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Experimental comparisons of carbonate-associated sulfate extraction methods

Zheyu Tian?, Graham A. Shields?, Ying Zhou?
“Department of Earth Sciences, University College London, WCIE 6BS, London, UK, z.tian.17@ucl.ac.uk

1 Abstract

Carbonate-associated sulfate (CAS) refers to trace amounts of sulfate incorporated into carbonate
minerals during precipitation. CAS has been the most commonly used approach to recover the paleo-
seawater sulfate sulfur isotope composition (8**Sgy) as carbonate rocks are more common and occur in
less restricted marine environments than alternative sulfate-bearing minerals (such as gypsum and
anhydrite). However, uncertainties remain about the reliability of preparation techniques due to the
inadvertent inclusion of contaminant sulfurous species. This study applied three oxidative leaching CAS
extraction methods and compared their final 3**Scas values with those following repeated single leaching
in 10% NaCl (aq). The final 3**Scas values after sequential leaching by a combined 12% NaOCl, 1% H>O»,
and 10% NacCl approach were systematically higher by between 0.65%o and 0.90%o than rival methods.
Our experiments indicate that contamination can affect measured 3**Scas even given short reaction times
(<30 min). A single leach with standard oxidizing reagents may not entirely eliminate contamination when
handling organic and pyrite-rich carbonate samples.

Keywords: Carbonate-associated sulfate; CAS extraction; Contaminant sulfur; Sulfur isotopes
2  Introduction

Carbonate-associated sulfate (CAS) refers to trace sulfate that was incorporated into carbonate
minerals during precipitation (Burdett et al., 1989). CAS has been used as a reliable proxy archive for
tracing paleo-seawater isotopic composition since the 1980s (Burdett et al., 1989; Staudt and Schoonen,
1995; Kampschulte and Strauss, 2004; Bottrell and Newton, 2006; Tostevin et al., 2017). Compared with
sulfate minerals (barite and sulfate evaporite minerals), which generally precipitate from derived seawater,
CAS co-precipitates with normal marine carbonate minerals and so 8**Scas can serve as a more reliable
tracer of the isotopic evolution of seawater sulfate (53*Ssw) and may even be used for chemostratigraphic
correlation (Kampschulte and Strauss, 1998; Tostevin et al., 2017; Shi et al., 2018; Edwards et al., 2019;
He et al., 2019). Moreover, carbonate deposits occur more widely and in less restricted marine
environments than other sulfate minerals, further underlining the potential of CAS to better understand the
long-term global sulfur cycle (Marenco et al., 2008b).

Despite such promise, 3**Scas might still deviate from **Ssw due to post-depositional alteration
during meteoric water-rock interaction and recrystallization (Present et al., 2015). Such issues can
generally be resolved after careful petrological (crystal size, mineral assemblages) and geochemical
screening. For example, recrystallized carbonate crystals are usually larger (>50pm) with lower §'%0
values (Al-Aasm and Clarke, 2004; Zhang et al., 2020) and higher Mn/Sr ratios (Kaufman and Knoll,
1995; Bartley et al., 1998; Lan et al., 2019). Cross-plots of §3*Scas against traditional indicators of
diagenetic alteration, CAS concentration, Mn/Sr, Mg/Ca and 8'8Ocan values are therefore widely used to
evaluate carbonate diagenesis and the fidelity of measured 8**Scas values (Veizer, 1983; Derry et al., 1994;
Goldberg et al., 2005; Guo et al., 2015; He et al., 2019). Nevertheless, it seems unlikely that such alteration
proxies can reliably identify deviation from open ocean &**Ssw values due to mineral precipitation from
porewaters affected by early diagenetic microbial sulfate reduction (MSR) (Rennie and Turchyn, 2014;

Fike et al., 2015). MSR results in 3*S-enrichment in the residual sulfate reservoir, while sulfide oxidation
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may conversely release 3*S-depleted sulfate into porewaters. Although these effects are difficult to assess
in individual samples and may lead to uncertainty over the contemporaneous 3**Ssw value, systematic
trends and similar correlative 8°*Scas values are unlikely to result from such localized isotopic
fractionation.

The thorniest problem surrounding §**Scas studies pertains to the inadvertent extraction of sulfate
from the non-carbonate matrix of bulk carbonate rocks, including secondary atmospheric sulfate (SAS),
organic-bound sulfur (OSC), disseminated pyrite (Py), and other metastable metal-sulfide minerals, with
8%S values down to -50%o (Canfield, 2001; Sim et al., 2011; Hoefs, 2015). It has been demonstrated, in
particular, that pyrite oxidation can occur in both strong and weak acids during the CAS extraction process
(Marenco et al., 2008b). Such non-CAS sulfate sources may contaminate extracted CAS, resulting in
lowered 8**Scas values (Lomans et al., 2002; Marenco et al., 2008a; Peng et al., 2014). The extent of
deviation from primary values is dependent not only on the amount and isotopic composition of the
contaminants but also on the chosen analytical protocols (Wotte et al., 2012; Fichtner et al., 2017). Even
working with well-preserved carbonate samples, generating a reliable CAS signal without incorporating
non-CAS contaminants is still a key consideration when using the CAS approach.

In order to produce reliable CAS signals, two different approaches have been proposed for CAS
extraction. The first of these techniques (Aim-I) aims to eliminate soluble salts and SAS, as well as hinder
further pyrite oxidation by washing samples in 10% NaCl solution before final extraction. It was first used
to isolate structurally substituted sulfate from both sedimentary carbonate and phosphate minerals
(Kampschulte and Strauss, 1998; Shields et al., 1999; Kampschulte et al., 2001). A slightly different
method was developed by (Shen et al., 2008; Li et al., 2010; Shen et al., 2011), who washed their samples
firstly with 10% NacCl for 24 h and then washed them three times with deionized water. Wotte et al. (2011,
2012) washed their samples with 10% NaCl until no leachable sulfate was precipitated, following addition
of barium chloride. A five times 10% NaCl wash in between washing with deionized water three times
has been widely used in recent years (Tostevin et al., 2017; He et al., 2019; Ma et al., 2021). The second
approach (Aim-II) aims to eliminate organic sulfur and disseminated pyrite by adding oxidants such as
NaOCl or H,O; (Burdett et al., 1989; Hurtgen et al., 2002; Marenco et al., 2008a; Guo et al., 2015). Various
comparative experimental studies have been carried out. One slight difference between these methods is
the leaching sequence using those solutions. For example, Burdett et al. (1989) soaked the samples with
5.25% NaOCl before the final CAS extraction step. Gellatly and Lyons (2005) rinsed their samples with
deionized water before adding the 5.25% NaOCI. Gill et al. (2007) added two more deionized water rinse
steps after washing with 4% NaOCI. Loyd et al. (2012b) washed samples four times with deionized water
before the NaOCI wash, although they consider their data to have been affected by pyrite oxidation. In
contrast to Loyd et al. (2012b), Thompson and Kah (2012) switched the order of deionized water and
NaOCl washes.

