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The Saldanha hydrothermal field is hosted atop a mafic-ultramafic seamount, located at a non-transform
offset on the Mid-Atlantic Ridge. Previous observations revealed a field where transparent low-temperature
fluids discharge through centimeter-sized vents without the formation of chimney structures. We present
geochemical and stable isotope (O and C) analyses from sediment samples collected at this field, both at and
far from the vent area. Most sediments, including some directly adjacent to orifice vents, are pelagic oozes
with only a weak hydrothermal overprinting. Hydrothermal precipitates are characterized by Fe-Mn
oxyhydroxides and a minor amount of Cu-Zn sulphide minerals. However, one of the cores (SCD7) collected
at the vent area shows a much stronger hydrothermal signature. This core is composed of a matrix of
serpentine + talc 4 chlorite with high porosity, where calcite + chalcopyrite + sphalerite/wurtzite 4 pyrite—
pyrrhotite were precipitated. In this core, metal enrichments, REE patterns, and the oxygen and carbon
isotope composition of calcites indicate that mineralization must have occurred in the subsurface by high-
temperature fluids, with minor mixing with seawater and with a significant magmatic contribution. Thus,
while most samples confirm previous findings indicating that Saldanha hydrothermal fluid discharge is
mainly diffuse and of low temperature, data from core SCD7 suggest that areas of high-temperature
hydrothermal activity also occur, where temperatures of the fluids could reach >260 °C and maximum
temperatures of 330 °C. We suggest that fluids can flow through faults at the top of the mount and discharge
in a more focused way through vent orifices, producing intense hydrothermal alteration of the sediments. At
these locations complex hydrothermal processes occur, including reactions of the hydrothermal fluids with
mafic and ultramafic rocks and magma degassing, as suggested by the carbon isotope composition of
hydrothermal calcites. The high temperature of the fluid inferred from the geochemistry of the hydrothermal
minerals requires a significant heat input to the system, suggesting an additional magmatic heat source to the
already proposed exothermic serpentinization reactions.

Communicated by D.J.W. Piper

Keywords:

Saldanha hydrothermal site
stable isotopes
hydrothermal calcite
serpentinization heat source

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Until recently, submarine hydrothermal activity was thought to be
associated primarily with Mid-Ocean Ridges (MOR) and driven by the
cooling of basaltic or gabbroic rocks. However, the discovery of
hydrothermal activity associated with exposed serpentinized perido-
tites has added a new perspective to our understanding of seafloor
hydrothermal processes. The focus on these ultramafic-hosted hydro-
thermal systems has increased, i.e., in relation to their heat sources (e.g.,
Allen and Seyfried, 2004; Bach et al., 2002; Frith-Green et al., 2003; Fyfe,
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1974; Kelley et al., 2001, 2005; Lowell and Rona, 2002; Marques et al.,
2007; Schroeder et al, 2002), fluid compositions (e.g., Allen and
Seyfried, 2003; Charlou et al., 2002; Douville et al., 2002; Proskurowski
et al., 2006, 2008; Schmidt et al., 2007), oceanic lithosphere rheology
and geophysical properties (e.g., Dyment et al,, 1997; Escartin et al,
1997,2003; Mevel, 2003), hydrothermal sediments and plume particles
(e.g., Cave et al.,, 2002; Chavagnac et al.,, 2006; Dias and Barriga, 2006;
Edmonds and German, 2004), and microbial processes (Alt et al., 1998;
Brazelton et al., 2006; Holm and Charlou, 2001; Kelley et al., 2001, 2005;
O'Brien et al., 1998; Perner et al., 2007).

The seafloor exposure of serpentinized peridotites is a common
feature along slow spreading MOR and is especially associated with
crustal thinning, with low or focused volcanic activity and with the
development of extensional low angle faults (Cannat, 1993; Cannat et
al., 1995; Dick et al., 2008; Escartin and Cannat, 1999; Escartin et al.,
1997; Gracia et al., 2000; Smith et al., 2006). The faulting network in
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these environments allows deeper crustal seawater penetration
promoting serpentinization through hydration reactions involving
olivine and pyroxene (e.g., Janecky and Seyfried, 1986; Seyfried and
Dibble, 1980; Seyfried et al., 2007; Wetzel and Shock, 2000).

Several active hydrothermal systems hosted in serpentinized
ultramafic rocks have been discovered along the Mid-Atlantic Ridge
(MAR). They comprise either high-temperature vent fields with major
sulphide deposits, such as Rainbow at 36°14’N (Fouquet et al., 1997,
German et al.,, 1996a) and Logatchev at 14°45’N (Bogdanov et al.,
1997), or lower temperature fields, such as Lost City at 30°N (Friih-
Green et al.,, 2003; Kelley et al., 2001, 2005) and Saldanha at 36°30’'N
(Barriga et al., 1998; Dias and Barriga, 2006).

In the high-temperature fields, the hot (up to 400 °C) vent fluids
are enriched in metals and generate black smoker chimneys on the
seafloor. The lower temperature (up to 90 °C) fields may form
carbonate chimneys (e.g., Lost City) or vent orifices without chimney
structures (e.g., Saldanha) (e.g., Barriga et al., 1998; Dias and Barriga,
2006; Friith-Green et al., 2003; Kelley et al., 2005). Studies on vent
fluids derived from ultramafic-hosted systems show some differences
in fluid chemistry, particularly in H, and CH, contents, when
compared to basalt-hosted hydrothermal fields (Charlou et al.,
2002; Douville et al., 2002; Kelley et al., 2001, 2005; Proskurowski
et al,, 2008; Schmidt et al., 2007). On a regional scale, the detection of
high concentrations of CHB4g and HB, p in the water column along
slow and ultraslow spreading ridges, released as a result of peridotite-
water reactions, indicate that hydrothermal systems are common in
these environments (Charlou et al., 1993, 2002; German et al., 1996b;
Seyfried et al., 2007).

