dolomitization,
which would be expected to be 3*S-enriched compared to coeval seawater due
to the effect of bacterial sulfate reduction (BSR) within a closed system. Such
a process might account for the consistent *!S-enrichment (<~4%¢) seen in
the Bylot Supergroup dolomites compared to coeval evaporites [32].

The potential for 3S-enrichment during dolomitization raises the concern that
the large difference (~20%0) in 6**Sgy;fare between presumably coeval dolomite
and limestone rhythmites above the Keilberg Member cap dolostone and the
increase to very high 6**Sg,; 4 values in the upper Maieberg Formation (Fig.
7) reflect mineralogy and diagenetic processes rather than primary seawater
signatures. However, even though we cannot eliminate the possibility that
these highly 3S-enriched values have been modified by secondary processes,
several lines of evidence suggest that the §34S,, fate data are essentially pri-
mary values. First, the structure of the 63*S,,; fate Profile through the Keilberg
Member is reproduced in all three sections for which we have data (Fig. 7),
ruling out the possibility of wholesale overprinting of the Maieberg Forma-
tion. Second, §**S;,itate does not covary with CAS concentrations (Fig. 8a),
as would be predicted if the secondary processes that altered CAS concentra-
tions also introduced isotopically distinct sulfate into the carbonate. Similarly,
variations in §%4S,,; fate do not correlate with % ratios (Fig. 8b), as would be
expected if dolomitization exerted a strong control on the final 534S signature
preserved in the rocks. In fact, although the most 3*S-enriched values do occur
in the dolomite rhythmites and grainstones in the upper Maieberg Formation
(Figs. 3, 4, 6), much of the rise in 6**Sgyfate (15%0) in MS-8 occurs within the
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in each proxy values spanning the upper Keilberg Member and middle member of MS3,8, but uncorrelated
in the Keilberg Member as a whole (inset). d Cross-plot of 534Ssulfate versus Fe concentration (Fecqrp
only). Most data in the Maieberg Formation fall on or close to an approximate mixing curve (arrow)
between low-Fe, 34S-enriched waters and high-Fe, 3*S-depleted waters. The mixing curve suggests a §°4S

composition of ~15% in the latter, and an Fe concentration approaching nil in the former.

limestone member (Fig. 4). Although it would be ideal to confirm that the
highly 3*S-enriched pattern seen in the dolomitic middle member of MS-1 is
reproducible in other all-dolomite sections, we note that the apparently ex-
tremely low (undetectable) CAS concentrations in MS-4, are consistent with
the low concentrations in MS-1. A final argument against widespread alter-
ation comes from an independent study (in a section on the northern platform,
near our MS-2) that has demonstrated that the Maieberg Formation preserves
presumably primary §''B and §**Ca signatures [70].

The decline in §**Sgyfae at the base of the middle member in MS-3 (Fig.
3) and MS-8 (Fig. 4) corresponds to a decline in §'*C, accounting for the
rough positive correlation between the two proxies (Fig. 8¢c), suggesting a link
between the decline in 6*C and §%*S in the lower middle member. Likewise,
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the onset of the decline in §**Sg,;tate in the Keilberg Member coincides with
an increase in Fe.,; and Mn.,,; concentrations, and the lowest (53485ulfate
values occur in the lower part of the middle member, where Fe,,,, and Mn 4
concentrations are on average highest (Figs. 3, 4). At face value, this pattern
suggests that the fluids with elevated Fe?* and Mn?" concentrations were also
relatively 34S-depleted, with 6**S approaching 15%. (Fig. 8d). The increase in
[Fe] and [Mn] also coincides with a coupled negative shift in 6'3C and §'80 at
the contact between the Keilberg Member and overlying limestone rhythmites
(Figs. 3,4).