Other Aim-I trials to prevent sulfide oxidation have included using N, carrier gas under anaerobic
conditions to prevent the oxidation of acid volatile sulfides and pyrite (Newton et al., 2004; Bottrell and
Newton, 2006; Wei et al., 2020). Other Aim-II trials to use oxidants to remove reduced sulfur included
adding 30% H,O, for 48 h to 30-100g sample powder before or after rinsing with 10% NaCl solution and
deionized water (Shen et al., 2011; Xiao et al., 2012) and roasting the samples at 600°C for 4 h after a 10%
NaCl wash with a subsequent deionized water rinse to isolate phosphate-bound sulfate (Goldberg et al.,
2011). Highly concentrated 30% H>O» (aq) is not stable (might cause spontaneous combustion when in
contact with organic material) and will cause partial dissolution of the carbonate portions as H,O (aq) is

also a weak dibasic acid. Nevertheless, the addition of salt rinses, after deliberate oxidation, has the
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potential to guarantee the effective removal of both oxidized sulfide and the remaining oxidizing reagent.

Many of these CAS extraction techniques are very similar. Wotte et al. (2012) compared a range of
pre-leaching techniques: Aim-I: 1) 10% NacCl (aq); 2) pure water only (aq); and Aim-II: 1) 10% NaOCl
(aq) only; 2) 10% NaCl (aq) followed by 10% NaOCIl (aq); 3) 10% NaCl (aq) followed by 10% H>O, (aq).
The authors noted that pre-leaching with those oxidizing agents was insufficient to remove all non-CAS
contamination from even finely ground, bulk carbonate rock powder, while residual oxidants proved
difficult to eradicate fully. As a consequence, they recommended a single reagent NaCl pre-leaching
method (Aim-I), commenting further that the addition of oxidizing agents (NaOCl and H,O) as the last
pre-leaching step could potentially oxidize surviving sulfide minerals in the residue, thus contaminating
the extracted CAS sulfate. However, for organic and pyrite-rich carbonate samples, this simplified method
might still incorporate contaminant sulfur due to oxidation during the experiment.

In this study, we designed and compared three CAS extraction methods in order to eliminate all non-
CAS sulfur-bearing phases using oxidizing agents (Aim-II) for bulk carbonate rock CAS extraction. Pure
reagents need to be used so as not to add contaminant ions, while methods need to ensure that oxidants
are completely removed in the final CAS extraction steps. The three methods are: (1) 10% H>O: (aq)
followed by 10% NaCl (aq); (2) 12% NaOCl (aq) followed by 10% NaCl (aq); (3) Combined NaOCl then
H,0; followed by 10% NaCl (aq). We compared these three oxidative leaching methods against a refined
single reagent 10% NacCl (aq) leaching method (He et al., 2019) in order to identify contaminant sulfur
sources and their influence on the measured CAS sulfur isotope values. Here we present the results of
those experiments in order to establish a more effective CAS extraction protocol for dealing with

problematic organic and/or pyrite-rich carbonate rocks.

3 Sample selection, pre-treatment, and analytical methodology

We first extracted CAS using a single 10% NaCl method (method 1) for around 80 carbonate samples
during the Ediacaran Period in South China and then selected four representative samples to test the
oxidative methods. Basic descriptions of the selected samples are given in Table 1, while more detailed
descriptions can be found in the Supplementary Materials. The samples were selected based on three
criteria: 1) the most common carbonate rock types; 2) a wide range of CAS concentrations and 8**Scas
values; 3) a wide range of pyrite and TOC contents.

Hand specimens of these samples were first cleaned with water and cut into small blocks in order to
remove weathered surfaces before being heated in an oven at 60°C for 48 hours to dry them out thoroughly.
One of the dried blocks was used for making thin sections at University College London (UCL) and
studied petrographically. The other blocks were first broken into small pieces, and only the pieces without
veins were chosen to be grounded into powder in a tungsten carbide Tema mill and crushed again by hand
with an agate mortar to maximize its surface area and expose interstitial pyrite. After the crushing process,
the machine was cleaned carefully with DI water and acetone to prevent contamination between samples.

For the elemental test, including Ca, Mg, Mn, Sr, Al, K, Fe concentrations, around 20mg of carbonate
rock powder was dissolved in 10ml 2% HNOs overnight and centrifuged before being analyzed using a
Varian® 720 ICP-OES at the London Geochemistry and Isotope Centre (LOGIC) at UCL. The Laboratory
control solution standard samples were tested after every 20 samples to monitor the drift and precision.
The analytical precision for all elemental analyses was better than 5% (1SD).

Pyrite density was estimated using a petrographic microscope at UCL. Pyrite crystals were counted

within a 1x1 mm? area. For each sample, five representative 1x1 mm? areas were chosen to estimate the
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pyrite density of the sample. The pyrite crystal sizes are relatively homogeneous and range from 7-16pum
(See supplementary). The final qualitative pyrite density reflects the average number of pyrite crystals
within a 1x1 mm? area in each thin section. Samples with pyrite density < 10/mm? were labelled as low
pyrite density, 10/mm? < pyrite density < 100/mm? labelled as medium pyrite density, and pyrite density >
100/mm? labelled as high pyrite density.