The study of hydrothermal sediments is relevant for the under-
standing of hydrothermal processes because sediments, together with
massive sulphides and hydrothermally altered rocks, are important
records of hydrothermal activity (Hannington et al., 1995). Sediments
associated with hydrothermal processes at MOR have been studied
since the 1960s (Bonatti, 1981; Bonatti and Joensuu, 1966; Bostrom
and Peterson, 1966). After these pioneer studies, a great number of
geochemical and mineralogical investigations have been conducted on
ocean ridge hydrothermal sediments. From these, it is now clear that
hydrothermal sediments have a distinct mineralogical and geochem-
ical signature in comparison to normal pelagic sediments (Bostrém
and Peterson, 1969), in particular in the metal-rich precipitates (Mills
and Elderfield, 1995a). Hydrothermal sediments can be formed by
direct precipitation from hydrothermal fluids within the sediment;
plume fallout or sulphide mass wasting and debris flow admixed with
background pelagic, biogenic and terrigenous components (Mills and
Elderfield, 1995b). The relative proportion of the hydrothermal
component to the sediment background will determine the intensity
of the geochemical and mineralogical hydrothermal signature.

The aim of this study is to investigate the variation of hydrother-
mal alteration in Saldanha sediments. Toward this goal we studied the
variation in the mineralogy and geochemistry in 10 sediment cores.
Additionally, stable isotope analyses of carbonates were used to
constrain the temperature and composition of the hydrothermal
fluids. Previous studies have shown that Saldanha sediments are
pelagic foraminiferal oozes overprinted by a weak hydrothermal
signature (Dias and Barriga, 2006) and most samples analysed in this
work agree with this pattern. However, one core (SCD7) presents a
much higher degree of hydrothermal alteration, unreported for
Saldanha sediments, and thus our investigation focuses extensively
on this core. These data provide an important basis for understanding
the little-known Saldanha hydrothermal system and sheds new light
on the hydrothermal processes and heat sources driving this site.

2. Geological setting

The Saldanha hydrothermal field is located at a non-transform
offset (NTO5), between the FAMOUS and AMAR segments on the MAR

(N36°34’; W33°26’). The NTO is characterized by a series of cross-
cutting discontinuous faults with predominant E-W, NNW-SSE
directions (Gracia et al., 2000; Parson et al., 2000). A significant
methane anomaly with low TDM (total dissolve manganese) levels
was detected in the water column above this site during the FLAME,
HEAT and FAZAR cruises (Bougault et al., 1998; Calvert and Price,
1970; Charlou et al., 1993, 1997; German et al., 1994, 1996b). This
anomaly, together with rock sampling performed during the FLORES
cruise (Fouquet et al., 1998), indicated the occurrence of serpenti-
nized ultramafic rocks and was crucial in predicting hydrothermal
activity related to serpentinization between the FAMOUS and AMAR
segments.

The Saldanha field was discovered in 1998 during the Saldanha
cruise (Barriga et al., 1998; Dias and Barriga, 2006). The site was
revisited in 2001 during the Seahma cruise (Barriga et al., 2004) and in
2004 during the CD167 cruise (Sinha et al., 2006). It is a mafic-
ultramafic-hosted hydrothermal field situated atop of one massif
consisting of a 100 m high semi-circular dome that is slightly
elongated in the NNE-SSW direction. Direct observations during
submersible dives and detailed geophysical analyses of this structure
have revealed that it is disturbed by NE-SW, E-W and WNW-ESE
striking faults (Barriga et al., 2003; Miranda et al., 2003). In situ
observations showed that hydrothermal activity takes place through
diffuse discharge but more focused vents also exist. The vents are
scarce and scattered on the ocean floor over an area of approximately
400 mP?® and are characterized by the discharge of a clear fluid
through centimeter-sized orifices without the growth of chimney-like
or other structures. Fluid temperatures measured directly at the vent
orifices with the ROV Victor during the 2001 Seahma mission were
not higher than 9 °C. Because these vents lack a chimney structure, it
was not possible to introduce the temperature probe inside the
orifices and temperature was recorded some centimeters above the
seafloor. Thus, venting temperatures remain unknown and are likely
higher than those measured.

Sediments cover around 80% of the massif area and show variable
thickness, from no sediment cover to almost 1 m thickness in the
deeper parts around the flanks of the Saldanha dome. Bulk sediment
analyses of the top sediment layers from cores of the 1998 Saldanha
mission indicate the presence of a minor low-temperature hydro-
thermal component in the background foraminiferal ooze (Dias and
Barriga, 2006). Saldanha basement lithologies are highly heteroge-
neous. Volcanic rocks are mainly dominant around the massif, but
serpentinites, steatites (talc-bearing serpentinites) and meta-gabbros
and basalts also occur (Fig. 1). Steatites and metagabbros are located
essentially along the major faulting network of Saldanha, which may
provide preferential conduits for hydrothermal fluid upflow (Dias et
al., 2010). The occurrence of steatites are comparable to talc-
amphibole-chlorite rich, detachment fault rocks resulting from
focussed fluid flow and gabbro-seawater interaction that are typical
of oceanic core complexes (Bach et al., 2004; Boschi et al., 2006a,b;
Dick et al., 2008; Escartin et al., 2003).

