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ABSTRACT
We test whether chemosymbiotic bivalves with sulphide-oxidizing bacteriadréheir nutritional
strategy in the sulphur isotope composition of the carbonate-associated sulphate (G&i6shetls,
as a possible indicator of thiotrophic chemosymbiosis in the fossil redoechypothesis rests on the
possible incorporation 6fS-depleted sulphate resulting from sulphide oxidation in sufficient quantity
to affect the intra-shell sulphate-sulphur isotope mass balance and hence the isotopidiooroposi
sulphate, which is incorporated into carbonate with little or no fractionaiMe.analysed shell
material of lucinid (Lucinoma asapheus) and thyasirid (Thyasira vulcphitralves from active mud
volcanoes in the Gulf of Cadiz. Our results show thaCiA&-5°‘S values of the bivalve shells do not
reflect the variety of sulphur sources present at hydrocarbon seeps, but indyestard seawater
sulphate values. Low**S values were, however, measured in the animals’ soft tissues and shell
organic matter (SOM), both displaying a strong influence of the depleted sulphide used as nutrition by
the chemosynthethic bacteria. Given its potential for long-term preservation, S@Mherafore
represent a more promising record of chemosymbiosis in the fossil recotd, G from seep

bivalves can be used to reconstruct local seawater sulphate.
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INTRODUCTION
Carbonate-associated sulphate (CAS) is the trace sulphate incorporated into theflatit®nate

minerals and has been shownr¢oord the sulphur isotopic composition (§3*S) of the solution from

which the carbonate is formed (Kampschulte & Strauss, |2004). Therefore, CAS faoime m

carbonates typically reflects the isotopic value of ambient seawater sulphate, currently §3/S +20%o

Vienna Cafion Diablo troilite (VCDT) (Bottrell &aswell, 2000). However, at modern hydrocarbon

seeps multiple pools of sulphur exist, which could be incorporated into carbonateirposepof this
research is to determine the origin of seep-bivalve shell CAS, to evaluptteitdial as a record of
biogeochemical processes such as chemosymbiosis.

Hydrocarbon seeps are locations characterized by elevated concentrations of hydrooasbbns,

commonly methane, that are emitted at an ambient temperature (Van Dover et gl., 2@2). T

methane is produced deep within the seafloor and, when seeping upwards, the majority of the methane
is anaerobically oxidized within the sediment. Anaerobic oxidation of methanklYAgOcoupled to
high rates of microbial sulphate reduction, producing abundant sulphide. At shéghaiethane
flux, such as hydrocarbon seeps or mud volcanoes, the sulphide resulting froreattisnris
depleted in**S relative to seawater sulphate by-2®Ws (Deusner et al., 2014). THéS-depleted

sulphide is utilized by sulphide-oxidizing (thiotrophic) bacteria that live inbsysis with seep
invertebrates such as bivalves, which house the bacteria in their gillba@teeia oxidize sulphide to

release energy for fixation of inorganic carbon from seawater and for the poodo€torganic

molecules to provide nutrition for the bacteria and their bivalve host (Vé@ed|(Fisher, 199h)

Transfer of sulphide to symbionts and subsequent sulphide oxidation to sulphate caniaoecur v

number of pathways$ (Bruser, Lens & Truper, 4000; Taylor & Glover, [2Dbier et al., 2012)
resulting in further®'S-depletionranging froms3'S 1-10%. (Vetter & Fry, 1998). If this*S-depleted

sulphate is incorporated into the carbonate shells of molluscs via the extrdhadiaCAS from

chemosymbiotic bivalves will be depleted®i$ relative to seawater sulphate. The preseficéSe
depleted sulphate in CAS could therefore be construed as evidence of bacterial suliolaitignox
occurring within the shell, and thus a likely indicator of thiotrophic asymbiosis. To determine
this, we analyseé&'S-values othe shell CAS and intercrystalline shell organic matter (SOM) of two
species of deep burrowing thiotrophic bivalves belonging to the familig$nidae (Lucinoma

asapheus) and Thyasiridae (Thyasira vulcojyRedrigues et al., 2013).

MATERIAL AND METHODS

The specimens analysed were collected from active mud volcanoes in the Gulf of Tadntiz 1),
that display relatively mild fluxes of methane and sulphide, with a methane-sulphate traosié@f z
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108 80 cm at the Mercator mud volcano (MV) and 20-55 cm at the Carlos Ribeirp MVR&tasbergen
109 |et al., 200Y; Niemann et al., 2Q06). In the Gulf of Cadiz a large number of chemotigrabécies

110  have been identified, including 11 bivalve species from four families with cherbasjormembers
111  (Solemyidae, Lucinidae Thyasiridae and Mytilidgde) (Rodrigues et al.,| 2010, [2013; &fia

112 |2011). The collected specimens of Lucinoma asapheus and Thyasira vulcolutre show no e¥idence

113  any sulphide staining in either live or dead specimens. This is an important absesirate it makes
114  the contamination of CAS by sulphide oxidation during extraction less likely. Priviouislished

115  soft-tissue values for our specimens are as foll6¥S: lucinids = 15.96%o; thyasirids = -21.92 to +

116  1.03%0 (Rodrigues et al., 2013).

