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1. Introduction

ABSTRACT

The Neoproterozoic Hiittenberg Formation in northeastern Namibia records a remarkable 8'3Cearp positive ex-
cursion with a sustained plateau of values up to +12%o (i.e., the Hiittenberg anomaly). High-resolution che-
mostratigraphic analyses of drill core samples spanning the upper Elandshoek and Hiittenberg formations reveal
multiple new observations: (1) overall high but oscillatory 8'3C.,y, values; (2) 8'®0ay, values ranging from
—8%o to — 2%o; (3) significant enrichment of '3C in organic carbon and a broad co-variation between 8'3C .y,
and 8"*C,yg; (4) a profound negative excursion in §**Syyiee from +30%o to —10%o; (5) an overall inverse
8'3C-8%S relationship; and (6) 8 Sr/%°Sr values down to 0.7074 in limestone samples. The new data suggest that
the Hiittenberg anomaly records dynamic fluctuations in marine redox conditions, which may include an oxy-
genation event during the height of the 8"3C.,,, positive excursion and a deoxygenation event at its termination.
The 834Spyrite negative excursion suggests the buildup of the marine sulfate reservoir, likely due to enhanced
pyrite oxidation during the oxygenation event. The 8%,y increase at the end of the Hiittenberg anomaly may
result from a seawater sulfate concentration drawdown towards pre-anomaly conditions. On one hand, the
Hiittenberg anomaly may reflect restricted basin signals that are deviated from the Ediacaran open ocean; on the
other hand, the Ediacaran Hiittenberg anomaly, together with the Cryogenian 8'3Cearp positive excursions,
suggests a stepwise pattern of the Neoproterozoic Oxygenation Event. Both local and global environmental
factors may have contributed to the Hiittenberg anomaly. The Hiittenberg anomaly therefore represents a local
enhancement of global oxygenation signals. Our data support the emerging view that the Neoproterozoic
Oxygenation Event may have facilitated the evolution of early life at that time.

Significant efforts have been focused on the oscillatory pattern of
8'3Cear variations through the Proterozoic Eon, with strong negative

The global carbon cycle plays an essential role as both a driver and a
monitor of redox processes in the oceans and atmosphere (Hayes and
Waldbauer, 2006). The deep-time history of the carbon cycle is pre-
served in the sedimentary record of carbonates and co-existing organic
matter. By analyzing stratigraphic patterns of carbon isotope ratios in
carbonates (8'3C,1) and organic matter (813Corg), the evolution of the
carbon cycle through time can be reconstructed (Knoll et al., 1986;
Kaufman et al., 1997; Saltzman and Thomas, 2012), which in turn can
be related to environmental, climatic, and biological events in Earth
history.

perturbations intimately coupled with ice ages (Kaufman et al., 1997;
Hoffman et al., 1998b; Halverson et al., 2002; Halverson et al., 2005;
Halverson et al., 2010; Halverson and Shields-Zhou, 2011; Shields-Zhou
et al., 2012), or the enigmatic Shuram Excursion of the Ediacaran
Period (Fike et al., 2006; Jiang et al., 2007; McFadden et al., 2008;
Grotzinger et al., 2011; Cui et al., 2015; Husson et al., 2015; Cui, 2017;
Cui et al., 2017; Verdel et al., 2011). However, less attention has been
paid to the extreme positive 8'3C.p excursions, which have been in-
terpreted as periods of extreme productivity and burial of organic
carbon in sedimentary reservoirs (Knoll et al., 1986; Kaufman et al.,
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Table 1
Compilation of the Neoproterozoic 83Cearb positive anomalies.

Period Strata Chemostratigraphy References
Ediacaran Dengying Formation, South 8'3C up to ca. +6%o (Jiang et al., 2007; Zhou and Xiao, 2007; Zhu et al., 2007; Cui et al., 2016b)
China 878r/%°Sr: 0.7084
Ediacaran Doushantuo Formation, South §'3C up to ca. +8%o (Jiang et al., 2007; Zhou and Xiao, 2007; Zhu et al., 2007; McFadden et al., 2008; Sawaki et al.,
China 878r/808r: 0.7080-0.7090  2010; Tahata et al., 2013; Cui et al., 2016b; Gao et al., 2018)
Neoproterozoic ~ Multiple strata in Svalbard and 8'3C up to ca. +10%o (Knoll et al., 1986; Derry et al., 1989; Kaufman et al., 1997; Halverson et al., 2004; Halverson
East Greenland et al., 2005; Halverson et al., 2007)
Cryogenian Keele Formation, Canada 8'3C up to ca. +10%o (Narbonne et al., 1994; Kaufman et al., 1997)
878r/%°Sr: 0.7071-0.7073
Cryogenian Etina Formation, Australia 8'3¢ up to ca. +10%o (Walter et al., 2000; McKirdy et al., 2001; Swanson-Hysell et al., 2010; Rose et al., 2012)
87Sr/%°Sr: 0.7076-0.7078
Cryogenian Tayshir Formation, Mongolia 81%C up to ca. +12%o (Brasier et al., 1996a; Brasier et al., 1996b; Shields et al., 1997; Shields et al., 2002; Macdonald
87Sr/%8r: 0.7072-0.7074 et al., 2009; Bold et al., 2016)
Ediacaran Hiittenberg Formation, Namibia 813C up to ca. +12%o (Kaufman et al., 1991; Kaufman et al., 2009) and this study
878r/%0Sr: 0.7074
Neoproterozoic ~ Una Group, Brazil 83¢ up to ca. +9.4%o (Misi and Veizer, 1998)
87Sr/%0Sr: 0.7074
Neoproterozoic ~ Bambui Group, Brazil 8'3C up to ca. +16%o (Iyer et al., 1995; Misi et al., 2007; Kaufman et al., 2009; Alvarenga et al., 2014; Paula-Santos

87Sr/%0sr: 0.7074

et al., 2015; Uhlein et al., 2016; Guacaneme et al., 2017; Paula-Santos et al., 2017)

1991; Derry et al., 1992; Kaufman et al., 1997).