3. Methods

Five sediment cores collected far from the vent area (SH86, SH92,
SCD2, SCD3 and SCD8) and five at the vent area (SH49, SH63T,
SH118T, SH119 and SCD7) during the Seahma I (Barriga et al., 2003)
and CD167 (Dzhatieva et al., 2005; Sinha et al., 2005, 2006) missions
in 2002 and 2004, respectively, were studied in this work (Fig. 1 and
Table 1). Samples from the Seahma mission are identified with a SH
prefix and CD167 samples with a SCD prefix. Cores SH63T, SH118T
and SH119 were collected with the ROV at the vent orifices where
temperature measurements were performed. Core SH49 was collect-
ed in the vent area but not in a vent orifice. Core SCD7 was collected
from the vessel with a gravity corer at a location where it was known
that the vents were highly concentrated, based on the mapping from
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Fig. 1. (A) High-resolution bathymetry map of Saldanha hydrothermal field and surrounding area. Three-dimensional perspective generated from bathymetric mapping using ArcGis
software digital elevation models (DEMs). (B) Saldanha map area with sample locations. Geological data (rock samples, hydrothermal vents area and main structures) are also
projected. (C) Photo from a hydrothermal vent orifice before push-core sediment sampling.

the previous missions, but no direct observations of the field or vent
temperature measurements were performed (see Table 1). Two
samples (SH63T and SH118T) are labelled with a “T,” indicating that
downcore analyses were not possible and that the several core layers
were mixed and averaged for analyses. At the SH63T sampling
location sediment thickness and core recovery was low, which
hindered detailed downcore analyses. The SH118T sample was
capped by a Mn oxide crust and recovered with a spade after crust
removal and thus the sediment arrived mixed at the surface.

After the cores were split, one half was archived and the other one
was sliced in horizontal sections for petrographic and geochemical
analyses. Sediment subsamples were dried and impregnated in epoxy

resin to prepare polished sections for reflected and transmitted light
microscopy. X-ray diffraction (XRD) analyses of bulk powdered
sediments and of individual fragments were performed using a
Philips PW 1710 diffractometer equipped with a Ni filter and CuKa
radiation at 40 kV and 49 mA. A pure silicon sample holder (PW 1817/
32) was used, which produces no interferences in the diffractograms
and allows running small amounts of material.

Before geochemical analyses, rock fragments detected under a
binocular microscope were removed. Major and minor elements and
REE concentrations were determined by inductively coupled plasma
optical emission spectrometry (ICP-OES), inductively coupled plasma
mass spectrometry (ICP-MS) and instrumental neutron activation

Table 1
Characteristics of the sediment samples used in this study.
Samples Cruise/Sampling method Core recovery Measured T(°C) at the vent™* Depth
(cm) (m)
Away from vents area SH86 Seahma I, 2002 / ROV “push-corer” 12 - 3658
SH92 Seahma I, 2002/ROV “push-corer” 12 - 2125
SCD2 CD 167, 2004/Gravity core 164 - 2350
SCD3 CD 167, 2004/Gravity core 150 - 2248
SCD8 CD 167, 2004/Gravity core 91 - 2300
At the Vents area SH49 Seahma I, 2002/ROV “push-corer” 11 - 2221
SH63T* Seahma I, 2002/ROV “push-corer” - 7.8 2677
SH118T*, ** Seahma I, 2002/ROV “spade” - 9.0 2214
SH119* Seahma I, 2002/ROV “push-corer” 12 7.6 2213
SCD7* CD 167, 2004/Gravity core 27 - 2198

*Collected at an orifice vent; **sample covered by a Mn crust; ***measured a few centimeters above the vents.
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analysis (INAA) (see Electronic Supplementary Data for further
details). Geochemical analyses were carried out at Activation
Laboratories, Ltd. (ACTLABS, Ontario, Canada) following standard
procedures. The measurement precision for the major oxides was
better than + 1%-2% and for the other elements better than 5%-10%.
For REE the measurement precision was better than 5%.

Stable isotopes (O and C) were measured at the Geological Institute of
the ETH in Zurich. Bulk carbonate and crystallized calcites were
handpicked from the bulk sediment and analyzed for their O and C
isotopic composition by reacting 100-200 pg of sample with 100%
phosphoric acid using a Thermo Instruments Kiel IV carbonate
preparation device. Isotope ratios were measured on a Thermo
Instruments Delta V mass spectrometer and are reported as §-values in
per mil (%) relative to Vienna Pee Dee Belemnite (VPDB) standard. The
5P'8P0 values of calcite on the VPDB scale are converted to the Vienna
Standard Mean Ocean Water standard (VSMOW) using the equation of
Coplen et al. (1983): 6P'®"OBysmows = 1.03091 6P OByppps +30.91.
Analytical precision based on repeated measurements of internal
standards was better than 0.07%. for both C and O.

Temperatures were calculated from O isotope data using the
calcite-water fractionation curve of Friedman and O'Neil (1977).

4. Results and discussion
4.1. Sediment description

Petrographic observation revealed three main components in the
Saldanha sediments: (1) a pelagic sediment fraction composed of
biogenic carbonates and clays; (2) hydrothermal minerals; and (3)
basement rock fragments. A qualitative description of the major
components of each sample is given in Table 2 and representative
photos are presented in Fig. 2. All cores were homogeneous from top
to bottom, with the exception of SCD7, and thus a more detailed
petrographic description is presented for this core.

The Saldanha sediments are mainly pelagic foraminiferal oozes
with more than 80% carbonate and rare millimeter-sized rock
fragments (Fig. 2A and 2B). The SH63T, SH118T and SH119 samples,
collected directly at vent orifices, are characterized by Fe-Mn
oxyhydroxides (todorokite and birnessite) with sporadic millimeter-
sized grains of chalcopyrite, sphalerite and pyrite. Previous work has

Table 2

shown that the Fe-Mn oxyhydroxides have a clear hydrothermal
origin (Dias and Barriga, 2005; Dias et al., 2005, 2010). These three
samples contain rare rock fragments, characterized by altered
ultramafic lithoclasts (steatites and serpentinites), while in the
remaining cores, collected away from vent orifices, mafic rocks,
when present, are the principal rock fragments. These compositional
features are similar to those previously described by Dias and Barriga
(2006) for Saldanha sediments.