Solid inorganic sulfides, operationally defined as acid volatile sulfur (AVS) and chromium reducible
sulfur (CRS), were extracted in the Geobiology Laboratory at the University of St Andrews using the
chromium reduction method, as previously described (Canfield et al., 1986; Zerkle et al., 2012; Izon et al.,
2015). Briefly, 5-10 g of rock powder was placed in a tri-neck flask and sequentially refluxed with 6M
HCI to release AVS, followed by acidified 1M CrCl, to release CRS. The resulting H>S gas was carried
on a stream of oxygen-free N into a solution of AgNO3 and captured as silver sulfide (Ag»S) for sulfur
isotope analyses.

We used deionized water and sulfate-free reagents for cleaning and oxidative leaching in this study
(see Method X). The detail of the CAS extraction procedures will be discussed later. After CAS extraction,
sulfate was collected as barium sulfate using excess BaCl, (aq). The BaSO4 from CAS extraction and Ag>S
from AVS, CRS extraction were weighed into tin cups plus vanadium pentoxide catalyst and combusted
at 1,080°C to yield SO, for sulfur isotope analysis by EA-IRMS (ANCA-GSL20-20; SerCon®, Crewe,
UK) on dried residues of > 0.05mg at the Iso-Analytical Ltd. Laboratory, UK. The reference material used
for analysis was IA-R061 (barium sulfate, §**Scpr = +20.33%o). IA-R025 (barium sulfate, 3**Sv.cpr =
+8.53%0), 1A-R026 (silver sulfide, §**Sy.cpr = +3.96%0) and IAEA-SO-5 (barium sulfate, 3**Sv.cpr =
+0.5 %o). S isotope values are reported in the 8 notation against V-CDT. We also obtained %S data from
the total ion beam data recorded by the mass spectrometer, which was then used to calculate the purity of
the precipitates. Duplicate samples and reference samples (IA-R061 and IAEA-SO-5) were measured
every five samples for quality control. Analytical precision was better than 0.06%o (1SD).

Total organic carbon (TOC) content was analyzed using a Leco® CS-200 carbon analyzer at UCL.
About 1g of sample powders was weighed and reacted with excess 10% HCI to eliminate carbonate,
followed by repeated rinsing with Milli-Q water to remove contamination. The residual was dried at 40°C
for 48 hours for the TOC test. Analytical precisions within 1% (1SD).

Table 1: Selected late Ediacaran carbonate samples from South China (QLKS = Qinglinkou section, CC = Zhimaping section, LH

= Lianghong section). Pyrite density: Low < 10/mm?; Medium 10-100/mm?; High >100/mm?.

CaCO; [CAS] Pyrite %Scas (%o)
Sample Geological unit Lithology
(wt%) (ppm) Density NaCl rinse

Grey fine-grained
Upper Shibantan Member, 3.70/mm?
QLKS18 dolomitic limestone rock 50.36 21.73 35.84
Dengying Formation Low
with white calcite veins

Dark grey thinly laminated
Middle Shibantan Member, 22.50/mm?
QLKS6 micritic limestone rock 91.63 27.29 46.00
Dengying Formation Medium
with white calcite veins

Dark thin banded micritic

Lower Shibantan Member, 236.10/mm?
CC3 limestone rock rich in 76.63 111.53 36.52
Dengying Formation High
organic matter.
Member 111, Doushantuo Grey fine-grained banded 17.90/mm?
LHAG6.5 84.92 78.84 20.21

Formation limestone Medium
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4  Refined NaCl leaching method (method 1)

Many previous studies used large amounts (30-250g or even larger) of samples for CAS extraction
(Wotte et al., 2012; Xiao et al., 2012; Shi et al., 2018; Toyama et al., 2020). However, using smaller and
more finely ground samples can significantly decrease the risk of contamination by non-CAS components
in bulk carbonate powders, especially for deep-time CAS studies. Moreover, incomplete leaching due to
large sample sizes can mean that measured CAS values might not represent the whole rock CAS signals.
In these regards, the NaCl leaching method (Kampschulte and Strauss, 1998; Wotte et al., 2011; Wotte et
al., 2012) (see Fig. 1-A) has been applied increasingly to smaller samples (~10g) for pre-Cambrian and
Cambrian studies (Tostevin et al., 2017; He et al., 2019). In this study, we tested around 80 samples before
comparing methods and found that 8-10g samples are large enough in this case to extract sufficient CAS
for isotopic analysis.

It has been shown by (He et al., 2019; He et al., 2020) that the sulfur concentration in the NaCl-
leachates declines dramatically through sequential leaching, reaching near blank levels after the third or
fourth leach for most carbonate samples. In our study, rock powder was leached therefore five times in an
actively mixed 10% NaCl solution over 24 hours, followed each time by centrifugation to remove the
supernatant. Between each leach, the residue was washed three times with deionized water. After the final
leach with NaCl solution, the residue was washed five times with deionized water, followed by immediate
CAS extraction using 6 M HCl (aq).

After the pre-leaching, we used excess acid (6M HCI) for the final dissolution step (8-10g samples)
for all tested CAS extraction methods (Fig. 1-D). Reaction time was kept to no more than 30 minutes to
minimize the potential of pyrite oxidation (He et al., 2019). The solution was then filtered using a
polyethylene syringe and a 0.2pum polypropylene membrane filter (Wynn et al., 2008). Some previous
studies used saturated BaCl, solution (358g/L, 20°C, ~26.4%) to precipitate barium sulfate at room
temperature (Wynn et al., 2008; Li et al., 2017; Tostevin et al., 2017; Edwards et al., 2019; He et al., 2019).
Some others used 12% BaCl, (Wotte et al., 2011; Wotte et al., 2012), 10% BaCl, (Markovic et al., 2016),
or 8.5% BaCl, (Theiling and Coleman, 2015) to precipitate sulfate. However, adding saturated BaCl, (aq)
into the decarbonated HCI solution may cause BaCl, to precipitate instead of BaSO4, thus removing Ba?*
ions from the solution that might have reacted with SO4*. After several tests, we found that adding 1.5 ml
200g/L BaCl, (aq) improved the purity of the yield (Fig. 1-D). Another option for future studies could be
to use sulfate-free barium iodide or barium nitrate.

