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Abstract

We combine mineralogical, stable isotope and organic biomarker data to understand the role of prokaryote activity in
supergene reactions within submarine hydrothermal sulfidic sediments. Data are presented for two adjacent cores from the
periphery of the inactive Alvin hydrothermal mound. The limit of oxygenated seawater penetration into the sulfidic sediments
is expressed as a sharp peak in solid phase Cu (atacamite and secondary Cu sulfides) associated with supergene alteration of
the sulfide pile. Total prokaryote numbers are low throughout the upper few metres of sediment relative to published data for
deep-sea sites. However, there is a statistically significant enrichment of prokaryote numbers at the redox front that coincides
with abundant Fe-oxide filaments and a unique distribution of microbial biomarkers. The dominance of quaternary-branched
alkanes in the oxidized transition zone immediately above the redox front (and their absence below) suggests a significant role
of the source organisms in iron or sulfide oxidation under the more circumneutral conditions associated with the redox
transition zone. The morphology of the Fe-oxide filaments preserved within late stage silica and gypsum mineralization is
consistent with a biogenic origin of the filaments. Gypsum sulfur isotopes are in equilibrium with fluids that are derived from
quantitative sulfide oxidation and gypsum nucleation is inferred to be biologically induced. These new data suggest that
supergene alteration of sulfidic sediments generates sharp redox and pH gradients that stimulate prokaryotic activity, in
particular iron and sulfide oxidisers, which in turn govern the distribution of secondary mineral phases and the abundance of
redox sensitive trace metals.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Large numbers of prokaryote cells have been
enumerated in a variety of sedimentary settings to
depths of up to 800m below the seafloor (e.g., [1]).
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Approximately 10–30% of the cells are viable and
metabolically active, even at several 100 m depth [2].
Some of the lowest cell counts observed in the upper
few metres of deep-sea sediments come from
metalliferous sediments associated with mid-ocean
ridge hydrothermal systems [3] and eastern equatorial
Pacific open ocean sites [4]. The low cell abundance,
coupled to very low levels of reaction products in pore
fluids, have been taken to imply low net metabolic
reaction rates in these sediments [3,4]. Alternative
analytical approaches (including polymerase chain
reaction amplification of 16S rRNA) in similar
settings have demonstrated a wide diversity of active
bacterial and archaeal assemblages in hydrothermal
sediments [5]. Cell counts and measurements of
metabolites may not, therefore, yield a complete
record of prokaryotic reaction rates and metabolic
turnover [6,7]. Hence, our current understanding of the
activity of specialised hydrothermal sediment prokary-
otic communities remains limited.

Fe-oxides and oxyhydroxides are the major oxi-
dised component of hydrothermal deposits at seafloor
vent sites [8]. Sulfide alteration within submarine
metalliferous sediments has been compared with
subaerial supergene processes [9,10], where in addi-
tion to inorganic oxidation processes, morphological
evidence suggests that microbial activity plays a
significant role in the formation of hydrothermal Fe-
oxide deposits [11]. This hypothesis is supported by
compelling evidence from in situ incubations com-
bined with 16S rRNA, fluorescent in situ hybridisation
(FISH) and cultures of Fe-oxidising bacteria from a
variety of hydrothermal settings [12–15]. Microbial
activity dominates Fe2+ oxidation under low pH
conditions where inorganic oxidation is kinetically
limited (e.g., subaerial acid mine drainage) and may
also play an important role in the formation of
hydrothermal Fe-oxide deposits under circumneutral
pH conditions [12–14]. However, it has proved
difficult to determine the function and impact of
specific prokaryotic activity in the wide range of
natural hydrothermal settings.

Sediments surrounding hydrothermal mounds con-
tain collapsed sulfide chimney material juxtaposed with
oxic substrates [16], creating sharp chemical and
physical gradients that generate a range of habitats
suitable for prokaryote exploitation. We hypothesise that
maximum prokaryotic activity occurs in localised redox
zones associated with in situ sulfide alteration. Rapid
turnover of redox sensitive species within these micro-
zones limits the impact on pore fluid chemistry and cell
counts, but may play a significant role in the fate of
hydrothermal deposits on the seafloor. This study
combines mineralogical and stable isotope investigation
with lipid biomarker analyses, with the aim of studying
the impact of prokaryotic metabolism on the mineralogy
and geochemistry of hydrothermal sediment undergoing
seafloor alteration.

2. Geological setting and Alvin zone sediments

The Alvin zone is a discontinuous, elongate group of
inactive sulfide mounds ∼2km long (NE–SW) by 1 km
wide (NW–SE) and is located 2–4km NNE of the active
TAG mound at water depths of 3400–3600m on the
Mid-Atlantic Ridge [17] (Fig. 1). The sediment cores
studied here were taken from the southernmost of these
mounds (the Alvin mound). This mound is ∼200 m in
diameter and 28 m high, and is similar in size to the
nearby active TAG mound [18]. However, heat flow and
temperature across the mound are at background levels
[19,20], indicating that there is no active venting on the
Alvin mound at present. Although radiometric dating of
massive sulfides from the Alvin mound yields an age of
∼50ka [21], there may have been subsequent hydro-
thermal activity.