4.1.1. Core SCD7

Core SCD7 yielded the most hydrothermally altered sediment
(Fig. 2C). The first 5cm contain fragments of metasomatized
microgabbros, fine-grained ferromanganese oxyhydroxides (<5%)
and sporadic foraminiferal tests with evident dissolution. Below this
layer the sediment shows clear hydrothermal alteration, with variable
detrital fragments and no biogenic constituents. The sediment has a
high porosity and is formed, in general, by a matrix of serpentine and
talc (Fig. 2D and E) and, in minor amounts, chlorite, with widespread
Cu, Zn and Fe sulphides and calcite (Fig. 2F). Although rare below
5 cmbsf (centimeters below seafloor), variable millimeter-sized
lithoclast fragments (<5 mm) of serpentinites, steatites and metagab-
bros/metabasalts, most of which showing deformation, are distribut-
ed throughout the core (Table 2). Chromite and magnetite occur
sporadically as isolated grains or as components of the ultramafic
lithoclasts.

The sulphide assemblage includes chalcopyrite and sphalerite/
wurtzite with smaller amounts of pyrite and pyrrhotite (Fig. 2G-2]).
These phases occur dominantly between 13 and 21 cmbsf and are
deposited in situ as coarse-grained aggregates in open pore spaces
and filling stockwork-like veins. Hexagonal euhedral crystals of
sphalerite pseudomorphic after wurtzite are observed in the 5-
7 cmbsf layer. The high concentrations of metals such as Cu and Zn
implies that high-temperature fluids that interacted with gabbros/
basaltic rocks were involved in sulphide precipitation, as ultramafic-
derived fluids are metal-depleted (Schmidt et al., 2007). Metals are
transported in acidic solutions, especially at high temperatures, which
cause a large increase in metal complex stability (e.g., Vaughan and
Craig, 1986). Sulphide precipitation, on the other hand, is favored by
lower temperatures and more oxidizing conditions (Hannington et al.,
1995; Large, 1992). Thus, the cooling of the ascending metal-rich

Qualitative petrographic description of the major components from each core. Core SCD7 was highly heterogeneous downcore and thus a description of each layer is presented for

this sample. The remaining cores were grouped according to their petrographic similarity.

Sediment cores Talc/Serpentine Calcite Chlorite Sulphide phases Oxy-hydroxides Oxides Altered ultramafic Metassomatized Microorganisms
rocks mafic rocks tests

SH49 - X XXX

SH86 - X XXX

SH92 - X XXX

SCD2 - X XXX

SCD3 - X XXX

SCD8 - X XXX

SH118T X X XX X XXX

SH119 X X XX X XXX

SH63T X X XX X XXX

SCD7 (cmbsf)

top X X X XX

<5 XX X X X X X

5-7 XX XX - X X X

7-8 XXX XX - X X -

9-10 XXX XX - X - X -

11-13 XXX XX - X - X -

13-16 XXX XXX - X - X -

16-17 XXX XXX - XX - X -

17-19 XXX XXX - XX X X -

19-21 XXX XXX - XX X X -

22-23 XXX XX - XX X -

25-27 X XX - X X -

() absent; (-) sporadic; (x) rare; (xx) abundant; (xxx) very abundant.
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Fig. 2. (A) Macroscopic view of a whole-core longitudinal section of a representative Saldanha sample; (B) thin-section photomicrography (crossed-nicols) of foraminiferous oozes
with oxyhydroxides; (C) macroscopic view of a whole-core longitudinal section of SCD7 sediment; (D and E) sediment background where serpentine and talk are visible; (F)
hydrothermal calcite; (H) calcite + talc + serpentine; (G and J) stockwork-like veining filled with pyrite (reflected light); (H) sphalerite after wurtzite; (I) chalcopyrite surrounded
by sphalerite; (K) white calcite. Photos d and f were taken with a binocular magnifier. Photos e and k were taken in a petrographic microscope with transmitted light and G-J with
reflected light.
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fluids and the increase in oxidation conditions closer to the surface
causes their precipitation.

Large white calcite crystals up to 0.5cm long were observed
throughout the core (Fig. 2K), particularly between 13 and 21 cmbsf.
Calcite occurs in association with sulphides. The presence of sulphide
crystals on the calcite crystals indicate that calcite precipitated in situ
before or at the same time as sulphides. Hydrothermal calcite
precipitation has been described in many hydrothermal ore deposits
(e.g., Moller et al., 1979, 1984, 1991; Zheng, 1990; Zheng and Hoefs,
1993) and is mainly controlled by changes in pH and temperature
(Faure, 1986). In Saldanha, the increase in pH of hydrothermal fluids
during mixing with seawater might by itself be sufficient for calcite
precipitation. The Ca is most probably derived from the interaction
between hydrothermal fluid and the carbonate sediments and from
mixing with seawater. The underlying lithologies (peridotites and
mafic rocks) may also contribute Ca to the hydrothermal fluids.
Clinopyroxene breakdown during the serpentinization of peridotites
can add Ca to the fluids, especially at temperatures higher than 250 °C
(Allen and Seyfried, 2004). However, at Saldanha, the basement rocks
are harzburgites with negligible clinopyroxene content (Ribeiro da
Costa, 2005), implying that they are not the main source of Ca to form

PCA A: Major oxides

133

the large amount of calcite in the SCD7 sediment core. A magmatic Ca
source is also possible, if Ca was mobilized from gabbros during fluid-
rock interaction (e.g., Seyfried et al., 1988).

4.2. Geochemical composition of sediments and principal component
analysis

4.2.1. Major and trace elements

Chemical compositions determined from bulk sediment analyses
are given in the Electronic Supplementary Data. Two separate
principal component analyses (PCA) were conducted, one using
major element and another using trace element data. The PCAs
generated two orthogonal vectors (PC1 and PC2), which together
explain 91% of the variance in the major (Fig. 3A) and 85% of the
variance in the trace elements (Fig. 3B).