One of the most striking §'>C.,.;, positive excursions is archived in
the Neoproterozoic Hiittenberg Formation of northeastern Namibia
(i.e., the Hiittenberg anomaly) (Table 1) (Figs. 1-4). Thickly-bedded
(> 1000 m) carbonate (mostly dolostone) strata in this formation
preserve a remarkable positive excursion in 8'3Ccay, With values up to
+12%o0 (Kaufman et al., 1991; Kaufman et al., 2009) (Fig. 4). The
magnitude of the Hiittenberg anomaly rivals that of a similar 8'3Cearb
positive anomaly (i.e., the Lomagundi Event) associated with the Pa-
leoproterozoic Great Oxidation Event (or GOE) (Schidlowski et al.,
1976; Karhu and Holland, 1996; Martin et al., 2013). The biogeo-
chemical drivers for both of these 8'3C_,,, positive anomalies, however,
remain highly debated.

Canonical models of the global carbon cycle suggests that 8'3C.y,
positive anomalies likely result from an enhanced rate of organic
carbon burial insofar as organic carbon is strongly enriched in '2C
(Broecker, 1970; Hayes et al., 1999). Progressive burial of organic
matter sequesters '2C in sediments, resulting in both carbonates and
subsequent organic matter formed in the oceans to be proportionally
enriched in '3C; In the meantime, more organic matter being buried and
removed from the Earth surface system also causes a net increase of
oxygen in the atmosphere (Broecker, 1970; Derry et al., 1992; Des
Marais et al., 1992; Summons and Hayes, 1992; Kump and Arthur,
1999; Ripperdan, 2001). Following this model, the rising limb of the
Hiittenberg anomaly may result from enhanced organic carbon burial,
and consequently represent a significant oxygenation event; while the
falling limb reflects a recovery to pre-anomaly conditions. Notably, a
similar model has been applied to the Paleoproterozoic Lomagundi
Event (Karhu and Holland, 1996; Planavsky et al., 2012).

Alternatively, the Hiittenberg anomaly can also result from the
mixing of high-8'3C.y, authigenic carbonates during early diagenesis.
This is possible if residual carbon after fermentation (methanogenesis)
led to the formation of authigenic carbonates (Claypool and Kaplan,
1974; Irwin et al., 1977; Talbot and Kelts, 1986; Meister et al., 2007;
Wehrmann et al., 2011; Birgel et al., 2015; Pierre et al., 2016). Such a
process may be more prevalent in the Precambrian ocean where the
seawater was mostly anoxic and therefore may promote authigenic
carbonate precipitation on the seafloor (Higgins et al., 2009; Schrag
et al., 2013).

To test these two hypotheses, we conducted a high resolution che-
mostratigraphic investigation of a core through the carbonate-domi-
nated succession drilled near to the famed Tsumeb mine in northeastern
Namibia. This study reports new chemostratigraphic 8'Ceap, 8 80car,
8'3Corg, and 8%'Spyriee profiles that reveal dramatic stratigraphic

fluctuations. The 813COrg data broadly covary with that of 8'3Cearp, Va-
lues while the §3*S,ie profile shows an inverse relationship. We pro-
pose that the Hiittenberg anomaly records a local enhancement of
global signals. It reflects changes in the primary depositional environ-
ment with higher proportional burial of organic carbon, resulting in the
buildup of oxygen in the atmosphere, enhanced sulfide oxidation, and
an increase in the marine sulfate reservoir.

2. Geological background

The Hiittenberg Formation lies at the top of the Neoproterozoic
Otavi Group in northeastern Namibia (Kaufman et al., 2009)
(Figs. 1-3). In this region, the thick (> 1000 m) dolostone-dominated
succession is well preserved and is archived in a vast library of cores
drilled in search of mineralized zones around Tsumeb Mine. The Hiit-
tenberg dolostones around Tsumeb are para-conformably to dis-
conformably overlain by basal shale, siltstone, greywacke, and phyllite
with locally interbedded conglomerate beneath the Tschudi Formation
of the Mulden Group (Frets, 1969). In northwestern Namibia, however,
the Hiittenberg Formation, which overlies the Ghaub (glacial dia-
mictite), Maieberg (cap carbonate), and Elandshoek formations, is
generally undifferentiated and largely truncated by siliciclastic molasse
associated with the syn-tectonic Mulden Group (Hoffman, 2011).