The mounds are covered by standing and toppled
chimneys, layered hydrothermal crusts and metallifer-
ous sediments intermixed with carbonate-rich pelagic
sediment. Samples from the mound top and flanks
contain coarse-grained pyrite with minor chalcopyrite
and trace amounts of sphalerite [19]. The presence of
atacamite coatings and crusts are indicative of Cu
leaching from underlying sulfides and local supergene
alteration [19,22]. The mounds are undergoing active
erosion, mass wasting and dissection by faulting, and
are now covered by a heterogeneous layer of Fe-
oxyhydroxides [23].

The upper 25–50cm of sediment on the Alvin
mound is comprised of oxic metalliferous pelagic
carbonate that represents ∼10–30ka of pelagic
sedimentation [20,24]. Below this layer, the cores
contain sulfidic material derived from mass wasting of
mound material mixed with plume particle input from
the overlying water column [25]. Oxidation of the
sulfides within the sediment has led to complete
consumption of dissolved O2 from the sediment pore
water and generation of suboxic–anoxic conditions
∼50cm below the sediment–water interface [3]. There
is a minor, but constant, background sedimentation of
continental and biogenic material to the area [24],
which also undergoes suboxic diagenesis and alter-
ation within the sediment [20]. Net microbial reactions
are inferred to be limited by the low organic carbon



Fig. 1. Map of the TAG hydrothermal field showing areas of sulfide accumulation (active and inactive) and core locations discussed in text (CD102/
43 and CD102/58).
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input in this setting and overall prokaryote abundance
and activity is low [3].

3. Sampling and methodology

Two ∼2m gravity cores: CD102/43 and CD102/58
(26°09.26′N, 44°48.90′W), were collected from the
southern periphery of the Alvin mound during cruise
CD102 of the RV Charles Darwin [26]. A background
pelagic core (CD102/10) was also retrieved for direct
comparison of deep-sea microbial abundances [3].
Coring was carried out within a 4-receiver transponder
net, with a further transponder mounted 25m above the
corer. Navigation records indicate that core 58 was taken
∼35m due north of core 43 [26]. The cores were logged
and sampling was based on visual identification of
sulfide horizons within the core. Core 43 was sampled
for pore waters, solid phase and microbial abundance
immediately after recovery on board the ship [3],
whereas core 58 had been stored as whole round core
at in situ temperature (∼4°C) before sampling for
mineralogical, geochemical and organic biomarker
investigations. We present new data for core 58 and
compare these with published microbial and pore fluid
data for core 43 where the methodology has already
been described [3].

An overview of the bulk mineralogy and identifica-
tion of clay separates was carried out by XRD using
standard methods [20]. Polished thin sections were
prepared for transmitted light microscopy and scanning
electron microscopy (SEM) analysis from a resin
impregnated laminated section at 76–87cmbsf. SEM
analysis was carried out on a LEO1450VP, W-filament
SEM at 20 kV, using a beam current of 80nA and a
probe current of 700pA. Down core elemental abun-
dance data was determined by ICP-AES using standard
methods [3]. CaCO3 content was calculated from the Ca
abundance.

Pure sulfide and gypsum mineral separates were
obtained by handpicking sediment from depths of 76–
100cmbsf and cleaned via ultrasonication before
analysis. Sulfur isotopes were analysed using standard
analytical methods [27]. Analyses of international
standards NBS-123 and IAEA-S-3, and the SUERC
standard CP-1 yielded δ34S values of +17.1‰,
−3.1‰ and −4.6‰, respectively (1σ S.E.<±0.3‰).



Fig. 2. Downcore variation of (a) solid phase Mn in core 58, (b) solid
phase and pore water Mn for core 43, (c) solid phase Cu for core 58 and
(d) solid phase and pore water Cu for core 43 (core 43 data are from
[3]). Dark grey shading indicates sulfide rich horizons and light grey
shading indicates the redox transition zones with suboxic character-
istics as defined by redox sensitive metal distribution (see text).
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Data are reported relative to the Vienna Canon Diablo
Troilite (V-CDT) standard.

Three ∼10g sediment samples from the immediate
vicinity of the oxide–sulfide boundary in core 58 (74.5,
78.5 and 83cmbsf) were extracted via a Soxhlet
apparatus using dichloromethane–methanol (DCM–
MeOH, 2:1 v/v) for 24h. Total lipid extracts were
concentrated using rotary evaporation and a mixture of
three standards (androstane, hexadecan-2-ol, hexadecyl-
1-octadecanoate) was added. Subsequently, aliquots of
all samples were separated into three fractions using a
column packed with (activated) alumina by elution with
hexane/DCM (9:1 v/v, 3ml, “apolar fraction”) and
DCM/MeOH (1:1 v/v, 3ml, “polar fraction”).

Gas chromatography (GC) was performed on a
Hewlett Packard 5890, equippedwith an on-line injector.
A fused silica capillary column (50m×0.32mm) coated
with CP-Sil-5 (film thickness 0.12μm) was used with H2

carrier gas and the effluent was monitored by a flame
ionisation detector. The samples were injected at 50°C
and the oven programmed to increase temperature to
130°C at 20°C/min, and then at 4°C/min to 300°C, and
then held isothermal for 20min. GC/MS was performed
using a Thermoquest Finnigan TRACE GC, equipped
with an on-column injector and with He as the carrier
gas, interfaced to a Thermoquest Finnigan TRACE MS
operated with electron ionisation at 70 eVand scanning a
mass range of m/z 50–700 using a cycling time of
1.7scan/s. The interface was set to 300 °C with the ion
source at 240°C. The same columns, column conditions
and temperature program were used as in the GC
analyses. Compounds were identified by comparison of
mass spectra and retention timewith those reported in the
literature.