With the exception of core SCD7 and samples collected directly at
the vents, the chemistry of the Saldanha sediments is similar to an
average pelagic foraminiferal ooze (e.g. Ben Othman et al., 1989; Plank
and Langmuir, 1998; Van der Flier-Keller, 1991). For the major oxides,
PC1 accounts for 71% of the variance in the data set and the higher
positive load of this axis is given by the concentration of CaO. With the
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Fig. 3. PCA (Principal Component Analysis) plot of PC1 versus PC2 scores for major oxides (A) and trace (B) elements. For each sediment core, the average concentration in major
oxides or trace elements was used in the PCA analyses. The PC1 and PC2 scores for each major oxide and trace element are given in the inset graphs. Samples collected directly at the

vent orifices during ROV dives are marked with a circle.
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exception of sample SCD7, CaO is the major oxide in all remaining
samples. Other oxides are below 4% and are essentially incorporated into
clays. The high concentration of Ca (33.9+ 2.2 %) and C (10.4 £ 0.7%) and
their positive correlation (r=0.94, N=9, and P<0.001) reflects the
dominant high biogenic carbonate content. The high negative loading of
PC1 in SiOBZB, AleBOBgB, FeBZBOB3B, MgO and TIOBZB reflects the
presence of serpentine, talc and possibly rock-fragments-derived
components. Sample SCD7 clearly plots at more negative values than
the remaining samples, in accordance with the absence of a biogenic
component and the presence of serpentine and talc. Calcium concentra-
tions in SCD7 are much lower (average = 5.14 4 2.32%) than in the other
cores (average=33.8242.19%) and the strong positive correlation
between Ca and C downcore (r =0.99, N=11, P<0.001; Fig. 4A) and the
absence of foraminiferal tests indicate that the main source of Ca and Cin
this sediment is hydrothermal calcite. Silica (15.5%-22.1%) and Mg
(12.2%-17.7%) are the major elements in the SCD7 sediment. Talc and
serpentine (and minor chlorite) are the main phyllosilicates and are the
principal source of Mg in the bulk sediment. Unlike the other samples,
downcore Si variations in SCD7 are negatively correlated with Al (SCD7:
r=-—0.71, N=11, P=0.001; remaining samples: r=0.91, N=9, and
P=0.001), and the Si/Al ratios are particularly high (9.2-27 in the 13-
27 cmbsf layer; Fig. 4B), suggesting a hydrothermal input of silica. The
relatively immobile elements Ti and Al are present in lithogenic
components and are correlated downcore in SCD7 (r=0.99, N=11
and P<0.001; Fig. 4C). The highest contents occur at the top (0-8 cmbsf:
Al=6.01-6.86% and Ti=10.50-0.56%), consistent with the presence of
lithoclasts in these layers. Ti and Al concentrations decrease significantly
downcore, with the lowest contents in layers where hydrothermal
components are more abundant (16-21 cmbsf: Al=0.66%-1.37% and
Ti=0.02%-0.06%). Below these layers the Ti and Al contents increase
again, although with a lower concentration than at the top (Al=0.65%-
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2.34% and Ti=0.02%-0.08%) and correspond to an increase in rock-
fragments constituents.

In the PCA for major oxides, vector PC2 accounts for 19.7% of the
variance and has a high positive loading for MnO (Fig. 3A). Samples
SH63T, SH118T and SH119, collected directly at the vent orifices
(inside the circle in Fig. 3), project at high PC2 values as a consequence
of higher MnO contents (see Electronic Supplementary Data). The
higher average Mn/Fe ratios in these samples (9.86, 3.41 and 2.42,
respectively) reflect higher concentrations of hydrothermal oxyhydr-
oxides, which typically precipitate at lower temperatures. Of these
three cores, analyses of profiles with depth were only possible for
SH119. This core has the highest Mn concentrations at the top (0-
6 cmbsf), with Mn/Fe ratios ranging from 3.0 to 8.1 and decreasing to
0.17 to 0.36 in the bottom layers. This suggests that oxyhydroxides
precipitate directly at the subsurface due to cooling and gradually
more oxidizing conditions that result from mixing with seawater
(Krauskopf, 1957). Because FeP? ™ F precipitation is favored at lower
Eh and pH conditions than MnP? ", the chemical gradient established
during fluid ascent favors Fe precipitation at deeper layers and Mn
precipitation closer to the surface leading to the changing Fe/Mn
ratios (Bostrom and Peterson, 1969; Corliss et al., 1978).

In the PCA for trace elements SCD7 also projects apart from the
other samples (Fig. 3B). PC1 accounts for 73% of the variance and has
high loadings for Fe, Zn, Cu, Ni, Co, Cr, V, and Sc. The SCD7 sediment is
enriched in these elements compared to the other cores and they are
essentially incorporated in hydrothermal sulphides, as well as in
serpentine and talc. In SCD7 S, Cu, Fe and Zn concentrations fluctuate
downcore due to the variable proportions of rock fragments and
hydrothermal overprint. In general, their concentration is higher
below 9-10 cmbsf and particularly enriched between 13 and
21 cmbsf. Other elements such as Ni, Co and Cr in core SCD7 follow
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a similar pattern (Fig. 4D). The presence of these elements in SCD7
may either reflect the occurrence of ultramafic-derived fragments in
the sediment and/or the influence of hydrothermal fluids. The S and
Cu+Zn concentrations correlate downcore (r=0.64, N=11, and
P=0.035) as these elements are incorporated in sulphides (Fig. 4E).
However, effective separation of Cu, Zn, Fe and Mn occurs downcore,
as revealed by the increasing ratios of Cu/Zn, Cu/Fe and Zn/Fe (Fig. 4F)
and decreasing ratios of Mn/Fe (Fig. 4G). The precipitation of Cu,
followed by Zn and Fe and finally by Mn, from the lower to the upper
sediment layers, may be caused by cooling and by the chemical
gradient along the ascent path of the high-temperature hydrothermal
fluid. Under these conditions, the precipitation of Cu-sulphides occurs
at depth followed by Cu-Zn and Fe sulphides. In contrast to the other
sediment cores that are mainly enriched in Mn, only a slight Mn
enrichment is observed at the very top of the SCD7 core. We suggest
that this is a consequence of the higher fluid oxidation, where Mn and
the remaining Fe (not incorporated into sulphide phases) precipitate
to form the rare Mn-oxyhydroxides. V is typically derived from
seawater and is slightly enriched in the upper layers of SCD7,
suggesting more extensive seawater mixing in the superficial layers
and co-precipitation with oxyhydroxides (Feely et al., 1989; German
et al., 2002).