In this study, 1.5 ml 200g/L (~16.7%) BaCl, (aq) was added to the filtrate. Once sealed, sample tubes
were left at room temperature for 3-4 days in order to precipitate released trace sulfate as barium sulfate.
After centrifugation and supernatant removal, the residue was rinsed with 6M HCI and deionized water to
remove any remaining acid-soluble components, such as BaCl, and BaCOj3, and dried at 60°C for three
days. Finally, precipitates were collected in a tin capsule for §**S analysis on EA-IRMS. Although we
washed the precipitates beforehand, some samples were still not pure barium sulfate (possibly containing
residual BaCl, or H>O). We back-calculated the BaSOs yield based on the %S data.

This method is easy to handle and can remove most water-soluble sulfate and SAS in the carbonate
powder. However, the method does not seek to eliminate AVS, CRS, and organic sulfur, which could
undergo partial oxidation during CAS extraction. Therefore, this method could potentially generate a
different, most likely lower 8°**Scas value compared with the actual carbonate value, which should

approximate the §**S, value of contemporaneous seawater.
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5 Three oxidative leaching methods
5.1 H:0:and NaOCl leaching (methods 2a and 2b)

These two methods were developed from a combined NaCl-NaOCI leach method, as applied by (Gill
et al., 2011a; Gill et al., 2011b), in which 10% NaCl solution is first added to the samples for 24h.
Subsequently, 5-10 g of the carbonate powders are washed twice with deionized water and then soaked in
4% NaOCl solution for 48h in order to oxidize the non-CAS sulfur. Two additional washes with deionized
H,O follow this step. Wotte et al. (2012) argued that this method has the following drawbacks: 1) It cannot
ensure the elimination of pyrite; and 2) It cannot totally remove the oxidants before CAS extraction.
Consequently, if the powder is not sufficiently fine, interstitial pyrite might be oxidized in the subsequent
CAS extraction process by a combination of Fe (IIT) and any oxidants that remain in the slurry (Equation
5-8).

In our revised single oxidative methods (Fig. 1-B), samples were leached firstly with 10% H>O, (aq)
solution (method 2a) or 12% NaOCI (aq) solution (method 2b) for 24 h in order to remove the SAS
(Equation 9, 10), organic sulfur and pyrite (Equations 5-8). As NaOCl (aq) and H,O> (aq) are not stable at
high concentrations, we chose a relatively stable concentration for this study. All the anticipated reactions
in the slurry are shown in Equations 1-10. These oxidants have been widely used by, for example
(Ohkouchi et al., 1999; Hurtgen et al., 2002; Newton et al., 2004; Shen et al., 2011; Loyd et al., 2012a;
Xiao et al., 2012). The leaching procedure was repeated three times for 24h each. In order to disintegrate
the powder further, remove the calcium sulfate coating on pyrite crystal surface (Brunner, 2003) and
maximize pyrite surface area, an ultrasonic bath was used between vigorous shaking using a rotator. The
residue was washed three times with deionized water between each leach to remove the oxidized sulfur in
the slurry. Nearly no barium sulfate precipitate was observed after the third leach, after which the residue
was washed repeatedly using the refined 10% NaCl (aq) leaching method (Fig. 1-A) to remove the

remaining sulfate, SAS, and remaining oxidant in the slurry.

ClO" + 2Fe*" + H,0 — CI' + 2Fe** + 20H" Equation 1 (soluble iron oxidation)
7ClO" +2S" + 20H" — 2S04> + 7CI' + H,O Equation 2 (sulfide oxidation)

2S + 4H,0; — SO4* + 4H,0 Equation 3 (soluble iron oxidation)
2H* + Hy0, + Fe** — 2Fe’* + 2H,0 Equation 4 (sulfide oxidation)
2FeS; + 15CIO™ + 20H" — 2Fe*" + 4S04% + 15CI + H,O Equation 5 (Pyrite oxidation)
2FeS; + 9H,0, (aq) + 2H" — 2Fe*" + 25042 + 10H,0 Equation 6 (Pyrite oxidation)

FeS, + 14Fe’" + 8H,O — 15Fe?" + 2S04 + 16H* Equation 7 (Pyrite oxidation)

FeS, +3.50, + H,0 — Fe?* + 28042 + 2H" Equation 8 (Pyrite oxidation)

ClO (aq) + SOz (g) + 20H™ — SO4* + CI' + H,0 Equation 9 (SAS oxidation)

H>0; (aq) + SOx(g) — SO4* + 2H* Equation 10 (SAS oxidation)

5.2 Combined NaOCI-H:0: leaching (method 3)

According to the study by (Wotte et al., 2012), it is hard to completely eliminate oxidants in the slurry.
The new combined oxidative leaching method (method 3) in this study was designed to solve this issue
(Fig. 1-C). After final leaching with NaOCI and Milli-Q water in method 2b, 1% H>O, (aq) was added to
the slurry in order to remove the NaOCI (Equation 11). Using only 1% H>0- (aq) could minimize the

potential for dissolution of our carbonate samples as H,O is a weak acid. The absence of bubbles shows
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whether the NaOCl was successfully removed from the slurry. Moreover, the addition of hydrogen

peroxide will not add further contaminant ions to the slurry, while being unstable, it can be easily removed
by heating at 90°C (Equation 12), followed by the refined 10% NaCl (aq) leaching method, as shown in

Fig. I-A.

NaOCl (aq) + H,0; (aq) — NaCl (aq) + Oz (g) + H,O

2H,0: (aq) — 2H,0 + 02 (g)

Equation 11 (NaOCl removal)
Equation 12 (H>O, removal)

A Carbonate powder (5-10g)

|1oss Nl =all=ach o melnoaln sih e 1)|

NaCl (10%) rinse for 24h on rotator

[Centrifuge and remove the supernatant|
]

| Rinse residue with Milli-Q water 3 times
]

Centrifuge and transfer the final leachate to a ‘

Repeat 4 times

new tube.