4. Results

The stratigraphy and geochemistry of core 43 have
been described in detail [3,20] and are broadly similar to
core 58. Both cores contain a surface layer of pelagic
carbonate that varies in thickness across the Alvin zone
as sediments are redistributed in the rough topography
of the median valley [16]. The significant post
depositional sediment redistribution and carbonate
dissolution preclude any precise estimates of strati-
graphic age within these cores.

Below the carbonate cap (52cmbsf in core 58, 37.5
cmbsf in core 43), the sediment outside the sulfide-rich
horizon (76–138.5cmbsf in core 58, 52.5–57.5cmbsf in
core 43) is dominated by Fe(Mn)-oxyhydroxides
including goethite and quartz. Alignment of oxidised
elongate clasts in core 58 and minor layering indicates
deposition of the sulfide layer via mass flow events, in
accord with observations of the distribution of sulfidic
material in adjacent cores [3,16]. In core 58, between 76
and 87cmbsf, the sediment is laminated with alternating
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black, sulfide-rich and orange, goethite-rich layers
typically ∼7mm thick. The sulfide layers in the
laminated section are graded, suggesting sedimentation
via small turbidites. This laminated section is underlain
by sulfidic material also derived from mass wasting
events.

Cores 43 and 58 are both Fe-rich (11–42 wt.% Fe)
with transition metal enrichments throughout [3]. Solid
phase Mn contents are elevated in the upper portion of
all cores in the TAG area [24,28–32] with Mn contents
within the carbonate cap of cores 43 and 58 of 0.1–
1.2wt.% (Fig. 2a and b). Pore fluid Mn(II)aq levels are
below detection limit in the upper part of core 43 and
only reach significant levels below ∼50cmbsf, which is
inferred to represent the boundary between oxic and
suboxic sediment (Fig. 2b; [3]). Solid phase Cu levels
are relatively low in the carbonate cap, but are
significantly elevated (up to 12 and 5wt.% in cores 58
and 43, respectively; Fig. 2c and d) at the top of the
sulfide layer, which is co-incident with the depth of the
pore water Mn(II)aq maximum. Pore fluid Cu levels are
negligible in core 43, except in and immediately below
the sulfide layer (12 and 4μM, respectively [3]; Fig. 2d).

The solid phase Mn and Cu distribution in the two
cores is used to correlate sulfide horizons and allow
direct comparison of redox driven processes across
the coring sites (Fig. 3a, b, d and e). Thus, the redox
ig. 3. Comparison of the solid phase (a) Mn, (b) Cu and (c) CaCO3 distribution against depth relative to the Cu rich horizon in core 58; and the (d)
n, (e) Cu and (f) CaCO3 distribution in core 43; and (g) log10 cell numbers cm−3 sediment in core 43 (closed circles) and a pelagic background core

rom the MAR (open circles). The solid line represents the mean value for low organic carbon (<1%) deep-sea sediments [3]. Shading as for Fig. 2.
F
M
f

sensitive metal distribution is used as a proxy for O2

penetration (Mn(II)aq mobilisation only occurs in
suboxic conditions in submarine sediments) and all
data are presented relative to the depth of the well-
defined Cu-rich horizon (assigned a zero depth)
throughout the ensuing sections. The carbonate content
in both cores decreases from pelagic values (25–30%) at
the top of the redox transition zone to negligible levels at
the supergene reaction front (Fig. 3c and f).

4.1. Mineralogy

Pyrite is ubiquitous in the sulfidic portion of both
cores and locally constitutes up to 75% by volume,
where it occurs as both a primary hydrothermal
mineral (although transported from its original depo-
sition site) and a secondary mineral associated with
later alteration. Primary pyrite is most commonly
present as fine- to medium-grained aggregates of
euhedral cubes and less commonly as: (1) reworked,
randomly orientated, collomorphic crusts and spheres;
(2) medium- to coarse-grained singular euhedral cubes;
and (3) tube-like structures. Oxidative corrosion and
dissolution of primary pyrite is indicated by the
presence of irregular grain boundaries, enclosed by
layered or filamentous Fe-oxide and dissolution pits on
grain surfaces frequently filled with secondary



Fig. 4. Transmitted light photomicrographs of filamentous structures
cemented by gypsum. (a) Dendritic mass of Fe oxide filaments
within euhedral gypsum crystal; (b) goethite filaments showing
directed growth lengthwise parallel to sedimentary layering; (c) rod-
like goethite filaments variably encrusted with hematite cemented by
twinned euhedral gypsum crystals. White dashed lines indicate the
crystal boundaries.
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minerals—most commonly, Fe-oxides and Fe-oxy-
hydroxides with minor Fe-silicates.