PC2 for trace elements accounts for 12.5% of the variance and has
high negative loadings for S and U, reflecting their high concentrations
in sediments directly collected at vent orifices (SH63T, SH119 and
SH118T). Uranium is probably scavenged from seawater by hydro-
thermal sulphide (German et al., 2002). Sample S118T projects closer
to sediments collected away from the vent area. This is the
consequence of the Fe-Mn crust that reduced the interaction with
seawater. Sediments far from the vent area plot at positive values of
PC2 reflecting the higher contents in V and Th. In both the major
oxides and trace elements analyses, sample SH49, collected at the
vent area but away from the vent orifices (Fig. 3A and 3B), shows a
negligible hydrothermal contribution. This suggests that hydrother-
mal precipitation is only significant when hydrothermal fluid flow is
focused.

4.2.2. REE contents

Variation in rare earth elements (REE) concentrations are listed in
the Electronic Supplementary Data, along with the (La/Sm)Bcng, (Gd/
Yb)Bcn, and (La/Yb)Bcng ratios, and the Ce and Eu anomalies. REE
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normalized patterns for chondrites (CN: Taylor and McLennan, 1985)
are presented in Fig. 5. With the exception of SCD7, all cores show
similar REE patterns with depth and, thus, we only present average
values for each core (Fig. 5A). Samples collected directly at the vent
orifices have REE patterns essentially indistinct from the remaining
cores, with a depletion in HREE (heavy rare earth elements) and a
negative Ce ((Ce/Ce*)Bcngp average = 0.60) and a slightly negative Eu
anomaly ((Eu/Eu*)Bcng average =0.77). This pattern is comparable
with that of pelagic sediments, although with more pronounced Ce
negative anomalies as consequence of REE scavenging from seawater,
probably by Fe-Mn oxyhydroxides precipitated by low-temperature
fluids. These results are compatible to those of Dias and Barriga,
2006).

Core SCD7 exhibits distinctive REE patterns. In general, the
sediment shows: (1) a decrease of REE values from the top to the
base of the core; (2) a flat REE pattern with a pronounced negative Eu
anomaly and ten times higher REE contents than chondrite above
8 cmbsf; (3) a positive Eu anomaly with a LREE enrichment between
16-21 cmbsf, reflecting a hydrothermal contribution; (4) a pattern
similar to the top layers below 22 cmbsf, although with lower REE
concentrations; and (5) between 8-16 cmbsf, an evident mixing of
REE from layers above and below (Fig. 5B).

The depth-variation in REE is essentially related to the varying
proportions of rock fragments and hydrothermal components. The
downcore REE decrease could thus reflect increasing hydrothermal
overprint in the deeper layers because hydrothermal fluids have
lower REE concentrations. However, the depletion of REE content in
the SCD7 core could also be related to the abundance of talc,
serpentine and chlorite that characteristically incorporate minimal
quantities of REE in their crystal lattice (Gillis et al.,, 1992). In the
deeper layers, especially between 13 and 21 cmbsf, the distinct
hydrothermal REE signature reflects the higher amounts of sulphides
and hydrothermal calcite in a talc and serpentine background and a
lower amount of rock fragments. The positive Eu anomaly ((Eu/Eu*)
Bcng =1.30-1.68) with a LREE enrichment between 16 and 21 cmbsf
are consistent with mineral precipitation from a high-temperature
fluid (>250 °C) under highly reducing conditions and high CIP~"
contents (Allen and Seyfried, 2005; Klinkhammer et al., 1994;
Michard, 1989; Sverjensky, 1984). Europium anomalies of compara-
ble magnitude were described for hydrothermal sediments from
high-temperature hydrothermal fields such as TAG (Fig. 6), where the
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Fig. 5. Average chondrite-normalized (Taylor and McLennan, 1985) REE values for: (A) Saldanha core sediments, deep (1500-2500 m) seawater (Elderfield and Greaves, 1982) and

pelagic sediments (Wildeman and Haskin, 1965); (B) SCD7 sediment layers.
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sediment layers with stronger hydrothermal signatures. Patterns from Rainbow
hydrothermal fluids (Douville et al, 2002), as well as average values from TAG

metalliferous sediments (German et al., 1993) and from TAG hydrothermal deposits
(Mills and Elderfield, 1995b) are also presented for comparison.

Table 3

Stable isotope compositions of Saldanha bulk sediment samples and of hydrothermal calcite

(Eu/Eu*)Bcng average varies between 1.57 and 1.76 (German et al.,
1993; Mills et al., 1993).

The flat pattern with a negative Eu anomaly recorded in layers
above 8 cmbsf and below 22 cmbsf correlates with the presence of
talc. Studies of talc from abyssal peridotites recovered on ODP Leg 209
(Mid-Atlantic Ridge 15°20'N) indicated pronounced negative Eu
anomalies and flat to LREE enriched patterns (Paulick et al., 2006).

A comparison of the SCD7 REE pattern with those described for
hydrothermal fluids (Fig. 6) further supports our interpretation that
the enrichment in LREE and the pronounced positive Eu anomaly in
this core are derived from hydrothermal fluids. REE derived from
unaltered seawater in this core are low, as suggested by the low
negative Ce anomaly.

4.3. Stable isotope geochemistry

Oxygen and carbon isotope analyses of carbonates of the three
cores collected directly at the vent orifices, for core SCD7 and for two
cores collected away from the vent area are presented in Table 3 and
in Fig. 7. The majority of Saldanha bulk carbonates have &P'®P0
(VSMOW) pgvalues ranging from 30.2%. to 34.2%. and reflect a
dominant pelagic carbonate source.