Whereas meteoric diagenesis could account for the elevated Mn and Fe concen-
trations and drop in §'80 at the contact between the dolomite and limestone,
meteoric diagnesis seems unlikely in association with a transgressive event.
Meteoric diagenesis could have occurred much later, for example as a result
of orogenically-driven groundwater flow utilizing the middle member as an
aquifer. However, the reproducibility of negative shifts in both 6*C and §**O
throughout the Otavi platform and in Marinoan cap carbonates in general
[19] argues against a diagenetic origin for these geochemical signals at the
dolomite-limestone transition. In fact, the paired isotopic shifts in §'3*C and
5180 at the dolomite-limestone transition are consistent with an equilibrium
isotope fractionation between the two carbonate phases [40], with both car-
bon and oxygen being isotopically heavier in the dolomite. Since secondary
dolomite could inherit its §'*C composition from the calcite (or aragonite)
precursor [71], and assuming that the limestone was precipitated from seawa-
ter, the carbon-isotopic difference between dolomite and limestone could be
preserved if the dolomite was primary or if it formed penecontemporaneously
with deposition, while still in equilibrium with seawater. While equilibrium
isotope fractionation between dolomite and calcite can partly explain the neg-
ative shift in §'3C and §'®O at the dolostone-limestone transition, additional
mechanisms will be discussed below. Nevertheless, the mechanism responsible
for the shift from dolomite to calcite or aragonite precipitation is temporally
and most likely causally linked to that responsible for the spike in [Fe] and
[Mn] at the same level. The invariant §'*C spanning the upper contact of the
Keilberg Member in MS-1 and MS-5, coupled with subtle changes in [Mn] and
[Fe] (Fig. 7), implies that the all-dolomite Maieberg sections are not simply
dolomitized equivalents of typical limestone sections. Rather, primary or early
dolomite precipitation may have continued in shallower and more restricted
settings after deposition of the Keilberg Member.

Lacking a straightforward diagenetic mechanism to explain the unusual isotope
geochemistry of the Maieberg Formation, we explore the implications for the
evolution of seawater chemistry in the aftermath of the Marinoan glaciation
based on the assumption that these are near-primary marine signatures.
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6 Interpretation of geochemical signals

534S, fate at the base of the Keilberg cap dolostone is ~20%. This unspectacu-
lar value is nearly the same as that preserved in the equivalent Nuccaleena cap
dolostone in South Australia [31] and as present seawater. Given that [SO;™]
may have been greatly diminished during a snowball Earth event [22], the sul-
fur isotope composition of CAS preserved in the cap dolostone likely represents
contributions of sulfur from several sources including volcanically derived SO,
sulfur species trapped within ice and released during glacial meltback and the
weathering of sulfides and release of trace sulfate during the dissolution of
platform carbonates (i.e., the Abenab Subgroup), which were exposed as a
result of glacial sea level fall [50]. The dissolution of exposed carbonates may
have also contributed a significant portion of the alkalinity for cap dolostone
precipitation [40].

What is interesting about the §%*S,, 4 record of the Keilberg Member is
the increase of ~10%o that occurs in the lower four-fifths of the unit, followed
by a decline of equal magnitude at the very top of the dolostone (Fig. 7).
Although the absolute §3*S,,; fate Values are not identical in all sections, the
trend is virtually the same (Fig. 7), which suggests that the cap dolostone was
precipitated from a water mass of roughly uniform chemical composition with
respect to sulfate, at least at the basinal scale. Since the Keilberg Member
was deposited entirely within the period of post-glacial transgression, which is
hypothesized to have been very rapid [~2000 years; 72|, the rise in §**Sgy fate
must reflect low initial [SO3~] and either the input of 3*S-enriched sulfate to the
surface ocean, or the removal of 3S-depleted sulfur from the surface ocean (or
some combination of both). One source of 34S-enriched sulfate may have been
the oxidation of sulfide minerals from the underlying Ombaatjie Formation,
which was exposed as a result of glacial sea level fall. While sulfide sulfur
isotope data are not available from the Ombaatjie Formation, Gorjan et al. [25]
identified isotopically enriched pyrite from the pre-glacial Trezona Formation
in South Australia, with values reaching 18%¢. One could also interpret the
pattern of increasing 634S in terms of the removal of isotopically light sulfur—
most likely as a result of BSR and subsequent sulfide burial. The initial rise
in 6**S.y tate Within the Keilberg Member does not correlate with changes in
any other geochemical proxies, most notably §'3C (Fig. 8c), and therefore is
probably not related to the oxidation of methane, which has been suggested
by some authors [61, 73] to be a quantitatively important process controlling
the carbon-isotopic composition of the cap dolostones.