Based on the stratigraphic relationship between the Ghaub
Formation (widely known as a Marinoan glacial diamictite interval)
and the position of the Hiittenberg Formation that is located strati-
graphically higher, the latter has been regarded to be an Ediacaran
interval (Kennedy et al., 1998; Halverson et al., 2005; Hoffman, 2011;
Miller, 2013; Prave et al., 2016; Bechstédt et al., 2018). For more de-
tails of the overall geology around the studied area, the readers are
suggested to refer to the well-published studies (Frets, 1969; Kaufman
et al., 1991; Germs, 1995; Hoffmann and Prave, 1996; Hoffman et al.,
1998a; Hoffman et al., 2007; Kaufman et al., 2009; Hoffman, 2011;
Miller, 2013; Hoffman et al., 2017; Nascimento et al., 2017; Hoffman
and Halverson, 2018; Nascimento et al., 2018).

3. Materials and methods

Samples in this study were collected from the S86A drill core from
the Tsumeb Mine region in the Otavi Mountainland, northeastern
Namibia (Figs. 1-3). The GPS coordinates of this drilled core are
19°14’51.89”S, 17°43’42.17”E. This drill core intersects the entire
Hiittenberg Formation reaching a total thickness of ca. 1000 m. Part of
the 8'3C.,y, data was previously published for this drill core (Kaufman
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Fig. 1. Geological map of Namibia in southwestern Africa. Samples in this study were collected from the S86A drill core in the Tsumeb Mine region of the Otavi
Mountainland, northeastern Namibia. The GPS coordinates of this drilled core are 19°14’51.89”S, 17°43’42.17”E. Modified from Kaufman et al. (1991) and Gorjan
et al. (2003). More detailed geological information of the marked rectangle area can be found in Fig. 2.

et al., 2009). In this more comprehensive study, we report new paired
carbon and oxygen isotope data (8*3Cearpy 8'%0carn), organic carbon
(TOC and 813C0,g) and pyrite sulfur (TS and 83%S1g) data, Sr isotope
ratios of limestone samples (8”Sr/%6Sr), and major and trace elemental
abundances (Figs. 5-10).

3.1. 8"3C.qp and 8%0.an analysis

Carbonate carbon isotope data produced by a continuous flow
technique (which did not yield complementary oxygen isotope data)
have previously been reported from this drill core (Kaufman et al.,
2009). In this study, we further analyzed both carbonate carbon
(8"3Cear) and oxygen (8'80,p) isotopes from the same batch of drill
core samples. Powders for 8'3Cearp, and 8'80ar, analyses were collected
on polished slabs using a press micro-drill. Micro-drilling was guided by
petrographic fabrics so that the finest-grained textures and best pre-
served zones were sampled. For carbonate 8'3Cearp, and 880, ana-
lysis, only fine-grain-sized carbonates were micro-drilled for further
geochemical measurement. We indeed found a few horizons with

heavily recrystallized carbonate or quartz veins, but those were strictly
avoided during sampling. Both carbon and oxygen isotopes were
measured by Gas Bench coupled with Delta plus XP isotope ratio mass
spectrometry in the Department of Geological Sciences, Indiana Uni-
versity. The precision for carbon and oxygen isotopes based on repeated
measurement of reference materials was routinely better than 0.1%eo.

3.2. §"Corg and 8**S,. analyses

The organic carbon (8'3C,y,) and pyrite sulfur (8*S,yi.) isotope
compositions of bulk powders were measured by combustion of dec-
alcified residues to CO, or SO, with a Eurovector elemental analyzer in-
line with an Elementar Isoprime isotope ratio mass spectrometer in the
Paleoclimate Laboratory at the University of Maryland. Approximately
15 g of core chips lacking secondary veins or weathered surfaces were
crushed and repeatedly (2 X or more) acidified with 3 M HCI overnight
to quantitatively remove carbonate. These residues were then washed
with ultra-pure Milli-Q water to neutral pH, decanted, and dried in an
80 °C oven overnight for subsequent 813Corg and 834Spyrite analyses.
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Given the notable level of '3C enrichment in the Hiittenberg organic
matter, we re-acidified a selection of the sample residues with hot,
concentrated HCI acid (12 M) to confirm that all carbonates had been
consumed, and then decanted, washed, and dried as above. No statis-
tical difference in the '3C abundance of organic matter was found be-
tween the two treatments. Total sulfur in the acidified residues was
dominated by pyrite, although there may have also been trace amounts
of organic sulfur. Uncertainties for 813COrg and 834Spyrite measurements
determined by multiple analyses of standard materials were better than
0.1%o and 0.3%o, respectively.

3.3. 575r/%6Sr analysis

For analysis of strontium isotopic (3”Sr/%®Sr) composition, only
limestone and dolomitic limestone samples were selected for extraction
and measurement. Micro-drilled powders (ca. 5-10 mg) were leached
three times in 0.2M ammonium acetate (pH ~8.2) to remove ex-
changeable Sr from non-carbonate minerals, and then rinsed three
times with Milli-Q water. The leached powder was centrifuged, dec-
anted, and acidified with doubly distilled 0.5 M acetic acid overnight to
remove strontium from the carbonate crystal lattice. The supernatant
was centrifuged to remove insoluble residues and then decanted, dried,
and subsequently dissolved in 200 pl of 3 M HNOs;. Strontium separa-
tion by cation exchange was carried out using a small polyethylene
column containing ~1cm thickness of Eichrom®Sr specific resin.
Approximately 200-300 ng of the dried sample was transferred onto a
degassed and pre-baked (~4.2 A under high vacuum) high purity Re
filament with 0.7 pl of Ta,O5 activator. The prepared filaments were
measured using the VG Sector 54 thermal ionization mass spectrometer
in the TIMS facility of the University of Maryland Geochemistry
Laboratories. Final data have been corrected for fractionation using the
standard value %°Sr/%8Sr = 0.1194. No corrections for Rb decay have
been carried out given the very low Rb/Sr ratios in all the analyzed
samples. Repeated analysis of the NBS SRM987 standard yields an
average value of ®Sr/®Sr = 0.710245 + 0.000011 (20) during the
analytical window.