Sample SCD7 shows much lower 6P'®°0 values ranging from
12.7%. to 16.0%. pointing to high-temperature alteration at tempera-
tures in the range of 112-150 °C. Isotopic analyses of isolated
hydrothermal calcite crystals in sample SCD7 yielded P3P O¢ysmow)
values of 6.6-11.6%., indicating temperatures of up to 260 °C. For
these temperatures estimates, the calcite-water fractionation factor
of Friedman and O'Neil (1977) was used, assuming an unmodified

isolated from sample SCD7. Temperature estimates for each sample are also presented.

cmbsf 5'%0 (vepB) 5130 (vsmow) 8'8C (vppB) Min. T (°C)*(" T (°C)*® Max. T (°C)*®)
Bulk sediment
SH63T 1.0 31.9 0.4 12 16 20
SH92 2-3 1.1 32.0 —0.2 11 15 20
6—7 1.2 322 0.0 10 15 19
10—11 1.7 32.6 0.3 9 13 17
SH118T 0.7 31.6 0.2 13 17 22
SH119 2-3 0.9 31.9 —0.1 12 16 21
4-5 1.6 32.6 —0.2 9 13 17
6—7 22 33.2 —0.2 7 11 15
8—9 1.5 324 —0.2 10 14 18
SCD7 7-8 —14.5 16.0 -20 112 123 134
9-10 —16.6 13.8 —42 136 149 164
11-13 —17.6 12.7 —25 150 164 180
16—17 —15.6 14.8 —24 125 136 149
19-21 —15.8 14.6 -33 126 138 151
22-23 —15.0 155 —4.0 117 128 141
25-27 —17.2 13.2 —14 144 158 173
SCD8 0-2 2.0 33.0 0.0 7 11 16
4-6 1.9 32.8 0.1 8 12 16
8—10 —0.1 30.8 —45 16 21 25
12—-14 —0.6 30.2 —6.4 19 23 28
20—-22 1.9 32.9 0.3 8 12 16
40—42 3.2 34.2 0.5 3 7 11
88—90 2.1 33.1 0.1 7 11 15
Calcite
SCD7 6—8 —236 6.6 —33 269 300 337
9-10 —21.6 8.6 —27 219 241 268
11-13 —21.0 9.3 -18 206 227 251
13—-16 —213 9.0 —3.1 212 234 259
16—17 —219 83 -1.7 226 249 277
17—19 —18.7 116 —0.9 165 181 199
19—21 —20.8 9.5 —06 202 223 246
22-23 —20.1 10.2 -13 188 207 228
23-25 -21.0 9.3 -038 205 227 251
25-27 —21.8 85 —15 222 246 273

(*) Temperature estimation was based on the calcite-water fractionation factor of Friedman and O'Neil (1977), assuming seawater 5P18P0O B(SMOW)B values of (1) 0%.; (2) 1%. and;

(3) 2%..
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Fig. 7. Plot of 6P'3"C vs. 5P'°"0 values of Saldanha sediments and hydrothermal calcites. For comparison, values of hydrothermal calcites associated with ore forming hydrothermal
systems (Zn-Pb deposits from St Vicent, Peru: Spangenberg et al., 1996; Guayamas Basin: Peter and Shanks, 1992), FAMOUS greenstones calcite veins (Stakes and Oneil, 1982) and
carbonates from Lost City (Frith-Green et al., 2003) are also projected. The right-hand side of the diagram shows the ranges of PC and O isotopic values for marine limestones
(Ohmoto, 1986; Ohmoto and Goldhaber, 1997), magmatic fluids and mantle degassing (Anderson and Arthur, 1983; Gerlach and Taylor, 1990; Hoefs, 1997; Taylor, 1986; Zheng and
Hoefs, 1993), and hydrothermal fluids from Rainbow and Logatchev (Charlou et al., 2000), Lost City (Proskurowski et al., 2008) and from the Guayamas Basin sedimented ridge

system, with a high organic matter content (Welhan and Lupton, 1987).

seawater 5P'®P0 B(smow)s = 0%. However, because oxygen isotopic
determination in hydrothermal fluids show values ranging between 0
and 2%, (e.g., Shanks et al., 1995 and references therein), calculations
were also performed assuming modified seawater 5P'¥"0 Bsmow)
values of 1%, and 2%. (Table 3). These calculations yielded values of
300 °C (1%) and 337 °C (2%.) for SCD7 calcite precipitation
temperatures. These temperatures are consistent with the high
temperatures (>250 °C) suggested by the presence of sulphides. The
lower temperatures obtained for the bulk sediment of SCD7 is due to
the presence of pelagic carbonate, formed at lower temperatures.

All samples, with the exception of SCD7 and layers between 8-
14 cmbsf of SCD8, show 6P'3"C values from —0.2 to 0.5%., in the range
of normal marine carbonates (—1 to 2%.; Ohmoto, 1986; Ohmoto and
Goldhaber, 1997). The SCD7 samples show a clear depletion in P'*°C,
with values ranging from —4.3 to —1.4%. in bulk sediment and from
—3.3 to —0.6%. in isolated calcites (Table 3). A plot of 6P'3"C vs.
soP'8P0 (Fig. 7) shows that Saldanha sediments, except for SCD7, plot
in the field for normal marine carbonates with values similar to
pelagic limestones from Lost City (Frith-Green et al., 2003). SCD7, on
the other hand, plots close to values from calcite veins from FAMOUS
greenstone breccias (Stakes and Oneil, 1982) and to hydrothermal
calcites of the San Vicente deposit (Spangenberg et al., 1996).
Although the San Vicente deposit is located on land, it contains
hydrothermal calcites associated with Zn-sulphide mineralization, as
in Saldanha (Fig. 7). The C-isotope compositions of the SCD7 samples
lie within the range considered for mantle carbon (6P*°C: —8 to
—3.4%,, e.g., Gerlach and Taylor, 1990; Hoefs, 1997; Ohmoto and
Goldhaber, 1997; Taylor, 1986; Zheng and Hoefs, 1993). Thus, the
association of Zn-sulphides and calcite and the '>C-depleted composi-

tions of the calcite are consistent with a magmatic CO, component in
the hydrothermal fluids. The calcites in SCD7 may have precipitated as
a consequence of CO, degassing and concomitant pH increase of a
slightly acidic ore fluid (Spangenberg et al., 1996). Carbon derived
from the oxidation of sedimentary organic carbon and/or hydrother-
mal methane is also a possible alternative. With the available data it is
not possible to unequivocally distinguish between these possible
sources. However, the lack of strongly negative values as observed for
example in the organic-rich sediments in the Guaymas basin, suggests
that the mantle C may be a more likely source.