1
Test S concentration using ICP-OES
inthe final leached solution;
Or add 1.5m! 200g/L BaCl, to check precipitant
—_———

If no sulfur detected;
Or no BaSO, precipitant

Ifsulfur detected;
Or presence of BaSO,

CAS extraction

B Carbonate powder (5-10g)

‘ Single oxidative leaching method {method 2) |

H.0, (aq) leach NaOClI (aq) leach

Add 40ml 10% H,0, (aq) | Add40m|‘|2%NaOC|taq]‘
T T

d

Shake in ultrasonic bath for 2dh | Repeat 3 times

I

Rinse 3 times with Milli-Q water
Store properly for next step

10% NaCl (aq) leach (method 1)

CAS extraction

Repeat 3 times

i Carbonate powder (5-10g)

‘ Combined oxidative leaching method (method 3) l

Combined NaOCI-H,0, (aq) leach

Add 12% NaOCI (aq)
I

IShake in ultrasonic bath fnr24h|

Repeat 3 times

|Rinse 3 times with Milli-Q water

Shake in ultrasonic bath for ~2h
until no bubbles coming out

| Rinse 3 times with Milli-Q water ‘

| Centrifuge and remove the supernatant }

| Dry out the residual at 90°C for 72h ‘

10% NaCl {aq) leach (method 1)

CAS extraction

D CAS extraction

Carbonate
Dissolution

I Add excess 6M HCl| solution into the residue |

| Dissolve the residue in less than 30 mins ‘

Centrifuge and filter through PP 0.2um
membrane syringe filter

- e— — |
‘ Test S concentration | i

The S(;‘L:tTOn is ready
using ICP-OES

to precipitate BaSO,

Add 1.5ml 200g/L éaClzlc the solution
.
Swirl gently and store in fridge (10°C) for 2h
i [ i
: ‘Leave to precipitate atroom temperature for 3 days

i Ceﬁlrifuge and remove the supernaianf

Leach the precipiténtwith 6M HCl and
Milli-Q water to remove soluble components
: | — -
Dry out the BaSO, precipitate at 80°C for 48h

1 .
‘ Weigh the BaSO, precipitate and
store properly for 6S test

Fig. 1. New designed and tested carbonate-associated sulfate (CAS) pre-leaching and extraction protocols in this study.

A: Refined 10% NaCl (aq) pre-leaching method (method 1). B: Single oxidative-NaCl pre-leaching methods: 10% H,O, (aq) leach

(method 2a) and 12% NaOCl leach (aq) (method 2b). C: Combined NaOCI-H,0,-NaCl pre-leaching method (method 3). D:

Refined CAS extraction protocols.
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6 Results

Leachate precipitate weights, sulfur isotope values, and final CAS sulfur isotope values are shown in
Table 2. Because precipitates are rarely pure barium sulfate, we back-calculated barium sulfate weights
based on the purity data obtained during isotopic analysis. The leachate precipitate sulfur isotope values
are shown as 8**Sg;, and the final CAS sulfur isotope values are shown as §**Scas. For method 2a, as H>O;
(aq) is a weak dibasic acid, it will cause partial dissolution of samples. Moreover, H>O, (aq) is not stable
and might cause spontaneous combustion at concentrations higher than 8% in contact with organic
material, so we have not tested the leachate sulfur isotope value of all samples using method 2a. As
QLKSI18 is a dolostone sample with a low sulfate concentration (Table 1), we failed to get the final CAS
sulfur isotope data. All the elemental test data are shown in the Supplementary Information (Table S1).
Sample LHAG.5 is a pure limestone with very low pyrite and TOC content, so we did not obtain AVS and

CRS sulfur isotope values from this sample.

Table 2. Leachate precipitate weight, sulfur isotope composition, and final CAS sulfur isotope values from different pre-leaching
methods together with the TOC content, AVS, CRS concentration, and its sulfur isotope values of the samples.

TR

means too low to get a reliable value. SL = solution. S isotope values are reported in the 8 notation against V-CDT.

Powder Rinse BaSO, Leachate CAS Method 1 AVS CRS TOC
Sample | Method
weight (8) Times Corrected (mg) 5y, (%)  8Scas (%) | 380 s (%0)  S(ppm) 58,y (%0} S (ppm) 87Scps(%o) (W1%)
1 1.39
2a 7.59 2 1.84 -- --
3 1.09
QLKS18 1 0.08 20.65 35.84 4.00 -- 9.75 30.47 0.022
2b 8 2 0.63 -- -
3 0.33 =
3 8 4 0.12 - .
1 0.34
2a qi5 2 0.77 - =
3 0.17
QLKS6 1 0.12 31.82 46.00 1.41 -- 90.50 37.16 0.14
2h 8 7 0.15 2028 46.37
3 0.05 --
3 8 4 0.03 - 46.79
1 133.37
2a q.50 2 2.42 = e
3 0.16
O3 1 134.24 2415 36.52 16.05 2426 1769.16 22.19 2.33
2b 8 2 0.84 2045 36.91
3 0.04 18.88
3 8 4 0.04 - 37.42
1 0.13
2a eaail 2 1.09 -- --
3 0.29
LHA®6.5 ! 0.08 20.21 1.37 -- 13.77 - 0.013
2b 8 2 0.33 -- 20.72
3 0.11
3 8 4 0.08 o= 20.86
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7  Discussion

7.1  Evaluation of the three oxidative leaching methods

NaOCl leachates with a pink to brown color show how after adding oxidants to the slurry, iron (likely
in the form of pyrite) and possibly TOC, have been oxidized (supplementary Fig. S1). Fig. 2-A, B shows
that the final barite precipitate (back-calculated) weight from the leached solutions using all these three
tested methods shows a similar trend towards zero after the third leach. Only sample CC3, which is dark
limestone with the highest pyrite density and TOC content, shows a continuously decreasing trend of the
precipitate weight (grey line). The other samples show that the second leachate has the most sulfate. The
third and fourth leachates have similar precipitate weights almost below the lower limit for S isotope
analysis (Fig. 2-C), which confirms that nearly all the contaminant S has been removed by leach steps 3
or4.

All leachates have significantly lower sulfur isotope 3**Ss1. values compared with the final §3#Scas
values (~ 13-26%o lower) (Table 2), indicating that the leaching process removes contaminant sulfur-
bearing species (atmospheric sulfate or SAS, organic sulfur, and pyrite) rather than CAS. The first
leachates from samples QLKS18, QLKS6, and CC3, all from the Shibantan Member of the Dengying
Formation, have the highest sulfur isotope values with 3**Ss;, of 20.65%o, 31.82%o, and 24.15%o
respectively, whereas second and third leachates of those samples have consistent 8°*Ss;, values around
20%o.