3.4. Elemental concentration analysis

Major and trace elemental abundances of micro-drilled carbonates
were analyzed for a few representative samples in order to better

evaluate the degree of diagenetic alteration. Aliquots of the micro-
drilled carbonate powders were dissolved in 0.4 M HNOs, centrifuged,
and only analyzed for the solutions. Any clays, if present, would not
have been dissolved by the dilute acid. The resulting solutions were
analyzed on a Thermo Scientific® iCAP-Q ICP-MS (Inductively Coupled
Plasma — Mass Spectrometry) at the Carnegie Institution of Washington.
Precision of these analyses as determined by repeated measurements of
a house standard carbonate was < 5% (20) for major elements with
high concentrations and < 10% (20) for trace elements and REEs.

4. Geochemical results

All the new data in this study are shown in Figs. 5-10, and can be
found in the Online Supplementary Material.

4.1. §"3C.q and 6"%0.qp, data

The studied drill core is dominated by almost pure dolostones with
carbonate percentages (wt%) approaching 100% (Fig. 5A). The 8'*Ccar
profile reveals a remarkable positive excursion beginning around + 2%o
in the Elandshoek Formation and rising up to + 12%o in the Hiittenberg
Formation before recovering back to ca. 0%o near the Hiittenberg/
Tschudi boundary (Fig. 5C). The 8'3C..y, values remain high, but
fluctuate rapidly between +6 and +12%o in the middle of the suc-
cession. In contrast, the 8'®0., profile (reveals relatively less varia-
tion, ranging from —8 to —2%o, with three notable cycles through the
succession (Fig. 5B).

4.2. 8" Corg A" Cearborg and TOC data

Although more variable, the 813C0rg profile shows a general parallel
trend with the paired §'3C.yp values (Fig. 6B). The calculated carbon
isotope fractionations (A13ccarb_org) show fluctuations between 20%o
and 30%o (Fig. 6D). The TOC values are generally low most likely due to
carbonate dilution, but we note that organic abundances broadly track
the 8'3Ceayp, trend in the Hiittenberg Formation (Fig. 6E).

4.3. 8%*Syyire and TS data

The 8%*Spyrie profile shows a broadly antithetic trend with that of
8'3Cearb compositions (Fig. 7C). Highly positive 834Spyrite values (up to
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Fig. 3. Google map view of the studied S86A drill core. The GPS coordinates of this drilled core are 19°14’51.89”S, 17°43’42.17”E.

+30%0) at both the base and the top of the succession are associated
with the onset and decline of the Hiittenberg anomaly, while significant
345 depletion in pyrite (834Spyrite down to —10%o) is associated with the
sustained positive 8'3Ceap plateau. The TS (Fig. 7D) abundances in
these core samples are generally low, which is most likely a function of
carbonate dilution. Nonetheless, there is an overall positive excursion
in TS with the highest abundances associated with peak 8'3Cqyp, values.

4.4. Cross-plots of C, O and S isotope and concentration data

Cross-plots of the different C and S isotope or concentration values
were also conducted in order to explore the relationship between dif-
ferent data set (Fig. 8). The cross-plots of 8'*Cea Vs. 813COrg
(R? = 0.33), 8"Cearb V. 8**Spyrite (R? = 0.21), and 8"3Corg vs. A'3C
(R? = 0.40) show visible correlations (Fig. 8A-C), while the cross-plots
of §"%Cearp vs. 8"®0carb, 8'3Corg vs. TOC, 8**S,pi¢e vs. TS, TOC vs. TS,
?5‘°’4Sl,yrite vSs. 813C0rg, and 253481,},rite vs. TOC do not show clear correla-
tions (Fig. 8D-I).

4.4.1. ®Sr/%5Sr and elemental concentration data
Although the ~1000-m-thick drill core is dominated by dolostones,
15 samples of limestones or dolomitic limestones were identified by

testing with 5% HCI acid. In this study, only limestone and dolomitic
limestones samples were analyzed for %7Sr/%°Sr, major (Ca, Mg) and
trace elemental (e.g., Fe, Mn, Rb, Sr, Al and REEs) compositions
(Figs. 9, 10). The lowest 8”Sr/%6Sr value determined for the sample set
was 0.7074.