The most intriguing result from this study is the decline in §**Sg,zqate at the
top of the Keilberg Member and the geochemical disparities that develop lat-
erally on the Otavi platform beginning at the transition between the Keilberg
and middle members. Unlike the preceeding increase in §34S,,, fate, the sulfur
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isotope decrease at the top of the Keilberg Member corresponds to marked
increases in Fe., and Mng,, and to a lesser extent Fe,, and Mn,, (Figs.
3, 4). The decrease in 534Swlfate continues into the overlying middle mem-
ber in open shelf sections (MS-3 and MS-8), where the lower rhythmite is
limestone and §34S,,; fate drops as low as 15%¢. However, in MS-1, where the
lower middle member is dolomite, 534S, fate shows the opposite trend, jump-
ing to >40%0 (Fig. 7). This large lateral §*!S gradient develops in step with
iron and manganese enrichment and at the same stratigraphic level in which
seafloor barite occurs in other settings. These combined observations imply
that a water mass rich in Ba and reduced metal species (Fe and Mn), and
therefore anoxic, impinged onto the Otavi platform during the transgression.
The anoxic deep water would have been overlain by the surface mixed layer
that was dominated by the buoyantly stable glacial meltwater that furnished
the rise in sea level, and was well oxygenated, assuming the atmosphere con-
tained Oy. The boundary between these two water masses would have been
a redox chemocline, not unlike that which exists beneath the surface layer of
the modern Black Sea.

634Sui fate first drops in the upper cap dolostone where [Fe] and [Mn] begin
to increase, implying that the transgression also introduced relatively 34S-
depleted sulfur to the outer Otavi platform. But if the trace metals were
derived from an anoxic deep ocean, what was the source of 3*S-depleted sulfur
to the open shelf sections? A critical clue is the seafloor barite, which formed
regionally extensive crusts atop cap dolostones in northwest Canada [12] and
central Australia. Because barite is extremely insoluble within seawater, bar-
ium and sulfate ions cannot coexist within the same water mass. Therefore, it
is unlikely that 3*S-depleted sulfur existed as sulfate within the deep ocean,
otherwise barium would have been titrated from the deep sea as barite, as it
is today. A tempting explanation is that the deep ocean was euxinic (anoxic
+ sulfidic) and the sulfate preserved in the middle member limestone was
derived from oxidation in the chemocline of sulfide residual from the snow-
ball glaciation (Fig. 9b). Bearing in mind that no fractionation accompanies
the direct oxidation of sulfide to sulfate, this hypothesis is supported by the
nearly identical §2*S composition of coeval CAS and pyrite in MS-8 (Fig. 4).
Whereas the lack of difference in §%*S between sulfate and pyrite could be
taken to reflect BSR under extremely low sulfate concentrations [< 0.2 mM;
74], the preservation of CAS in the middle member limestone suggests that
[SOF~], while low, were not low enough to merit this interpretation.

Most, if not all, of the marine sulfate reservoir would have been consumed via
BSR during the snowball glaciation [22]. Consequently, assuming quantita-
tive conversion of sulfate to sulfide, the average sulfur isotope composition of
the sulfide derived from BSR of the marine sulfate reservoir would have been
equal to the initial (pre-glacial) sulfur isotope composition of marine sulfate.
While it is not clear what the pre-glacial sulfur isotope composition of seawa-
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ter sulfate was, 0°*Sgyiaze falls between 13 and 28%o in the upper Ombaatjie
Formation [22] and 26 to 29%o in the Trezona Formation of South Australia
[31], with a discernible upward positive trend. These values are on average
much higher than the <20%o values preserved as CAS in limestone sections of
the middle member. Therefore, it seems another, isotopically depleted source
of sulfide must have contributed to the snowball sulfide reservoir. The most
obvious source of 3*S-depleted sulfur is mantle-derived sulfur (~0%o) enter-
ing the snowball ocean from hydrothermal vents. In the modern ocean, the
hydrothermal sulfur flux to the ocean is minor compared to the riverine flux
[26], but during a snowball glaciation, the riverine sulfate flux may have been
greatly reduced [22], and over the course of 5 to 30 Myr. [e.g., 6, 75], the
hydrothermal sulfide flux would have been quantitatively important.