Almost all chalcopyrite within core 58 is paragenet-
ically early, and transported to the sediment from its
original high temperature precipitation site. It is largely
concentrated in a layer 2.5–8.5cmbrf (cm below the
supergene reaction front) where its abundance ranges
from 5% to 20% by volume. Below this zone,
chalcopyrite becomes increasingly sporadic. In general,
chalcopyrite occurs as sub-anhedral, medium-grained
crystals, but it also occurs as rare sub-euhedral singular
grains and aggregates; these are typically secondary and
in many cases indicate co-precipitation with secondary
pyrite. In rare cases, chalcopyrite is observed as an
overgrowth on primary pyrite cubes. All primary
chalcopyrite grains show evidence of alteration, most
frequently seen as corrosion of grain boundaries,
dissolution pitting, covellite rims and fracture cements,
as well as replacement by porous covellite. In addition,
partial replacement by and overgrowth rims of sphalerite
and pyrite are relatively common.

Covellite (CuS) within core 58 is an alteration
product of chalcopyrite and although it is concentrated
in the layer 2.5–8.5cmbrf (Fig. 2c), it is also present
throughout the sulfidic layer. Covellite typically occurs
as porous, anhedral grains replacing chalcopyrite, but it
is also present as collomorphic crusts. Atacamite (Cu2Cl
(OH)3) and paratacamite (a polymorph of atacamite) are
secondary Cu phases and their abundance mirrors that of
chalcopyrite and covellite, but the former are also
enriched at 0cmbrf.

Late stage gypsum (CaSO4·2H2O) occurs as
occasional medium- to coarse-grained euhedral crystals
with abundant Fe-oxide/oxyhydroxide and pyrite
inclusions. Gypsum is distributed across the oxic–
suboxic boundary between −10.5 and 38.5cmbrf. The
Fe-oxide and oxyhydroxide inclusions have filamen-
tous morphologies (Fig. 4a and b), whereas the
included pyrite is typically euhedral. Gypsum cross-
cuts silica and goethite layers and clasts and indicates
that gypsum was paragenetically late within these
sediments (Fig. 4). (Note, although gypsum precipita-
tion can form during core storage through sulfide
alteration [33], this generates large idiomorphic
crystals that form overgrowths on all phases. In
contrast, the gypsum within core 58 is space filling
(Fig. 4) and closely associated with the supergene
mineral assemblage (atacamite–covellite–gypsum) and
is thus an original feature of the sediments and not a
post-coring artefact.)

Clay minerals constitute an average of 7% by volume
of the bulk sediment within core 58 (cf. 11–64% in core
43; [20]), but the clay content of the sulfide layer and
overlying transition zone is very low in both cores
(<1%). XRD analyses indicate that the clays are almost
exclusively smectite, with trace amounts of illite. Based
on comparison with core 43 [20], the smectites are
inferred to be low temperature hydrothermal nontronites
(NaFe2(Si,Al)4O10(OH)2·H2O).
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Well-preserved haematite and goethite filaments
occur throughout the goethite and quartz dominated
layers in the laminated sulfide section of core 58 (−2.5
to 8.5cmbrf) and are associated with the secondary
mineral assemblage of silica, gypsum, secondary pyrite,
covellite, atacamite and goethite. The filaments range in
diameter from ∼0.5 to 10μm and are typically 50–
100μm long, but can be up to 250μm in length. They
occur enclosed within gypsum (Fig. 4a–c) and amor-
phous silica and quartz phases (Fig. 5a–d), and also
occur as non-cemented filament meshes of interlocking,
rod shaped, branched and dendritic filaments that are
exclusively associated with and surrounding corroded
pyrite grains (Fig. 6a and b).

4.2. Isotope geochemistry of sedimentary minerals

Sulfur isotope data for sulfide and sulfate phases in
core 58 are presented in Table 1. The δ34S values of bulk
sulfide samples fall within a narrow range (+6.9‰ to
+8.3‰; Fig. 7), with a mean value of +7.6±0.5‰ (1σ,
n=8). Gypsum also has a restricted range of δ34S values
from +9.6‰ to +10.6‰, with a mean of +10.0±0.4‰
(1σ, n=7) (Fig. 7).

4.3. Lipid biomarkers at the redox front

Polar compounds are either absent or present in trace
amounts, but the apolar fractions contain abundant and
variable compound assemblages. The apolar fractions
from each sample (−4cmbrf: redox transition zone,
0cmbrf: supergene reaction front and +4.5cmbrf: sulfide
zone; Fig. 8) contain diverse hydrocarbons, including n-
alkanes, branched alkanes, biphytanes, steranes and
hopanes. The sterane distributions in each sample are
similar and are characterised by a predominance of C27

(cholestane) components, with subordinate C29 (24-
ethylcholestane) and trace C28 (24-methylcholestane)
(Fig. 8; m/z 217 traces). All three samples exhibit a
thermally mature distribution of steranes (with respect to
alteration of the inferred original stereochemistry; e.g.,
[34]). However, the redox transition zone (−4cmbrf)
sample contains a higher proportion of 13β,17α(H)
diasteranes. The hopanes show similar behaviour (Fig. 8;
m/z 191 traces): all samples contain a similar distribution
of hopanes with respect to their carbon numbers, but the
Fig. 5. Transmitted light photomicrographs of filamentous structures
cemented by silica. (a) Long twisted goethite filaments showing
directed growth lengthwise parallel to sedimentary layering; (b) rod-
like hematite filaments; (c) bundled twisted filaments; (d) mesh of
twisted and rod-like filaments some show branching.