Major and trace elemental concentrations were also analyzed in
order to evaluate the diagenetic effect on the 37Sr/%6Sr data (Figs. 9,
10). The cross-plots of 878r/%%Sr vs. Rb/Sr (R? = 0.53), &7Sr/%%Sr vs.
Mn/Sr (R? = 0.44), 87Sr/%%Sr vs. Fe/Sr (R? = 0.44), Sr/%°Sr vs. Al/Sr
(R2 = 0.47), ®7Sr/%%Sr vs. Mg/Ca (R? = 0.75), and Mg/Ca vs. Rb/Sr
(R? = 0.46) all show clear positive correlations (Fig. 10A-F). The cross-
plot of Ca vs. Mg concentrations shows a negative correlation
(Fig. 10G). The measured % Sr/®%Sr data do not show clear correlation
with corresponding 813Cearp o1 818041 data (Fig. 10H-I).

5. Discussion
5.1. Diagenetic evaluation
5.1.1. Evaluating 8'3C.ar and 880, data

Typically, 80 values could be more easily altered than
813Cearp compositions due to different alteration thresholds during
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Fig. 4. Comparisons of the 8'>C,., profiles of the Hiittenberg anomaly in Namibia. Data in panels A and B are from Halverson et al. (2005); Data in panel C are from

Kaufman et al. (2009) and this study. M = Mulden Group; T = Tschudi Formation.

fluid-water interaction (Jacobsen and Kaufman, 1999). However,
the chemostratigraphic §'80.,p profile of the studied Hiittenberg
drill core shows largely consistent values of between —8%o and
—2%o (Fig. 5B), which speaks to limited diagenetic effect on the
813Cearp, and 80,1, values.

The cross-plot of 8'3Cear, vs. 8 80ar, has been widely used as a
tool to evaluate the influence of diagenetic process, especially
meteoric water diagenesis and organic-matter-associated post-de-
positional diagenesis in carbonate samples (e.g., Talbot and Kelts,
1986; Gischler et al., 2007; Knauth and Kennedy, 2009; Derry,
2010; Bishop et al., 2014; Cui et al., 2017). Typically, a positive
correlation in 8'°Ceapp vs. 8'0car cross-plot can be produced by
progressive alteration by '®0-depleted meteoric water and *3C-de-
pleted late porewater due to organic matter re-oxidation. However,
the 8'3Cearp vS. 8180cam cross-plot of the Hiittenberg carbonates
does not show correlation (Fig. 8G), which suggests little impact by
diagenesis. Thus, we tentatively exclude the possibility that the
chemostratigraphic fluctuations in the 83Cearp and 880y, profiles
(Fig. 5) were caused by post-depositional processes.

5.1.2. Evaluating 813C0,g data

Compared with the published Ediacaran 8'°C,,, data (e.g., Fike et al.,
2006; McFadden et al., 2008; Ader et al., 2009; Lee et al., 2013; Cui et al.,
2015; Cui et al., 2016a; Cui et al., 2016b; Cui et al., 2016¢; Cui et al.,
2017), the organic matter in the Hiittenberg Formation appears to be more
enriched in '*C. The measured high §'3C,, values (Fig. 6B) could po-
tentially be caused by mixed carbonates due to an incomplete acidifica-
tion. However, during the sample preparation for 813COrg analysis, all the
samples were acidified by 3 M HCI until no more bubbles were produced
after adding extra HCI acid in order to achieve a complete acidification. To
further evaluate the quality of our §'C,,, data, we also re-analyzed many
samples by acidifying the samples with pure HCl acid. The reanalyzed
sample show consistent 813C0rg data with earlier data. Therefore, we rule
out the possibility of incomplete acidification as the cause of high 8'3Cyyg
values in this study.

5.1.3. Evaluating %7Sr/%6Sr data
For these limestone and dolomitic limestone samples, both ”Sr/%6Sr
and trace elemental (e.g., Fe, Mn, Rb, Sr, Al and REEs) compositions
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were analyzed. The negative or positive correlations between different
elemental ratios and the 8”Sr/%Sr data (Fig. 10A-G) can be explained
by different degrees of diagenesis. Generally, %7Sr/%°Sr would pro-
gressively increase as more ¥Sr derived from 8Rb decay is mixed into
the carbonate lattice during burial diagenesis (Kaufman et al., 1993;
Banner, 1995). It is possible that the correlations found in our data
result from progressive diagenesis (e.g., dolomitization). Therefore, the
lowest 87Sr/%Sr value of 0.7074 is taken as the most accurate record of
seawater 7Sr/%6Sr composition during deposition.

In summary, diagenesis affected somewhat the 87Sr/%°Sr values
whereas the 8'3C .y, 818Oca,b, 813C°rg, and 834Spyrite trends were un-
affected by diagenesis hence record primary geochemical signals.