117

118 CAS and SOM extraction methods

119  All soft tissue was removed from the live collected specimens, and the shallaniabm these and
120 dead shells was cleaned in deionised water in an ultrasonic bath for 1® meémove surface
121  contamination before drying overnight at 0. The shell material was then powdered in an agate
122 pestle and mortar and sieved to ensure all material was <150 um. To extract kalpidito inter-
123 crystalline organic compounds, powdered material was weighed and treated with a A%#) (vol
124  NaOCI solution overnight, before vacuum-filtering onto weighed glass-fitier papers (Whatman
125  GFA). The powder was dried and the weight loss from the NaOCI extractiodetesnined. The
126 sample was then dissolved in 50% (6 M) HCI to liberateGAS. BaSQ for isotopic analysis was
127  precipitated from both the NaOCI and HCI solutions by adjusting the pH to between 2.5wihd 3
128  either HCI or ammonium hydroxide before heating to a@@RC and adding 10% of the volume of
129  the sample solution of 100g/I BaCl solution. Whereas the HCI precipitatain®rine CAS, the
130 NaOCI precipitate represents the intercrystalline SOM. The proteinaceous SOkké&htpas an
131 organic framework around and within the carbonate crystals, to guide nucleation ardk prov
132 strengthening of the shgll (Berman et al., 1p90; Kamat et al.)|RQ0th et al., 201P). Because SOM

133 is secreted by the mantle, it has been shown to reflect the isotopic composition of the animal’s soft

134  tissues| (O'Donnell et al., 20H)3; Dreier et al., 2012). The amount of sulphuefchrextraction was

135 determined by gravimetry. Because BaSiPecipitates are sometimes impure, the concentration of
136  sulphur contained in the BaSO4 precipitate was determined during the isotope asmadlysssd to

137  correct the weight of sulphur recovered.

138 Isotope analyses were performed using a Eurovector 3028etfiental analyser coupled to an
139  Isoprime mass spectrometer at the University of Leeds. Between 250 and) 400BaSQ were

140  weighed into tin cups and combusted at 10€0in a pulse of pure oxygen (BOC, research grade
141  N5.5) in a stream of helium (BOC, CP grade) at a flow rate of &»iml The stream of gas was
142  passed through tungstic oxide, copper wire and magnesium perchlorate to ensure igeiantitat

143  conversion to S& and to remove excess oxygen and water, before passing througm a 1-
Page 4 of 14



144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178

chromatographic column designed for sulphur analyses (Elemental Microanalysis, part ng. E3002
held at 85°C. The isotopic ratio of the sample gas was determined relative to a pylseedbQ
reference gas (BOC, 99.9%) and calibrated to the international VCDTustatea BaS@internal
laboratory standard SWS-3A, derived from seawater sulphate viitfs avalue of +20.3%o and an
international chalcopyrite standard CP-1 wité*% value of 4.56%o.. Standards were run every 8-10
samples. The analytical precision is <0.3%o (1 standard deviation). Sulphur isotopes are given as

values in per mil (%o) relative to the VCDT standard.

RESULTS
The mean CAS®S values are +18.91.0%o for the lucinids and +19.4+1.8%o for the thyasirids
(Table 2, Fig. 1), showing no significant difference between the two taxa (ANGVAD.737). A
significant difference (P < 0.05) was found in the CAS concentrations (expresSed ése whole
shell powder) between the thyasirid shells (4085 ppm, meanz one standard deviation) and the
lucinid shells (206 92 ppm) (ANOVA: P = 0.043). The lowest concentrations of CAS were
produced by the dead collected shells of both Thyasira vulcolutre and Lucinomaussdopiehere
was no correlation between CAS concentration and G&S-values. Both the amount of organi
material removed from the shell by bleaching (T. vulcolatr&.5% mean weight loss, L. asapheus
-1.35%, ANOVA: P = 0.277) and the concentration of organic-S in the shell (ppm in untreated
material: 111+ 21ppm S for lucinids and 8t 67 ppm S for thyasirids, ANOVAP = 0.159) were
similar. Thed%'S of the SOM-bound sulphur released by the NaOCI leach for thyasirids ranged from
+1.6 to +8.8%0 and for lucinids from -1.6 to +2.1%. (no significant difference between the groups; P
0.080), andwas significantly different from CAS**S for both T. wulcolutre (ANOVAP = 0.007)
and L. asapheus (ANOVAP = < 0.001). Soft tissué*S values obtained from Rodrigues et al
(2013) (Table 1) are also distinct from the C&%S values (thyasirids ANOVAP = 0.043, lucinids
ANOVA: P =0.001) (Fig. 2).