Fig. 6. SEM images of Fe oxide filaments encrusted by Fe silicates and amorphous silica associated with sulfide surfaces. (a) Branching filament
network growing around sub-euhedral pyrite grains and (b) branched filaments embedded within Fe-oxides and amorphous silica.
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redox transition zone sample has a more altered
distribution, reflected by the absence of 17β(H),21α
hopanes (Fig. 8b). In addition, both hopanes and steranes
are much less abundant in the redox transition zone
sample than in the supergene reaction front and the
sulfidic samples (Fig. 8b).

All three samples contain a range of branched
alkanes (Fig. 8). Alkane distributions are similar in the
supergene reaction front and the sulfidic samples. In
these samples, almost all of the compounds exhibit
spectra similar to those generated by n-alkanes, i.e., a
sequence of fragment ions characterised by an increas-
ing number of methylene units (m/z 57, 71, 85, 99, etc.)
and are therefore apparent in the m/z 57 mass
chromatogram as well as the total ion current (Fig.
8a). However, co-injection with an n-alkane-rich extract
reveals that the supergene reaction front and the sulfidic
samples contain few n-alkanes, which are subordinate in
abundance except in the higher molecular weight
portion of the chromatogram. Instead, the majority of
the compounds appear to be simple methyl-branched
alkanes, for which strict structural determination was
not possible.

In contrast, the redox transition zone sample
(−4cmbrf) contains predominantly gem-diethyl alkanes,
in which the ethyl substituents are at the same carbon
atom resulting in multiple homologous series of
quaternary-branched compounds (Fig. 8b; TIC and m/z
127 trace). These are dominated by the 5,5-diethyl
components, but a variety of other series are present
in subordinate abundances (data not shown). Also
abundant in this sample are series of n-alkylcyclo-
pentanes, n-cyclohexanes and tentatively identified
n-alkylcycloheptanes.



Fig. 7. Down core variation in δ34S for gypsum and sedimentary
sulfides. Light grey shading represents the transitional redox zone. Bar
chart shows literature data for TAG active mound sulfides for
comparison [54,57].

178 S. Glynn et al. / Earth and Planetary Science Letters 244 (2006) 170–185
5. Discussion

Oxygen penetration into Cu-bearing hydrothermal
sediments leads to oxidation of pyrite and chalcopyrite, a
decrease in pH and Cu mobilisation and re-precipitation at
the supergene reaction front (Figs. 2 and 3; [35]). This
generates a peak in solid phase Cu (as a combination of
atacamite and secondary Cu-sulfides) that can be used to
track the penetration of oxygen into the sediment (Fig. 3a–
f). The depth interval above the supergene reaction front,
between the Mn and Cu solid phase peaks, represents a
transition zone where there is significant redox cycling of
Mn, Cu and other transition metals (Fig. 2a–d).

5.1. Eh–pH conditions during diagenesis

Supergene enrichment of metals in metalliferous
sediments exposed to subaerial weathering has been
ascribed to a two-stage process [36]. (1) Sulfides
undergo oxidation, producing acidic pore waters that
lead to mineral dissolution and transport of metals.
Fe-oxide and Fe-oxyhydroxides are precipitated in
the leached zone to form a gossan cap, while metal-
bearing solutions diffuse downwards. (2) Below the
redox front, the leached metals are re-precipitated in
secondary minerals. These reactions typically involve
replacement of primary sulfide minerals by secondary
sulfides; for example the conversion of chalcopyrite
to covellite [36]. The mineral assemblage observed in
association with the redox and pH front in Alvin
zone sediments (covellite–secondary pyrite–gypsum–
atacamite) is a typical acidic supergene alteration
Table 1
Sulfur isotope data for sulfide and gypsum phases from core CD102/58

Depth below sea
floor (cmbsf)

Depth below supergene
reaction front (cmbrf)

δ34Ssulfide
(‰)

δ34Sgypsum
(‰)

75.75 −2.75 +10.4
76.25 −2.25
77.50 −1.00 +7.0 +9.7
78.00 −0.50
79.50 1.00 +10.0
80.75 2.25 +6.9
81.50 3.00
82.50 4.00
83.00 4.50 +7.6 +9.9
85.00 6.50 +7.6 +9.9
91.00 12.50 +9.6
93.00 14.50 +8.3
97.00 18.50 +7.9
99.00 20.50 +10.6
103.00 24.50 +7.3
109.00 30.50 +7.9

Analytical error on δ34S is ±0.3 ‰ (1σ).
assemblage commonly associated with Cu ore bodies
[37,38].