5.2. Controlling factors of the 8'3C . values

Controlling factors that may have contributed to high 8'3Ceurp va-
lues could be multiple. Increased 8'3C of carbon input, enhanced
carbon isotope fractionations (A13ccarb_org), larger proportion of organic
carbon burial, and redox stratifications could all possibly increase the
8'3Cearp values during deposition (Shields et al., 2002). In addition,
local evaporative environmental conditions could also cause high
8'3Carp values, which has been reported in both modern environments
(Schidlowski et al., 1984; Stiller et al., 1985; Valero-Garcés et al., 1999;
Gomez et al., 2014; Guo and Chafetz, 2014; Birgel et al., 2015; Horton
et al., 2015) and deep-time records (Klaebe et al., 2016). However, no
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diagnostic evidence for evaporative conditions, for example, pseudo-
morphs or lenses and beds of evaporites (e.g., Pope and Grotzinger,
2003; Duda et al., 2015; Cui et al., 2016b; Klaebe et al., 2016), were
found in the studied drill cores. The dominating lithology in the studied
drill core is dolomicrite. Moreover, evaporation-induced 0 and 3C
enrichment often shows a positive correlation in 8'3Ceay, vs. 8'%0cars
(Talbot, 1990; Li and Ku, 1997; Gomez et al., 2014; Guo and Chafetz,
2014; Horton et al., 2015). Such a correlation is not seen in the studied
Hiittenberg carbonates (Fig. 8G). Therefore, it is unlikely that eva-
poration-induced fractionation in 8'%C.,, plays a dominant role in
causing the Hiittenberg anomaly, but this hypothesis is suggested to be
further tested in future studies.

Enhanced carbonate weathering could also possibly cause 8'3Cearb
positive anomalies on platform environments by increasing the §'3C of
local carbon input (Kump et al., 1999; Melchin and Holmden, 2006; Fan
et al., 2009). Additionally, it was more recently proposed that tectonic
controls on the long-term carbon isotope mass balance can be potential
factors for the ancient carbon cycles (Shields, 2017; Shields and Mills,
2017). During periods of low denudation rates, 8'3C values tend to be
higher (Shields and Mills, 2017). Using a thermal subsidence model for
the Otavi Group, the Hiittenberg anomaly is estimated to have lasted
over 15 million years (Kaufman et al., 2009). It is possible that long-
term factors are involved in the genesis of the Hiittenberg anomaly.
Although no evidence for a changing weathering rate was found so far
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in the studied Hiittenberg drill cores, we regard it as a testable hy-
pothesis for future studies. Investigations on Ca, Mg isotopes (e.g.,
Pokrovsky et al., 2011; Kasemann et al., 2014), and Li isotopes (e.g.,
Misra and Froelich, 2012; von Strandmann et al., 2013; Lechler et al.,
2015) may hold the potential to evaluate the weathering conditions
during the Hiittenberg anomaly.

5.3. Primary or authigenic signals?

In light of the new data, we propose that the Hiittenberg 8'3Cearb
positive anomaly (Figs. 4, 5) results from a primary perturbation of the
marine dissolved inorganic carbon (DIC) reservoir, instead of an au-
thigenic event as suggested by Schrag et al. (2013). The supporting

evidence is listed below.

(1) The broad co-variation between 8'3C,,;, and 813COrg values (Fig. 6)
supports a profound change in seawater where photosynthesis is the
main mechanism in fractioning carbon isotopes. Although diagen-
esis that can change both §'3Ceap, and 8'*Corg in the same direction
was found in modern marine sediments at the Great Bahama Bank
(Oehlert and Swart, 2014), no diagenetic process in the Pre-
cambrian is known that can shift both porewater DIC and DOC in
the same direction with similar levels of rate and magnitude (Knoll
et al., 1986).

(2) Coupled 8'3C.ayp, and fi?"‘Spyrite excursions further support changes
in seawater, instead of porewater, signals. Authigenic process in the
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zone of methanogenesis could drive pore water alkalinity to higher
8'3C compositions (Irwin et al., 1977; Meister et al., 2007; Birgel
et al., 2015). However, in the same porewater environment, the
83451,},me signals should also increase due to Rayleigh fractionation
associated with progressive microbial sulfate reduction (MSR)
(Borowski et al., 2013; Fike et al., 2015). Insofar as we see the
opposite trend, the stratigraphically prolonged inverse §'3C-§3's
relationship (Fig. 7) argues against an authigenic origin for carbo-
nates in the Hiittenberg anomaly.

5.4. Local environmental controls on the Hiittenberg anomaly

Compared with many other Ediacaran successions, the Hiittenberg
anomaly shows distinct features in chemostratigraphy. First, the
8'3Cearb profile of the Hiittenberg anomaly does not fit into the well-
established Ediacaran 8'2C.y, record at a global scale. The §'*Ceap

plateau of +12%o in the Hiittenberg anomaly stands out relative to
other Ediacaran successions. It is notable that the Hiittenberg §'>Cay
anomaly is missing in the well-studied Ediacaran Doushantuo and
Dengying formations in China (Jiang et al., 2007; Zhou and Xiao, 2007;
Zhu et al., 2007; McFadden et al., 2008; Wang et al., 2012; Lu et al.,
2013; Zhu et al., 2013; Cui et al., 2015; Cui et al., 2016a; Cui et al.,
2016b; Wang et al., 2016; Cui et al., 2017) and many other Ediacaran
sections elsewhere (Kaufman et al., 1991; Kaufman and Knoll, 1995;
Knoll et al., 1995; Saylor et al., 1998; Walter et al., 2000; Fike et al.,
2006; Narbonne et al., 2012; Macdonald et al., 2013; Wood et al., 2015;
Bold et al., 2016; Cui et al., 2016a; Xiao et al., 2016; Zhu et al., 2017).