During the deglacial transgression, the chemocline between the deep anoxic
waters and surface mixed layer would have been dynamic, its intersection with
the seafloor migrating up the Otavi platform (Fig. 9¢). However, since the rise
in sea level was driven by the addition of glacial melt water to the ocean, the
transgression was accomplished by adding water to the surface mixed layer,
not by raising the level of the original deep water. Furthermore, during the
transgression, the mixed layer was unusually thick (200 - 400 m), perhaps twice
as thick as the mixed layer in the modern ocean due to ongoing, severe storms
in the aftermath of the glaciation [10]. These factors combined would have
prevented the cold anoxic water mass from advancing far up the continental
shelf, with the consequence that over the course of the transgression, the
thermohaline and redox gradients would have been attenuated along some
continental margins, except in regions of strong upwelling. The restriction of
the cold, anoxic water mass to the outer shelf and beyond would have set up
the large lateral chemical gradients across the continental platform observed in
the 0% Sguiate (Fig. 7), CAS concentration, and [Fe] and [Mn] data. This would
also explain why barite cements are not more widespread, since they would
be expected to form only where the anoxic waters were in contact with the
surface ocean, a condition that would have only been met on the outer shelf
or upper foreslope, early during the transgressive phase, before the contact
between the mixed layer and the seafloor had migrated far up the continental

shelf.

These lateral variations are broadly mirrored by the mineralogy of the middle
member of the Maieberg Formation, with more distal, open ocean sections
being limestone at the base and restricted and shallow sections dolomite (Fig.
2). Insofar as the sulfate ion exerts a primary control on dolomite precip-
itation, either directly by inhibiting dolomite nucleation [69], or indirectly
through mediation by sulfate-reducing bacteria [76], this pattern is consistent
with lateral gradients in sulfate concentration. That is, in open ocean sec-
tions, closer to the predominant source of sulfate, the sulfate concentration
(CAS up to 335 ppm) was sufficient to prevent dolomite precipitation, while
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Flg 9. A conceptual model for the chemical evolution of seawater along the Otavi Platform during
deposition of the Maieberg Formation cap carbonate. a At the end of the snowball glaciation, the ocean is
sealed in sea ice and the Otavi Platform is depressed beneath a continental ice shelf. b During the early
deglaciation stage (lower Keilberg Member), the ocean is divided into a deep, cold, anoxic (euxinic) water
mass relict from the snowball glaciation and a surface, oxidized mixed layer dominated by melt water from
sea and glacier ice. Intense redox cycling along the strong chemocline between the two water masses is
restricted to the open ocean; Fe and Mn are concentrated in the chemocline and sulfate is produced by
oxidation of deep water sulfide. ¢ As sea level rises due to continued melting of continental glaciers, the
mixed layer transgresses the platform. However, since the cold deep waters do not rise and the mixed layer
is rendered unsually deep due to extremely stormy weather [10], the deep waters do not similarly transgress
the platform. As a result, surface-to-deep gradients attenuate, and strong lateral chemical gradients develop
across the platform, with sulfate, Fe, and Mn concentrations increasing towards the continental margin,
where the chemocline is strongest and the sea bed lies below the mixed layer. a Stratification on the Otavi
platform eventually decays, perhaps by late Maieberg times, during which time the geochemical gradients
along the platform disappear. However, shoaling of the platform, due to a combination of isostatic uplift
and rapid deposition rates, may also have contributed to this signal, by elevating the level of the sea bed

above the base of the mixed layer.
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in more restricted and shallower settings, where sulfate concentrations were
exceedingly low (CAS < 25 ppm), primary or early dolomite precipitation
continued above the cap dolostone. The sharp spike in 534S, fate above the
cap dolostone therefore likely records Rayleigh distillation of the small sulfate
reservoir in the restricted surface ocean, due to isotopic fractionation dur-
ing ongoing BSR. The Maieberg dolomites are exceedingly spare in organic
matter, but little would have been necessary to draw down the inferred low
concentration of available sulfate.

It is noteworthy that the decline in §34S,y, fate at the top of the cap dolostone,
broadly correlates with a decline in §*3C in open ocean sections (Fig. 8c). We
have argued that part of this change can be attributed to the equilibrium iso-
tope fractionation between calcite and dolomite [cf. 40], based on the coupled
decline in §'®0 across the dolomite-limestone transition (Figs. 3,4). However,
the combination of the gradual decrease in §*C beginning in the middle of
the cap dolostone and the ~3%o difference in 6*3C that develops between the
limestone and dolomite sections in the lower middle member (Fig. 7), which
is greater than the 1 — 2% difference from fractionation alone [77], suggest
that this signal is at least partly influenced by mixing with a ¥*C-depleted
reservoir of dissolved inorganic carbon (DIC). If the decline in §**Sgypaze is
the result of oxidation of deep-water sulfide, then it follows that the isotopi-
cally light carbon is also derived from the deep ocean. This idea is supported
by documentation of gradients of up to 3%o between inner shelf and basinal
facies of the Doushantuo Formation [42], which are interpreted to record depth
gradients in a stratified ocean following the Marinoan glaciation [43].