The evolution of the redox conditions during
diagenesis can be summarised by comparing the
mineralogy and pore water geochemistry with Eh–pH
diagrams (Fig. 9). The initial sediment composition is
assumed to be sulfide minerals (principally pyrite, with
lesser amounts of Cu- and Zn-sulfide) that were
emplaced during a mass flow event. The temperature
is assumed to have been close to bottom water, i.e.,
∼2 °C. Initial oxidation of the sulfide produces acid
conditions through reactions such as:

FeS2 þ 3:5O2 þ H2O⇔Fe2þ þ 2Hþ þ 2SO2−
4 ð1Þ

2FeS2 þ 7:5O2 þ 4H2O⇔Fe2O3 þ 8Hþ þ 4SO2−
4

ð2Þ
Pore water concentrations of Fe(II)aq reach 33μmol/l

at the redox front in core 43 [3], which suggests that
reaction (1) is predominant in these sediments though
some haematite filaments are seen in core 58 associated
with Fe-oxide filaments (Figs. 4c and 5b). Acidic
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conditions are also implied by pore water measurements
(pH=3.5–5.5) from sulfidic cores from the active TAG
mound [39,40]. These conditions would also lead to the
partial oxidation of chalcopyrite to covellite or bornite:

CuFeS2 þ 2O2⇔CuS þ Fe2þ þ SO2−
4 ð3Þ

5CuFeS2 þ 11O2 þ 2H2O⇔4Hþ þ 4Fe2þ

þ 6SO2−
4 þ Cu5FeS4 ð4Þ

However, the absence of bornite in sediments from
core 58 suggests that reaction (3) is dominant and that the
initial Eh–pH conditions lie within Box 1 in Fig. 9 (i.e.,
pH∼4). The porous texture of the covellite within core
58 indicates that it has undergone retrograde dissolution,
suggesting that conditions became more oxidising:

4CuS þ 7O2 þ 2H2O⇔4Cuþ þ 4SO2−
4 þ 4Hþ ð5Þ

The presence of Fe-oxide filaments within the sulfide
zone indicates that reactions such as the formation of
goethite were also occurring:

O2 þ 4Fe2þ þ 6H2O⇔4FeOOH þ 8Hþ ð6Þ
Both of these reactions ((5) and (6)) produce protons

and suggest that conditions became increasingly acidic.
The Fe-oxide assemblage (dominated by goethite and
amorphous oxyhydroxides, coupled with the absence of
jarosite) indicates relatively well buffered system
compared with acid mine drainage. Additionally,
atacamite is abundant within the sulfide zone and it
has a limited stability field that does not extend to low
pH (Fig. 9). Hence, the presence of high levels of
dissolved Mn2+ in pore waters of the sulfide zone and
active redox front together with atacamite means that the
Eh–pH conditions must evolve in the direction of Box 2
in Fig. 9 (i.e., pH∼7–9). As with the reactions above,
precipitation of atacamite also produces protons:

4Cuþ þ 2Cl− þ O2 þ 4H2O⇔Cu4ðOHÞ6Cl2 þ 2Hþ

ð9Þ
Indeed, all the reactions identified above produce

protons, but Fig. 9 shows that atacamite is unstable at
low pH. Hence, the acidity generated during Fe and Cu
diagenesis must be neutralized, most probably via
carbonate dissolution in the redox transition zone.
Sedimentary textures indicate that gypsum and ataca-
mite precipitation were either contemporaneous with
one another or, in some cases, atacamite formation
predates precipitation of gypsum. The upper tempera-
ture limit of circulating fluids is thus constrained by the
atacamite Eh–pH stability field, which shrinks with
increasing temperature, and effectively disappears
above 50°C. Oxygen isotope geothermometry of
nontronites indicate that circulation of 54–64°C fluids
were pervasive in nearby core 43 [20]. This suggests
that atacamite formation at the redox front in core 43
may postdate nontronite formation at this site.

5.2. Prokaryote abundance and Fe-oxide morphology

The numbers of prokaryotic cells are extremely low
at this hydrothermal site (Fig. 3g) but are comparable
with background pelagic sediments from similar
latitudes and depth [3]. There is a statistically significant
increase in cell numbers at the limit of O2 penetration or
supergene reaction front where the prokaryotic numbers
within the sulfide layer are approximately double those
within the redox transition zone or the deeper oxy-
hydroxides [3]. This zone of prokaryote enrichment
coincides with the depth of maximum Fe-oxide filament
occurrence within the supergene mineral assemblage.

The Fe-oxide filaments observed in this study (Figs.
4–6) share many morphological characteristics with
Fe-oxide filaments described from previous studies of
seafloor hydrothermal deposits, and are similar to
filaments observed in terrestrial jasper deposits [11].
Some of the filament morphologies can be directly
compared to known Fe-oxidising microbes. For
example, the twisted filaments (Figs. 4 and 5a, c and
d) are similar to the encrusting Fe-oxide twisted stalks
of Gallionella spp. [8,12,41–44] at seafloor hydrother-
mal vent sites and weathered sulfide mineral surfaces
[13]. Other morphologies illustrated in Figs. 4 and 5
can be compared to the Fe-oxide encrusted sheaths of
Leptothrix spp. (Fig. 5a; [45]) and to the filamentous
structures formed by the novel bacteria strain PV-1
(Fig. 4c; [12]). Branching filaments, which are
common at this site (Fig. 5d), may record true
branching of filamentous microbes or “false-branch-
ing”, where there is successive budding of separate
microbial cells; a phenomenon known to produce
bifurcating stalks in Gallionella spp. [46] and sheaths
in Sphaerotilus natans [47].