Second, it has been predicted that the Ediacaran Hiittenberg
Formation should have 7Sr/%6Sr signals at around 0.7085 (Kennedy
et al., 1998). However, new 3”Sr/55Sr analysis in this study shows
values as low as 0.7074 in limestone samples of the Hiittenberg drill
cores (Fig. 9). The 37Sr/%5Sr value of 0.7074 is in strong contrast
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detailed discussion in the main text. All the data can be found in the Online Supplementary Material.

with the typical Ediacaran seawater 87Sr/%6Sr values that range
between 0.7080 and 0.7090 (Burns et al., 1994; Narbonne et al.,
1994; Kaufman et al., 1997; Calver, 2000; Jiang et al., 2007;
Melezhik et al., 2009; Sawaki et al., 2010; Cui et al., 2015; Cui
et al., 2016a; Xiao et al., 2016; Cui et al., 2017). Therefore, it ap-
pears that both the §'3C,,,;, and the 87Sr/%5Sr signals in the studied
Hiittenberg drill cores are deviated significantly from the typical
Ediacaran profile.

The most parsimonious interpretation of these distinct features
is that the Hiittenberg Formation does not record open ocean sig-
nals of the Ediacaran Period. It is possible that the Hiittenberg
anomaly formed in a restricted basin with 8'3C.,,, and 87Sr/%6Sr
signals that are significantly deviated from the global Ediacaran

ocean (Fig. 11). Conditions with enhanced evaporation and a high
influx of sulfate into the basin due to pyrite oxidation may have
caused the 8'3C ., positive excursion and the 834Spyrite negative
excursion, respectively.

5.5. Inverse §"3C-8°*S pattern in response to an oxygenation event

New data in this study show a notable anti-correlation in the §'3C
and 83*S profiles (Fig. 7). The inverse 8'3C-83*S relationship in marine
C-S cycling is common in Phanerozoic successions, but is rare in Pre-
cambrian time (Hayes et al., 1992). Theoretically, ocean redox condi-
tions should either promote or inhibit the burial of reduced phases (i.e.,
organic carbon and pyrite sulfur) collectively, thereby driving the
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coupled directional changes of seawater §'°C and 8%*S compositions
(e.g., Gill et al., 2011; Jones and Fike, 2013).

The inverse relationship has been referred to as the “central di-
lemma of C-S geochemistry” (Holser et al., 1988). Mass balance mod-
eling suggests that the inverse 8'3C-8*S pattern in Phanerozoic sedi-
ments is driven by a coupling in the burial of reduced carbon and
oxidized sulfur (e.g., gypsum) (Berner, 1989). For the Precambrian, this
mechanism is difficult to evaluate given the dearth of marine evaporite
deposits. Nonetheless, marine sulfate abundances may have swung
dramatically associated with oceanic redox changes during the Pre-
cambrian (Planavsky et al., 2012; Bléttler et al., 2018; Ossa Ossa et al.,
2018). For example, the inverse 8'>C-§3*S pattern preserved during the
Lomagundi Event may be associated with fluctuations of the oceanic
sulfate reservoir (Planavsky et al., 2012; Ossa Ossa et al., 2018). An
earlier study on the Neoproterozoic evaporites shows an overall nega-
tive correlation between the §3*Syfate and 8'°Cepp curves, which may
indicate the operation of an exogenic sulfur cycle (Strauss, 1993).

We propose that the inverse stratigraphic 813CC.(,rb—834Spyrite re-
lationship of the Hiittenberg anomaly (Fig. 7) may reflect oxygena-
tion—deoxygenation of surface environments and the buildup-contrac-
tion of oceanic sulfate reservoirs (Fig. 12). As a byproduct of
photosynthesis, the rise of oxygen is consistent with the paired carbon
isotope excursions in carbonates and co-existing organic matter.

Considering that enhanced sulfate concentration could promote S iso-
tope fractionations (Habicht et al., 2002; Crowe et al., 2014), the an-
tithetic negative excursion in 634Spyrite likely results from the rise of
oceanic sulfate, an expected consequence of enhanced oxidative
weathering of terrestrial pyrite (e.g., Kaufman et al., 2007). Sulfate
concentrations may also be enhanced in the upper water column by
bacterial sulfur disproportionation (BSD) in a stratified ocean (Canfield
and Teske, 1996), which may have also contributed to the decrease of
the Hiittenberg 834Spyrite values (Fig. 12A).

Supporting evidence for this interpretation also comes from the
organic carbon and total sulfur abundances in the studies drill core.
Although the overall TOC and TS values are very low (Fig. 6E, 7D),
which is likely due to significant dilution by carbonates in this dolos-
tone-dominated strata, the relatively higher TOC and TS abundances in
the 8'3Cearp plateau (Fig. 6E, 7D) further suggest that the Hiittenberg
anomaly may be associated with the expansion of oceanic anoxia (and
potentially euxinia) during deposition (Fig. 12A).

In summary, we propose that the stratigraphic isotope trends can be
interpreted as a record of enhanced organic matter burial and pyrite re-
oxidation during an atmospheric oxygenation event (Fig. 12A). Con-
versely, the falling limb of the positive 8'3C.arp, excursion reflects the
drawdown of oxygen and marine sulfate reservoir during the end of the
Hiittenberg anomaly (Fig. 12B).
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characterized by a deoxygenation event with a drawdown of marine sulfate reservoir and a recovery to pre-anomaly conditions.