Deep water '3C-depletion may have resulted from the oxidation of organic
carbon to bicarbonate via BSR. Assuming that organic carbon was the only
substrate used during BSR (e.g., no BSR via Hy) and that 1 mM of sulfate
(1.37 x 10" moles of S) was consumed during the glacial event, then 2.74 x
10'® moles of 13C-depleted bicarbonate would have been produced. If the §3C
of the organic carbon used to fuel BSR was -25%0 during the glacial event
and assuming the ocean contained 5 to 10 times more DIC than today [40],
then deep water §13C values may have shifted by -2 to -3%oc. While this simple
calculation is based on estimates of mostly unknown quantities for this time
period ([SO3], [DIC], substrate fueling BSR, ¢,), it illustrates that the ob-
served geochemical gradients are not unreasonable given the model developed
above. A gradient between the surface and deep oceans during the post-glacial
transgression is hardly surprising, even if the ocean was isotopically homoge-
nous during the glaciation, since surface ocean §'3C would have been effected
by equilibration with a COy-charged atmosphere [6] and input of DIC from
carbonate and silicate weathering [40]. The §'80 gradient between open ocean
and more restricted settings is more difficult to interpret. The surface mixed
layer generated during deglaciation and dominated by meltwater from sea
and glacier ice, should have been *O-depleted. However, the opposite trend
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is observed; open ocean settings are characterized by lighter §'%0.

Nevertheless, the lateral geochemical gradient along the Otavi platform would
have been maintained as long as the waters along this particular continental
margin remained stratified. Given the presumed sharp density contrast be-
tween the cold, saline, deep ocean and the much warmer and brackish surface
ocean, stratification on the Otavi platform could have persisted beyond the
end of the transgression. The disappearance of the §3*S difference between the
restricted and open shelf settings in the upper Maieberg Formation (Fig. 7)
and the decay of the elevated Fe and Mn concentrations in MS3,8 suggest that
platform waters may have finally mixed by the beginning of deposition of the
upper member of the Maieberg Formation (Fig. 9d). However, this signal may
equally have resulted from the offshore migration of the chemocline as relative
sea level dropped due to a combination of aggradation of the carbonate plat-
form (recorded in the shoaling-upward facies) and glacio-isostatic uplift [50].
Therefore, given the present data, it is difficult to determine precisely when
stratification ended. Sulfur isotope analysis of Tsumeb Subgroup-equivalent
carbonates from upper foreslope sections (Karibib Formation) could provide
an answer to this question.

One problem with the proposed model for the geochemistry of the Maieberg
Formation (Fig. 9) is the concurrence of the signal of sulfur input from the deep
ocean with a peak in iron concentrations, since Fe?* and sulfide cannot coexist
in appreciable amounts within the same water mass as they react to form Fe
sulfide minerals. However, Fe concentrations are still significantly higher (10-
100 times) in modern euxinic environments (such as the Black Sea) than the
open ocean [78]. Furthermore, in the Black Sea and other water bodies with
strong redox gradients, reduced Fe concentrations are greatest at or near the
chemocline [e.g., 79]. Fe is cycled within the chemocline, both biotically and
abiotically, between oxidized and reduced forms and spatially isolated from
deeper parts of the water column where sulfide concentrations are greatest
[80]. Therefore, the high Fe concentrations in the acid-soluble component of
carbonates in transition at the top of the cap dolostone may record elevated
levels in the chemocline rather than high concentrations of Fe?* in the deep
ocean. This explanation is consistent with the Fe and Mn spike at the top
of the cap dolostone being a diachronous rather than instantaneous signal,
recording the migration of the chemocline up the continental shelf.