Filament occurrence is limited to the redox transition
zone and upper sulfide zone and reaches a maximum of
∼10% of the sediment volume at the supergene reaction
front (Fig. 6a). Within this zone, the filament meshes
associated with sulfide surfaces reach a density
comparable to those observed in experimental incuba-
tions on sulfide surfaces (∼108 cells/cm3; [13]) but the
bulk cell abundance is still extremely low compared
with other deep-sea sites (Fig. 3g). It is noteworthy that
the zone of maximum filament density is coincident
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Fig. 9. Eh–pH stability diagrams for copper minerals and dissolved species. Dashed lines show stability field of water. Dotted lines show stability
fields for (a) Fe, (b) Mn and (c) SO4

2− species. Major element species are at seawater concentrations, temperature is 2°C. Dissolved Cu, Fe and Mn
concentrations taken from core 43 data [3] and are 5 μmol/l, 30 μmol/l and 4 μmol/l, respectively. These figures were generated using Geochemists
Workbench [67].
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with the statistically significant doubling in prokaryote
cell numbers (Fig. 3g; [3]) and is also the locus of the
supergene reaction front.

The large dendritic filaments (Figs. 4a and 5d) are
also comparable to dendritic Fe-oxide filamentous
textures observed in Fe-oxide-silica deposits in the
Indian Ocean [48], East Pacific Rise [49] and active
TAG mound [50], although these occurrences were not
attributed to microbial strains or morphologies. Rather,
they have been attributed to abiotic processes resulting
from diffusion limited growth of branching Fe-oxide
aggregates in a viscous silica gel generated at a redox
front created by pyrite weathering [50]. Two lines of
evidence have been used to support this model [50]: (1)
any cavities between the Fe-oxyhydroxide dendrites are
filled entirely with silica and (2) the dendrites do not
project beyond the silica into free space. However, in
this study, we observed uncemented dendritic filament
meshes and ramified and filamentous dendrites cemen-
ted by both silica and gypsum (Figs. 4–6). Hence, we
suggest that the filaments observed in the Alvin mound
sediments are not abiotic diffusive structures, but are
biogenic in origin.

5.3. Organic biomarker distribution

The organic biomarker data presented here are
generally consistent with previous studies on MAR
hydrothermal sediments [51]—i.e., these biomarkers
were likely derived from organisms living on the
Fig. 8. Partial total ion currents,m/z 57,m/z 217,m/z 191 andm/z 127 (b only)
−4cmrf cmbsf sediment horizon in core 58. The total ion currents show
chromatograms show n-alkanes and branched alkanes. Numbers refer to the
hydrothermal mound rather than the overlying water
column. Biphytane (sensu strictu) and biphytane
bearing a single cyclopentyl moiety are C40 isopre-
noids and derive from the membrane lipids of archaea.
Steranes derive from sterols that act as membrane
rigidifiers in eukaryotes. Hopanes derive from func-
tionalised hopanoids, membrane rigidifiers in some
bacteria. Cholesterol is ubiquitous in marine organ-
isms, so the predominance of cholestane is not
unusual. The redox transition zone (−4cmbrf) sample
contains a higher proportion of 13β,17α(H)diasteranes
(sterane structural isomers and diagenetic transforma-
tion products), suggesting this sediment was exposed
to more acidic or oxic conditions (e.g., [52]). The
altered hopane distribution could also could be due to
acid or oxygen catalysed transformation to the more
stable 17β(H),21α isomer. In addition, both hopanes
and steranes are much less abundant in the −4cmbrf
sample than in the deeper sediments (Fig. 8b). This is
likely a consequence of greater degradation, either by
greater post-depositional microbial reworking of
organic matter associated with carbonate dissolution
or thermal (10–40°C) alteration.

However, gem-dimethyl and -diethyl alkanes
exhibit the most significant abundance and distribu-
tion variations through the core. These compounds
are abundant in the redox transition zone (−4cmbrf),
but absent in the deeper supergene reaction front and
sulfidic samples. The latter observation indicates that
the gem-dimethyl and -diethyl alkanes are not simply
mass chromatograms for (a) the +4 cmbrf sediment horizon and (b) the
all compounds present in the fractions, whereas the m/z 57 mass
total carbon atoms in the compounds.
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the result of catagenetic processes but likely reflect
differences in the original microbial populations.
These compounds derive from unknown organisms,
but have been found in recent hydrothermal sedi-
ments [51] and ancient sedimentary rocks [53].
Indeed, the same predominance of gem-diethyl
alkanes, especially the 5,5-diethyl components, has
been observed in Rainbow sulfidic sediments [51].
These quaternary-branched alkanes appear to be
associated with intense redox boundaries and have
been attributed to sulfide-utilising chemoautotrophs;
however, this is far from certain and they could be
associated with other organisms living at active redox
boundaries. The presence of gem-diethyl alkanes in
the transition zone of the Alvin mound sediments–
combined with their absence in deeper sediments–
provides direct evidence for a novel microbial
assemblage in the oxidising sediments. These com-
pounds apparently record a molecular signature of
iron or sulfide oxidation under circumneutral condi-
tions based on the evidence from the Eh–pH
conditions, mineralogy and geochemistry.