5.6. A stepwise pattern of the Neoproterozoic oxygenation event

Considering that both local and global environmental controls may
have played a role in causing the observed isotope signatures (Figs. 11,
12), we propose that the Hiittenberg anomaly records a local en-
hancement of global oxygenation signals. The local and global en-
vironmental factors considered in this study are not mutually exclusive.
This interpretation is consistent with multiple studies of the Ediacaran
strata elsewhere that also suggest oxygenation events in the Ediacaran
ocean (Sahoo et al., 2012; Sahoo, 2015; Sahoo et al., 2016; Zhou et al.,
2016).

In this study, we also compared the Hiittenberg anomaly with other
Neoproterozoic strata at a global scale. The strata we considered in-
clude the Tayshir Formation in Mongolia (Fig. 13) (Brasier et al.,
19964a; Brasier et al., 1996b; Macdonald et al., 2009; Bold et al., 2016),
the Keele Formation in Canada (Fig. 14) (Eisbacher, 1985; Aitken,
1991a; Aitken, 1991b; Narbonne and Aitken, 1995; James et al., 2001;
Day et al., 2004), and the Etina Formation in Australia (Fig. 15) (Gorjan
et al., 2000; Walter et al., 2000; McKirdy et al., 2001; Swanson-Hysell
et al., 2010; Rose et al., 2012; Verdel and Campbell, 2017), all of which
have been widely regarded as Cryogenian (pre-Marinoan) strata.

Regardless of the age difference between the Ediacaran Hiittenberg
anomaly and the Cryogenian 8'3Cearb positive anomalies, the

similarities in chemostratigraphy indicate similar biogeochemical con-
ditions and a stepwise pattern of the Neoproterozoic Oxygenation
Event. Notably, both the Tayshir §'3C,y, positive anomaly (Fig. 13) and
the Keele anomaly (Fig. 14) record sustained high §'*Cc.y, values of
around +10%o and similar 37Sr/%°Sr values of around 0.7074
(Narbonne et al., 1994; Brasier et al., 1996a; Brasier et al., 1996b;
Kaufman et al., 1997; Shields et al., 1997; Shields et al., 2002;
Macdonald et al., 2009; Bold et al., 2016). Moreover, the Etina anomaly
is also characterized by sustained high 8'3C_.y, values of ca. +10%o, an
overall 834Spyrite negative excursion down to ca. —10%o, and similar
879r/86Sr values (Fig. 15) (Gorjan et al., 2000; Walter et al., 2000;
McKirdy et al., 2001; Swanson-Hysell et al., 2010; Rose et al., 2012),
though the stratigraphic resolution of the Etina 534Spyme profile is re-
latively low compared with the Hiittenberg 834Spmte profile in this
study (Fig. 7).

Taken together, it is possible that the Ediacaran Hiittenberg
anomaly in Namibia reflects similar biogeochemical conditions with the
Cryogenian 8'3C.y, positive anomalies. The pulsed occurrence of these
8'3Cearp positive anomalies during the Neoproterozoic suggests a step-
wise pattern of the Neoproterozoic Oxygenation Event. These oxyge-
nation events may have facilitated the emergence of early life at that
time (Yuan et al., 2011; Yuan et al., 2013; Guan et al., 2014; Wan et al.,
2016; Anderson et al., 2017).
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Fig. 13. Chemostratigraphic profiles of the pre-Marinoan Tayshir 8'3C.,, positive anomaly (highlighted yellow interval). Regardless of different ages, both the
Ediacaran Hiittenberg anomaly and the Cryogenian Tayshir 8'3C.,, positive anomaly are characterized by sustained high §'*Ceayp values of around +10%o and
8781/86Sr values of around 0.7074, indicating similar biogeochemical conditions. Data source: lithology column and data in A (Macdonald et al., 2009); Data in B
(Bold et al., 2016); Data in C (Brasier et al., 1996a; Shields et al., 1997; Shields et al., 2002; Bold et al., 2016).

6. Conclusions

The Neoproterozoic Hiittenberg anomaly in northeastern Namibia
shows remarkable perturbations in C and S isotopes. Our new data in
this study reveal that the 8'3Cearb positive excursion is coupled with a
broad 813Corg positive excursion and a large E)'?"‘Spyrite negative excur-
sion (Figs. 5-7). These isotopic coupling suggests a primary perturba-
tion of the marine dissolved inorganic carbon (DIC) reservoir during
deposition, instead of an authigenic event occurring in porewater en-
vironments.

Both local and global environmental factors may have contributed
to the Hiittenberg anomaly (Figs. 11, 12). On one hand, the Hiittenberg
anomaly may reflect restricted basin signals that are deviated from the
Ediacaran open ocean; on the other hand, the Ediacaran Hiittenberg
anomaly, together with the Cryogenian 8'°C.., positive excursions
(Figs. 13-15), suggests a stepwise pattern of the Neoproterozoic Oxy-
genation Event. The Hiittenberg anomaly may therefore record a local
enhancement of global oxygenation signals. Our data support the
emerging view that the Neoproterozoic Oxygenation Event of the Earth

surface environment may have facilitated the evolution of early life at
that time.
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Fig. 14. Chemostratigraphic profiles of the pre-Marinoan Keele anomaly (highlighted yellow interval). Regardless of different ages, both the Ediacaran Hiittenberg
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Source: (Narbonne et al., 1994; Kaufman et al., 1997).
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.precamres.2018.05.024.
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