Fig. 2-D shows the final 5**Scas value using the different methods. Compared with a single reagent
10% NaCl (aq) pre-leaching method, our methods 2b and 3 show incrementally higher final 3**Scas values
for the same sample. For samples QLKS6, CC3, and LHA®6.5, there is a systematic difference of 0.79%o,
0.90%o, and 0.65%o, respectively, between the NaCl leaching method and the combined oxidative method
3. These relative differences (see Fig. 2-E) mirror the samples’ visually estimated pyrite density (17.9,
22.5, and 236.1) and measured AVS + CRS contents, respectively (Table 2). Our experiment reveals
method 3 to be the favoured method in the sense that it will more likely result in pristine CAS sulfur
isotope values for pyrite-rich samples. Although systematic in direction, the differences are relatively

minor, due perhaps in part to the high §#Sg1, 6**Scrs, and §3*Savs values, relative to §#Scas.

7.2 Contaminant sulfur evaluation

Atmospheric SO, can potentially influence final CAS sulfur isotope values but is relatively hard to
evaluate (Peng et al., 2014). Moreover, SAS sulfur is likely to be sorbed onto the surfaces of carbonate
crystals (Edwards et al., 2019) and so ought to be leached out with repeated rinsing with 10% NaCl (aq).
In this study, therefore, we mainly tested the S isotope values of AVS and CRS (pyrite) in each sample and
the TOC content in order to evaluate the potential influence of other sulfur-bearing contaminants on our
final CAS sulfur isotope values. Sample CC3, which has the highest pyrite and TOC content, exhibits the
greatest difference between CAS sulfur isotope values. Although LHA6.5 and QLKS6 have similar TOC
contents, sample QLKS6, which has a higher CRS concentration, shows a greater change in the final CAS
value. Our results confirm therefore that TOC content and/or pyrite content can significantly influence
measured 5**Scas values (Fig. 2-E).

Fig. 2-F shows that except for sample CC3, leachate §**Ss;. values are lower than 3**Scrs. As pyrite
sulfur and organic sulfur compounds (OSC) are the two main sulfur sources in TOC-rich carbonate

samples (Werne et al., 2003), we consider therefore that OSC might lower the leachate sulfur isotope



328
329
330
331
332
333
334
335
336
337
338
339
340

values. The origin and composition of the organic sulfur compounds are still not fully understood, but it
has been reported that organic sulfur isotope values are at least 8%o lower than ambient seawater sulfate
(Siedenberg et al., 2018), while kerogen sulfur was reported to range widely between -32.6%o0 and 30.3%o
in Archean stromatolite samples (Bontognali et al., 2012). The first leachate precipitate weight of sample
CC3 is around 100 times higher than the highest values from the other samples, even though its AVS +
CRS concentration is only 20 times higher, indicating perhaps that the difference between 6**Sg. and
8%*Scrs values was caused by oxidizing other sulfur sources, possibly the OSC.

We note that 5**Sg1 values show a decreasing trend and that leachates 2 and 3 have relatively stable
isotope values of around 20%e.. It seems that the first leachate is more complex, whereby the first leachate
of sample CC3 has nearly the same sulfur isotope value as AVS: 24.15%o and 24.26%., respectively. As
SAS is unlikely to influence leachate sulfur isotope values, the first leachate seems more likely to represent
a combination of both AVS and CRS. However, leachate 2, and especially leachate 3 might be more

influenced by the oxidation of organic sulfur.
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Fig. 2. Comparison and evaluation of four methods result in this study. A: Barite precipitate weight from 3 leachates using method

2a. B: Barite precipitate weight from 3-4 leachates using method 2b (shaded in pink) and 3 (shaded in green). C: Leachate sulfate

sulfur isotope values 5**Sg;. D: Comparison of the final CAS sulfur isotope value §**Scas using three different methods (NaCl only,

methods 2b, and method 3). E: Comparison between the gradient of CAS §%*Scas increase from NaCl pre-leaching to method 3 and

samples’ CRS concentration and TOC content (The %o increase refers to the increase in the 3**Scas values from method 1 to

method 3). F: Comparison of the leachate precipitate S isotope value with pyrite S isotope value showing the leachate S isotope

values are consistently lower than the coeval pyrite S isotope values. Sample CC3 (dark limestone with the highest pyrite density

and AVS + CRS concentration) has the highest % increase of the final **Scas value, then QLK S6 (dark grey limestone), then

LHAG6.5 (grey limestone).
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7.3  Comparisons with published CAS data

This study investigated the sulfur isotope systematics of three carbonate samples from the Shibantan
Member, Dengying Formation (CC3, QLKS6, QLKS18), and one sample from Doushantuo Member 111
(LHA®6.5) (supplementary Fig. S2). In the Yangtze Gorges area, the Dengying Formation is subdivided
into three members, which from bottom to top are the siliceous dolostone Hamajing Member, dark banded
limestone Shibantan Member, and light grey dolostone Baimatuo Member. These three members can be
correlated with the Algal Dolomite Member, Gaojiashan Member, and Beiwan Member, respectively, in
the southern Shaanxi Gaojiashan area (Chen et al., 2015; Cui et al., 2016). At the Gaojiashan section, CAS
sulfur isotope values do not change much (average 42.40 + 3.74%o), Further afield, the Dengying
Formation is often correlated with the late Ediacaran Nama Group in Namibia (Tostevin et al., 2017). For
sample LHAG6.5, with the carbon isotope value -8.1%o (Lu et al., 2013), it can be correlated with relatively
stable values (-8.9%o0) from the upper Doushantuo member III (~ 120—140 m) at the Jiulongwan section
(Shi et al., 2018).