Additional sources of iron and manganese in the chemocline may include recy-
cled sulfide minerals from shelf and foreslope sediments. Oxidation of sulfide
minerals in contact with the chemocline [e.g., 81, 82] could have provided a
source of Fe and Mn, which could have been particularly important early in
the transgression, prior to the burial of the glacial and pre-glacial sediments
beneath the cap carbonate. Oxidation of iron and manganese, in turn, could
have also contributed to the spike in Fe,, and Mn,, at the top of the cap dolo-
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stone. Another potentially important source of Fe,, would have been the floc-
culation and subsequent sinking of river-borne clays and Fe(III)-oxyhydroxide
colloids as the surface mixed layer mixed with the saline deep waters. Just
as flocculation in estuaries removes most river-borne Fe from the oceans, the
coagulation of Fe-rich particles in the mixing zone between the deep and sur-
face layers would have been a major sink for Fe derived from glacial runoff,
contributing to, if not dominating, the spike in Fe,, concentrations.

7 Conclusions

The geochemical signatures preserved within the Maieberg Formation, as de-
termined from coeval sections representing both open-ocean and more re-
stricted settings, suggest that Otavi platform waters were stratified in the im-
mediate aftermath of glaciation, in which cold, euxinic deep water was overlain
by a warm, oxic, and brackish surface layer. §3*S,,,; fate Values from both basin
margin and more restricted settings are broadly similar through the Keilberg
Member, suggesting that the cap dolostone precipitated from a water mass of
roughly comparable chemical composition. These values show large and rapid
changes indicating extremely low sulfate concentrations in the surface mixed
layer, from which the cap dolostone precipitated. The transition between the
Keilberg Member and overlying middle member is marked by a spike in Fe and
Mn concentrations in both carbonate and oxy-hydroxide phases, as well as the
development of a large disparity in 634S,, fate across the Otavi platform, which
persists through middle member, and a decline in 6*3C in open shelf sections.
We interpret the 6**S,; fare low values (<20%¢) in open ocean sections, closer
to the shelf margin, to record the input of sulfate derived from the oxidation
of deep-ocean sulfide, and the high (>40%0) values in more restricted sections
to reflect ongoing BSR in a waters with very low sulfate concentrations. The
pulse in Fe and Mn concentrations, which decreases in magnitude shoreward,
likely records the up-slope migration and attenuation of the chemocline dur-
ing the transgression. The decline in §'3C at the top of the Keilberg Member
in MS-3 and MS-8 and the ~3% difference between limestone in open shelf
sections and dolomite in restricted sections (Fig. 7) is interpreted to record
the combination of an equilibrium isotope effect between coeval dolomite and
calcite and the input of *C-depleted deep-water DIC to the surface ocean at
the shelf margin.

The sulfur isotope data from the Maieberg Formation have important implica-
tions for the reconstruction of the Neoproterozoic §34S record and the timing
of the growth of the marine sulfate reservoir. If, as the data imply, large lateral
534S gradients developed in the aftermath of the Marinoan glaciation, then it
is clear that sulfur isotopic evolution of sea water following glaciations, and
perhaps other major climatic perturbations, cannot be reconstructed from a
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single stratigraphic section. Instead, multiple sections from a transect perpen-
dicular to the paleo-shoreline are necessary to test for the non-steady state
evolution of the sulfur isotopic composition of the sulfate reservoir and to es-
tablish the range of seawater 534S, fate [S€€ also 83, 84]. The data presented
herein also suggest that §3*S data from post-glacial carbonates cannot be eas-
ily used as a tool for making global correlations. Additional work is necessary
to test the variability of CAS §3*S data in carbonates not associated with
deglaciation to determine whether or not these are more suitable for the pur-
pose of correlations and to test whether a sulfidic deep ocean was the norm
for the Neoproterozoic.

The evidence for the complete removal of sulfate from the ocean during the
Marinoan glaciation indicates that the marine sulfate reservoir did not sim-
ply increase gradually from the late Mesoproterozoic to the early Paleozoic.
Less sulfur isotope data is available from carbonates deposited following the
Sturtian and Gaskiers glaciations, but the possibility that sulfate concentra-
tions also plummeted during these events must be considered. Much more data
from multiple successions and spanning the entire Neoproterozoic and into the
Paleozoic is necessary to be able to 1) establish the sulfur isotopic composi-
tion and size of the sulfate reservoir prior to glaciation, and thus deduce the
environmental impact of the glaciations, 2) compare the sulfur isotopic evolu-
tion of the oceans following the three glaciations, and, 3) determine when the
sulfate reservoir finally grew to near modern levels. However, the presently
available data are sufficient to demonstrate the late Proterozoic growth of
the marine sulfate reservoir, and by implication, the oxidation of the Earth’s
surface environment, was accomplished in fits and bursts.
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