5.4. Sulfur isotope systematics and sulfide alteration

The δ34S of bulk sulfide samples from this study
(+6.9‰ to +8.3‰) fall within the range previously
observed for TAG sulfides (Fig. 7; +4.4‰ to +10.3‰,
mean +6.9±0.3‰ 1σ, n=233; [54–57]). By compar-
ison, the δ34S of H2S in the black smoker fluid from
TAG ranges from +6.6‰ to +7.5‰ [57]. These data are
3–4‰ higher than δ34S values from other sediment-free
mid-ocean ridge hydrothermal sites probably due to
incorporation and reduction of seawater SO4

2− during
mound evolution [58].

Ca2+ concentrations in pore waters of the Alvin
mound are close to seawater values and those of SO4

2−

are only slightly elevated, so that gypsum is predicted
to be undersaturated [3]; hence, purely inorganic
precipitation of gypsum is unlikely. However, meshes
of bacterial filaments growing directly from oxidation
of mineral dissolution products on sulfide layers could
create geochemical microenvironments at mineral-pore
water interfaces [59,60]. In this case, free advective
and diffusive exchange with bulk pore waters would
be restricted and build up of SO4

2− released by sulfide
oxidation could lead to local supersaturation of
gypsum. The filament surfaces may also act as
heterogeneous nucleation sites, thus lowering the
saturation level required for precipitation compared
to homogeneous abiogenic nucleation from a fluid
[61].
The δ34S of gypsum from core 58 ranges from +9.6‰
to +10.6‰ (Table 1), with the lowest values associated
with the locus of supergene alteration (i.e., 0 cmbrf).
The equilibrium fractionation Δgypsum-sulfate at seafloor
temperatures is ∼+1.65‰ [62]. Applying this value to
the data presented here suggests that the dissolved
SO4

2− in parent fluid for gypsum formation had a δ34S
of +7.9‰ to +8.9‰, which is at and slightly heavier
than the upper end of the range observed in bulk
sulfides from core 58 (+7.6±0.5‰; Fig. 7). This
strongly indicates that sulfur within the gypsum was
derived from sulfide oxidation rather than incorporation
of seawater SO4

2− (δ34S=+20.9‰; [63]). While is it not
possible to distinguish definitively between biologically
and abiologically mediated oxidation on the basis of the
S isotope data alone, it is not unreasonable to suggest
that the coincidence of the unambiguous isotope data
indicating oxidation, with the significantly increased
prokaryote cell count, is consistent with biological
mediation [63]. The isotope data are also compatible
with the observation that supergene alteration involves
quantitative sulfide oxidation rather than partial oxida-
tion and isotopic re-equilibration [64]. This hypothesis
is in marked contrast to observations of sub-seafloor
anhydrite associated with active hydrothermal deposi-
tion at black smoker sites [54,65], where sulfate sources
are dominated by seawater. The S isotope data also
demonstrate that anhydrite is not a precursor to Alvin
mound gypsum.

The supergene mineral assemblage and active
sulphide oxidation both imply acidic conditions [66].
Such conditions will lead to carbonate dissolution in the
vicinity of the supergene reaction front. Dissolution of
the carbonate will neutralise the pore fluid pH allowing
circumneutral conditions to prevail—a requirement for
distinct populations of Fe-oxidisers to flourish [67].
Thus, while the overall prokaryote counts are extremely
low, and generally the pore fluids are acidic and anoxic
below the redox front [3], there is significant circum-
neutral Fe oxidation within the redox transition zone and
the supergene reaction front.

6. Conclusions and wider implications

There is a specialized prokaryote community present
in hydrothermal sediments with low total cell numbers,
although a significant stimulation of activity (doubling
of cell counts) is associated with active redox fronts [3].
This stimulation is manifest as unusual quaternary-
branched hydrocarbon biomarkers and dense Fe-oxide
filament occurrences associated with supergene alter-
ation products in the shallow subsurface of the
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hydrothermal mound. These filaments served, in turn, as
nuclei for formation of late stage gypsum, which is
unambiguously identified as a sulfide oxidation product.
Sulfur isotope measurements on hydrothermal sediment
sulfide and the late sulfate phase demonstrate that this
gypsum is unambiguously derived from quantitative
sulfide oxidation with negligible seawater sulfate
contribution, which, together with the enhanced pro-
karyotic activity, suggests a likely role of biologically
induced mineralisation.

Redox sensitive metal distributions, particularly Cu
and Mn, can be used as stratigraphic markers of the
active redox front and transition redox active zone in
hydrothermal settings. Net microbial reaction rates
inferred from metabolic product distribution are low
[3] but intense cycling occurs within a narrow transition
zone at the redox interface driven by sulfide oxidation
and neutralization by carbonate dissolution. Sulfide
alteration in hydrothermal sediments is likened to
subaerial supergene processes. In contrast to the much
larger scale, downward migrating zones of oxidation
and secondary enrichment observed in sub-aerial
deposits, submarine supergene processes appear to be
dominated by locally important, grain-scale re-miner-
alisation and secondary enrichments.

These new data demonstrate that, in order to gain a
full understanding of the processes controlling the
alteration of seafloor hydrothermal sites, it is impor-
tant to carry out microscale mineralogical, microbio-
logical and textural studies in addition to geochemical
and isotopic analyses to unravel the complex parage-
netic sequences of sulfide precipitation and alteration.
This study has provided new insights into the inferred,
but rarely proven influence of prokaryotes on the
supergene alteration of submarine hydrothermal sul-
fide mounds.
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