The CAS sulfur isotope data and A8*S data from this study and published equivalent samples’ data
are summarized in Table 3. Our average 8**Scas using method 3 is 40.02%o, which is comparable with
stratigraphically equivalent samples from the Gaojiashan Member, Gaojiashan section (42.40%o) (Cui et
al., 2016) but higher than values from the Gaojiashan Member, Lianghekou section (36.1%o) (Chen et al.,
2015) and the correlative Nama group (34.13%o) (Tostevin et al., 2017). Although we only tested three
samples from the Shibantan Member for this study, one sample yielded a 5**Scas value of 46.8%o, which
is higher than all published values from either the Gaojiashan Member or the Nama Group. Our results
suggest that the improved method 3 here could significantly prevent the inclusion of contaminant sulfur
(up to 15.2%o lower than resultant CAS, Table 2) and generate more reliable 83*Scas values. Moreover, by
oxidizing the contaminant sulfur, our new method 3 could prevent the incorporation of contaminant O
from water H>O or dissolved oxygen O (Equation 7, 8), which could potentially generate more reliable
CAS 8'80cas too.

In summary, our experiments outlined here demonstrate that method 3 is a potentially superior
method for handling organic-rich (high TOC content) and pyrite-rich limestone samples. However, If the
sample is pure limestone with low pyrite density and TOC content, repeated pre-leaching with 10% NaCl

is still shown to be both straightforward and relatively reliable.

7.4  Rethinking the ‘Superheavy Pyrite’

The phenomenon of high sulfide sulfur isotope values (higher than contemporaneous sulfate sulfur
isotope values) has been referred to as the ‘superheavy pyrite’ problem (Ries et al., 2009). However,
sedimentary pyrite sulfur 3**Spy can seldom if ever be isotopically heavier than its ambient sulfate
reservoir 3**Sgyifate, which has puzzled geochemists for decades (Canfield, 2001; Fike et al., 2015; Cui et
al., 2018). Superheavy pyrite has been reported from Neoproterozoic successions around the world, but in
particular from the late Ediacaran Nama Group (Ries et al., 2009). Data from Tostevin et al. (2017) indicate,
however, a much smaller A3**Scaspy in those same successions of only less than 1%o (-0.72 £ 5.68%o,
Table 3, supplementary Fig. S3), with only two samples having higher pyrite sulfur §3*Spy than 6**Scas.
In this regard, it may be significant that 3**Scrs values from our study, although high, up to 37.2%o, are
consistently lower than 8%#Scas values from the same sample. It may still be argued therefore that

‘superheavy pyrite’ might just be ‘heavy pyrite’, which can be achieved in a low sulfate environment via
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Rayleigh distillation (Chen et al., 2008; Ries et al., 2009; Wood et al., 2015). Cui et al. (2018) proposed
that post-depositional TSR might generate high pyrite sulfur 8**Spy. However, hydrothermal activity is a
local process, and not all isotopically heavy pyrite has been subject to hydrothermal influence (Wang et
al., 2019). Moreover, isotopically heavy pyrite might also form in shallow, high sedimentation rate
environments, which involves partial oxidation of the sulfide during frequent sedimentary reworking (Fike
etal., 2015). Until more reliable isotopic data come out, the origins or even existence of ‘superheavy pyrite’
(see also Wang et al., 2019) will likely remain obscure.

Table 3. Comparisons between CAS sulfur isotope values 5**Scas and A8**Scas py from this study and published data. ‘n’ indicates

the sample number. Errors are one standard deviation.

8%Scas 8%Scas
Lithostratigraphy Samples 334Scas mean A&3*Scas-py
highest lowest
This study
Shibantan member 40.02 + 5.92%o 10.08 + 4.95%0
46.79%0 35.84%o
Qinglinkou section (n=3) (n=3)
(Method 3)
Cui et al. (2016)
424 + 3.7%0 34.7 + 9.6%o
Middle Dengying Gaojiashan member 45.8%o 32.5%o
(n=42) (n=26)
Formation Gaojiashan section
(~550-546 Ma) Chen et al. (2015)
36.1 + 2.2%o
Gaojiashan member 37.8%o 33.1%o --
(n=4)
Lianghekou section
Tostevin et al. (2017)
34.13 + 5.34%o -0.72 + 5.68%o
Nama Group 45.43%o0 21.87%o
(n=51) (n=11)
Namibia
This study
Upper Doushantuo
20.86%o 20.86%o 20.86%o -
Lianghong section
(Method 3)
Doushantuo Member
McFadden et al. (2008)
I 20.7 + 8.6%o 22.8 + 10.0%o
Upper Doushantuo 43.5%0 6.9%o
(~570-551 Ma) (n=50) (n=18)
Jiulongwan section
Shi et al. (2018)
202 + 6.3%o 24.8 + 11.8%0
Upper Doushantuo 34.3%o 13.5%o
(n=14) (n=13)
Jiulongwan section

8 Conclusions

In this study, we designed and compared three oxidative CAS leaching methods with the refined
NaCl leaching method in order to establish a robust protocol for bulk carbonate rock CAS extraction. Our
experiments demonstrate that:

(1) The combined oxidizing method ‘12% NaOCI + 1% H»O, followed by repeated 10% NaCl

leaching’ is, by comparison, the most suitable method to handle samples with high pyrite and
organic contents. If the sample is pure limestone with low pyrite density, repeated pre-leaching

with 10% NaCl is more straightforward and relatively reliable.



414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

(2) Our new method 3 could prevent the incorporation of contaminant O from the water H,O and/or
dissolved oxygen O, which could potentially generate more reliable CAS §'¥Ocas.

(3) The final CAS sulfur isotope values (3**Scas) using the combined 12% NaOCl + 1% H,0,
method were between 0.65%o and 0.9%o higher than rival methods.

(4) Even with short reaction times (<30 min) to extract CAS, non-CAS contaminants (organic sulfur,
and especially pyrite sulfur) still have the potential to lower final CAS sulfur isotope
compositions 5**Scas.

(5) Our experiment confirms that a single leaching step with oxidizing reagents is commonly not
enough to remove all contaminant sulfate.

(6) By adding oxidizing agents NaOCI and H,O,, we successfully oxidized pyrite and OSC. The
first leachate likely represents a combination of both AVS and CRS. However, leachates 2 and 3
are more likely to represent the organic sulfur isotope values 8**Sosc.

(7) Our study suggests that organic sulfur isotope values 3**Sosc can be significantly different from,
and in this case, lower than the coeval pyrite sulfur isotope value §3*Spy.

(8) Our data fit well with published data from South China and Namibia but show consistently high
53*Scas values.