DISCUSSION
5*S of CAS as a potential indicator of chemosymbiosis
Our results indicate that th#*S-CAS in the carbonate shell of chemosymbiotic bivalves at active
mud volcanoes is mostly derived from seawater sulphate and does not incorporatdicargigni
proportion of**S-depleted sulphate from sulphide oxidation. Therefore, we concludé38aEAS
from these bivalves does not record nutrition and cannot be used as an indicator of chemosymbiosis.

Page 5 of 14



179

180  Our &%S-CAS values (range +17.6 to +21.3%o, mean +19.15 + 1.4%o, n = 6) for the chemosymbiotic

181  bivalves are mostly < +20%o, a little below the lower end (+20.1%o) of the range for modern bivalves
182  reported by Kampschulte et al. (2001). It is possible that this indicategpanabon of depleted

183  sulphate generated by symbionts, albeit a small contribution. Another possible explanatios for t
184  trend towards loweb®*S-CAS values, rarely discussed in previous studies, is the incorporation of
185  sulphur from intra-crystalline SOM. The intra-crystalline SOM is likely tarshihe depleted isotopic
186  values found in soft tissues and inter-crystalline SOM and, unlike theciyrlline SOM, is not

187  removed during the bleach step because it is bound within the lattice of the microcrystals.

188

189  While the organisms lived in sediments whose pore waters contained sulphate that is likely to have
190 been affected by sulphate reduction and became enricR&lirielative to seawater, their active

191  pumping of seawater through their burrows and shells makes it unlikely that this influenc€a\tei

192  isotogc composition. This is evidenced by the relative isotopic depletion of shell CAS (+19.15

193  1.4%0, n = 6) compared to seawater (+268 Hence, the sulphur isotopic mass balance within these
194  chemosynthetic bivalves is determined by the relative supply of sulphate from seawater (related to
195  shell pumping rate) and sulphate derived from symbiont-controlled oxidation of sulphide, which is in
196  turn linked to sulphide supply and symbiont oxidation rates. Oxidation of the sulphide has a high
197  oxygen requirement, and rapid and continuous uptake of oxygenated watbeba suggested

198 Childress& Girguis, 2011). It is therefore very likely that the amount'8fdepleted sulphate

199 generated by the chemosymbiotic bacteria is too small to be detected isotopically in the CAS, relative
200 to the high concentrations of seawater sulphate. Alternatively, the isotopically deplptedesul

201  generated by the symbionts might not be transported through the mantle epithelia to the extrapallial
202  fluid and therefore would not be available to become incorporated within the shell (Wilbur, 1964

203  Neff, 1972). While some metabolic ions are known to be incorporated (e.g. metabolic carbon can

204  make up to 10% of the total shell carjon; Duperron et al.,[2008), the biosynthetic pathways fo

205  sulphurincorporation are not well known. Instead of being conducted to the calcification site, the
206  depleted sulphate could be treated as waste product and expelled via the posterior exhalant siphon
207  (Lucinidae) or discharged into the sediment (Thyasiridae) (Jolly et al.,[2004; Baalfs2004)A

208 third explanation for the absence’¢$-depleted sulphate is a scenario whereby the sulphide is not

209  completely oxidized to sulphate by the bacteria, but is instead stored in the bacterial cells as elemental

210  sulphur (Vetter, 198p; Lechaire et al., 2P08) or excreted as a product of intermediate oxtesgion
211

212 'S of SOM as a potential indicator of chemosymbiosis
213 Soft tissue 8**S values below 5%, as reported for the specimens analysed here, are interpreted to

214  indicate a thiotrophic mode of nutrition (Rodrigues et al., 2013). The wide rarsytdfssued®'S
Page 6 of 14
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values for Thyasira vulcolug has been attributed to local and regional variability of the sulphur-
isotope composition of the sulphide pool (Rodrigues et al., 2013). Previous studies haweedonf
that SOM, which is secreted by the mantle, reflects the isotopic composition of the animal’s soft
tissueq (O'Donnell et al., 20")3; Dreier et al., 2012).

This study presents the firgt*S-SOM values from bivalves living at active mud volcanoes, and from

the Thyasiridae in general. Previously published SOM-isotope data from thiotroplailwebiv
(Lucinidae and Vesicomyidae) living at hydrothermal vent sites and shallow reducingnements
reportedd®/S-SOM values ranging from -26.7 t.5%o (n = 8] Mae et al., 20(”7; Dreier et al., 2p[L2

2014) and are thus more negative than the results obtained in the present*4Budy6(to 8.8%o).