In high-temperature hydrothermal systems, degassing of mag-
matic COByp is a major source of carbon in hydrothermal fluids (e.g.,
Proskurowski et al., 2004) and could be an effective process leading to
the precipitation of calcite (Zheng, 1990). The SCD7 downcore
variation in the isotopic composition of calcites may reflect the
interaction of carbonate ooze with the hydrothermal fluid or different
degrees of mixing of fluids with different isotopic compositions
(hydrothermal fluids and fresh seawater).

Hydrothermal fluids from Logatchev and Rainbow have similar
dP13PC signatures of CO, as those recorded at SCD7 (see Fig. 7) and are
considered systems with seawater circulation through ultramafic
basement rocks but with a magmatic contribution (Charlou et al.,
2002; Douville et al., 2002). Because Saldanha has similar basement
lithologies and lies in a similar geologic framework, we can envision a
similar origin of the hydrothermal fluids as those at Logatchev and
Rainbow. At Lost City, on the other hand, abiotic methane is the
dominant carbon species in the fluids and is believed to form
abiotically through reduction of mantle carbon by Fischer Tropsch-
type reactions during serpentinization (Proskurowski et al., 2008).
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There is no or negligible CO, in the Lost City fluids, which reflects the
high pH that is characteristic of this system. The Lost City
hydrothermal carbonate deposits and their carbon isotope signatures
reflect primarily a marine source of carbon and deposition as a result
of mixing of high pH, hydrothermal fluids with seawater (Friih-Green
etal,, 2003; Kelley et al., 2005; Proskurowski et al., 2008). Thus, on the
basis of stable isotopes alone, the source of carbon in the hydrother-
mally altered Saldanha sediments remains equivocal.

Core SCD8, collected far from the summit, reveals a wide range of
6P13PC values for the bulk sediment, ranging from typical marine
sediment values to values as low as —6.5%. in layers between 8-
14 cmbsf (Table 3). Although in this sediment there is no other clear
geochemical evidence for hydrothermal activity, the 6P'3PC values in
these layers could indicate minor hydrothermal overprinting. This is
consistent with oxygen-isotope derived temperatures, which are
highest (16 to18°C) in those layers. If these signatures are related to
hydrothermal activity, this suggests a contribution by lateral flow of
hydrothermal fluids at depth or earlier episodes of hydrothermal
activity far from the Saldanha vent area. Further analyses from
samples collected in that area are necessary to better constrain the
origin of the hydrothermal component.

5. Conclusions

The Saldanha sediments are dominated by biogenic carbonate
with variable rock fragment components and with a minor hydro-
thermal input. In general, hydrothermal phases are derived from low-
temperature hydrothermal fluids and are characterized by Mn and Fe
oxyhydroxides and minor amounts of sulphide precipitates. The
exception to this pattern is the SCD7 sediment core that records
strong hydrothermal overprinting and a negligible biogenic fraction.

Geochemical and isotopic analyses on the SCD7 core suggest
mineral precipitation from high-temperature (>250 °C) fluids. The
SCD7 downcore variation in Cu/Zn, Cu/Fe, Zn/Fe and Mn/Fe ratios is
consistent with an effective separation of these metals during gradual
cooling, and concomitant Eh and pH modifications, as discharging
high-temperature fluids interact with the background sediment and
mix with seawater. This promotes the precipitation of Cu-sulphides at
depth, followed by Cu-Zn and Fe sulphides and of Fe-Mn oxyhydr-
oxides at the top. The sulphide assemblage recorded in this core
(chalcopyrite + sphalerite/wurtzite 4 pyrite-pyrrhotite) and the ob-
served positive Eu anomaly associated with LREE enrichments is
consistent with precipitation from high-temperature fluids and with
interaction of the hydrothermal fluid with mafic rocks. In accordance,
O and C isotopic data from SCD7 carbonates indicate that high-
temperature fluids (260 °C-330 °C) have been involved in their
precipitation, controlled by changes of Eh, pH and temperature of
the fluid during interaction with the hosted carbonated oozes with
variable mixing with seawater. The low values of 6P'*"C of this core
also point to a magmatic and/or biogenic carbon component in
hydrothermal fluids in Saldanha system. Degassing processes may be
the principal source of COB, to the Saldanha fluids although CH,4
produced through serpentinization reactions may also be present, as
is observed in the Logatchev and Rainbow fluids.

Taken together, the data suggest that at Saldanha mineralization
occurs in the shallow subsurface by the interaction of hydrothermal
fluids with the sediment cover and seawater. Higher amount of
sulphides and hydrothermal calcite precipitation in the SCD7
sediment core suggest the presence of more focused and higher
temperature fluids, which are likely related to the fault network in the
Saldanha area. Therefore, channelled fluids are vented at the seafloor
with much higher temperatures than those directly measured at the
vent orifices where samples SH63T, SH118T and SH119 were
collected. The exposure of serpentinites and steatites within the
Saldanha massif also appears to be linked with the faulting network.
We propose that seawater descends through the crust reacting with

mafic rocks and ascends along the faults at the top of the massif,
reacting with ultramafic rocks. Thus, a convective hydrothermal
circulation system in the Saldanha field, with hydrothermal precip-
itation in the subsurface and discharge zone at the top of the Saldanha
mount seems likely.

The high-temperature mineral assemblage of SCD7 sediment core
suggests that the heat source for the Saldanha hydrothermal system is
most probably magmatic, although heat derived by lithospheric
cooling and by serpentinization exothermic reactions may also
contribute to the system.
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