(9) With only ~0.7%o difference between CAS sulfur and pyrite sulfur isotope values A8**Scas.py in
published ‘superheavy pyrite’ studies, it is worthwhile to revisit such cases with improved CAS

extraction methods in future studies.
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Supplementary Information:

Table S1. Elemental concentrations of the acid-soluble fractions of the samples measured by ICP-OES. Carbonate content (%):

weight percentages of acid-leachable content (CaCO; + MgCOs).

Sample Ca (%) Mg(ppm) Al(ppm) K(ppm) Fe(ppm) Mn(ppm) Sr(ppm) Mn/Sr Mg/Ca Sr/Ca Fe/Ca  Carbonate content (%)

QLKSIS  20.14 122301 154.37 43 .42 38.59 155.81 43.42 3.59 061 0.00022  0.00019 93.16
QLKS6  36.65  11917.94  47.71 2385 4.77 3292 112595 0.029 0033 00031  0.000013 95.80

cC3 30.65 8433.85 121.60 32588  525.29 14.11 3706.23  0.0039 0028  0.012 0.0017 79.57
LHA6.5 3397  3398.95 130.19 91.19 1940.90  333.85 207.06 1.61 0010 0.00061  0.0057 86.11

QLKS18 LHAG.5

Fig. S1. NaOCl leachate with pink to brown colour showing the pyrite and possibly TOC has been oxidised.
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Fig. S2. Comparison of the published §**Scas (%o) and the data from this study using method 1 (orange circles) and method 3 (red
square). Sample LHAG.5 is from the Lianghong section. Sample CC3 is from the Zhimaping section. Sample QLKS6 and QLKS18
are from the Qinglinkou section. The blue dots are published data from (Cui et al., 2016; Shi et al., 2018). GJS = Gaojiashan
Member.
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Fig. S3. Comparison of published 5**Scas (blue color) and §**Spy (orange color) data measured from ‘superheavy pyrite’ sections.

A: Nama Group (~547.3 + 0.3 Ma) data from (Tostevin et al., 2017). B: Datangpo Formation (662.9 + 4.3 Ma to 654.5 + 3.8 Ma)

data from (Wang et al., 2019a). C: Box plots of corresponding data. The black lines and cross symbols in each box show the

median and mean values, respectively.




Diagenetic Evaluation

Samples with calcium carbonate content >70% and Mg/Ca <0.025 are shown in Fig. S4-A as
limestones (LM), calcium carbonate content >70% and Mg/Ca >0.025 are dolomitic limestones (DL) and
calcium carbonate content <70% are dolostones (DM). On this basis, Fig. S4-A shows that sample
QLKSI18 is near stoichiometric dolomite, while the others are limestones.

Cross-plots of Mn/Sr, Mg/Ca, Sr/Ca, and Fe/Ca are commonly used to evaluate the extent of
diagenetic alteration, as dissolution and recrystallisation can raise Mn, Fe, and Zn contents and lower Sr,
Na contents (Bartley et al., 1998; Kaufman and Knoll, 1995; Lan et al., 2019). Mn/Sr lower than 2, Sr/Ca
higher than 0.001, Mg/Ca lower than 0.257 and Fe/Ca lower than 0.01 indicate that the limestone samples
in this study have undergone limited diagenetic alteration (Fig. S4). The low CAS yield from sample
QLKSI18 is perhaps unsurprising due to dolomitisation, which typically occurs under sulphate-reducing
conditions (Fichtner et al., 2017; Staudt and Schoonen, 1995; Swart, 2015); however, we note that several
published studies report dolomite CAS isotopic data, implying that carbonate-associated sulfate can
withstand burial diagenesis and potentially record the paleo seawater 3**Scas signature (Fichtner et al.,
2017; Guo et al., 2015; Shi et al., 2018; Tostevin et al., 2017). Although we tried several times with sample
QLKS18, we failed to get enough BaSO4 precipitate for isotopic analysis.
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Fig. S4.: Cross-plot of the selected samples. DM: dolomite (calcium carbonate content < 70%); DL: dolomitic limestone (calcium
carbonate content >70%; Mg/Ca > 0.025); LM: limestone (calcium carbonate content >70%; Mg/Ca < 0.025). Thresholds for the
green shaded area (best-preserved samples) are Mn/Sr < 2, Sr/Ca > 0.001, Mg/Ca < 0.257 and Fe/Ca < 0.01.



Sample Descriptions

Thin. 'S_e‘c_:ti‘on

Fig. S5. Sample CC3: Dark thin banded micritic limestone rock rich in organic matter. Microphotographs show the rock is dark
grey banded fine-grained limestone (grain size ~0.028mm). A: Sparry calcite grains (PPL, x5). B: Organic-rich black mud matrix
(XPL, x5). C: Seminated pyrite (RL, x5). D: Euhedral pyrite (RL, x20). E: Framboidal pyrite (RL, x50). F: Pyrite with the shape of
a metazoan (RL, x50). PPL = plane-polarized light; XPL = cross-polarized light; RL: reflected light; Py = pyrite; Cal = Calcite.



QLKS18

Thin Section

Fig. S6. Sample QLKS18: The rock here is a fine-grained dolomitic limestone rock with some white calcite veins cut through.
Photomicrograph shows the rock is limestone (grain size ~0.019mm). A: Sparry calcite grains (PPL, x5). B: Calcite dyke cut
through the thin section (XPL, x5). C: Seminated euhedral pyrite (RL, x5).



Fig. S7. Sample LHAG6.5: The rock here is a grey fine-grained banded limestone (grain size ~0.022mm) from Doushantuo member

111, Lianghong section, Southern Sichuan. A-B: thin beded limestone (x2.5). C: euhedral pyrite (RL, x20)

Fig. S8. Sample QLKS6: This sample is dark grey thinly laminated micritic limestone rock (grain size ~0.027mm) with white

calcite veins cut through. Sample from Shibantan member, Dengying Formation, Qinglinkou Section. Microphotographs show the
rock is fine-grained limestone. A-B: Organic rich thin layer interbedded with the carbonate layers (x10). C: Seminated pyrite (RL,

x10). D: Framboidal pyrite (RL, x100). E-F: Sparry calcite grains inside the calcite vein (x10).
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