The isotopic difference betwe@f'S-SOM and associated*S-soft tissue from the published studies
can be as high as 1%§ but with the SOM having in general isotopically lower values than soft
tissue (-11.5 t02:1%0, n = 3; Mae et al., 2007; Dreier et al., 2012), compared to the enrichment
observed in this study (+7.4%. and +23.5%., N = 2). This difference does not correlate with variation

in soft tissued*'S values and is thus unlikely to relate to isotopic differences in environmental
sulphide sources. Therefore, the hgfS-SOM values obtained in this study and their enrichment
compared to soft tissue data are more likely explained through species-speafiichlotffects or
differences in SOM extraction methods, whereby fractionation could be caused blyexardietion

of SOM or partial incorporation of the pool of soft tissue sulphur into SORfortunately, no
published data exist on the transport mechanism of sulphur from soft tissme3OM; with the

(limited) available data it is not possible to distinguish between the two posssbiliti

The 8°C ands'®0 analyses of mollusc shell carbonate are well known to provide informatioh abou
the isotopic composition of seawater dissolved-inorganic carbon and temperaturghevidietopic
analyses of soft tissue and SOM provide information on nutrition. Our results rocfdinis pattern,

as we show thai®*S-CAS is only of use in reconstructing the isotopic composition of local serawat
sulphate, even when analysing chemosymbiotic bivalves, but that thiotrophic nutstrategies can

be inferred from53*S-SOM of bivalves in a similar way to that of soft tissue. Given its patefoti

long term preservation, SOM therefore represents the more promising record of chemsisymbi

the fossil record.
For future analyses it is important to understand the relationships between the CAS\hisb®pic

compositions and the concentrations of sulphur sourcesioaddvelop methods of analysis that

effectively separate the organic and inorganic sulphur fractions of the shell.
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Figure 1. The sulphur-isotopic composition of shell organic matter (SOM) and carbonate-a&sbociat

sulphate (CAS)vs the concentrations of CAS in the shells of Thyasira vulcolutre anddmma

asapheus from the Gulf of Cadiz mud volcanoes. Seawater value from Bottrell & Raiswell (2000).
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366 Figure 2. Range of values of CAS, SOM (both this study) and soft tissue valuesgirzsdet al.,

367  2013) for Thyasira vulcolutre and Lucinoma asapheus from the Gulf of Cadiz mud volcanoes.
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Table 1. Sample collection of shells from the Gulf of Cadiz used for this study,asithciated*'S

soft tissue values. AbbreviatiolktV, mud volcano.

Specimen | Species L ocality Material Weight | Soft tissue value
code (depth) (9) (8*S) VCDT
(Rodrigues et al.,
2013)
AT569-BIG |Lucinoma | Mercator MV, Live collected 7.23 -15.96
asapheus| Gulf of Cadiz specimen; both (+/- 2.55)
(358m) complete valves
analysed
AT569- Lucinoma | Mercator MV, Live collected 2.90
MED asapheus| Gulf of Cadiz specimen; single
(358m) complete valve analyse
AT569-1.19 | Lucinoma | Mercator MV, Dead specimen; single | 1.05
asapheus| Gulf of Cadiz complete valve analyse
(358m)
AT615 Thyasira | Carlos Ribeiro Live collected 0.70 1.03
vulcolutre | MV, Gulf of specimen; one complet (+/- 0.45)
Cadiz and one incomplete
(2200m) valve analysed
STN169 Thyasira | Carlos Ribeiro Live collected 0.96 -21.92
vulcolutre | MV, Gulf of specimen; both (+/- n/a)
Cadiz complete valves
(2199m) analysed
AT615-0.97 | Thyasira | Carlos Ribeiro Dead specimen; single | 0.86 n/a
vulcolutre | MV, Gulf of complete valve analyse
Cadiz
(2200m)
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395 Table 2. Sulphur and sulphate amounts present in the Lucinoma asapheus (L) and Thyasira vulcolutre
396  (T) shells from the Gulf of Cadiz mud volcanoes and their carbonate-assatiibdte (CAS) and

397  shell organic matter (SOM) sulphur isotopic values. See Table 1 for specimen codes.

398

Specimen % sample |[NaOCI-S |NaOCI-S | §*S | CASS | CAS-SO: | §%#S-CAS
code lost on (ppmin (ppmin SOM | (ppmin | (ppmin
(species) bleaching |whole material whole | whole
shell) removed) shell) shell)

AT569-BIG |1.43 107 7461 -1.6 287 861 19.8
(L)
AT569- 1.73 93 5388 2.1 225 674 19.2
MED (L)
AT569-1.19 |n/a 135 n/a 0.3 106 318 17.8
(L)
AT615 (T) |1.38 17 1260 8.4 478 1433 19.2
STN169 (T) |1.33 151 11418 1.6 413 1239 17.6
AT615-0.97 |n/a 73 n/a 8.8 327 982 21.3
(M)

399

400
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