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Abstract

The Saldanha hydrothermal field is located at the top of a serpentinized massif (Mount Saldanha, MS) at a non-transform
offset (NTOS) along the Mid-Atlantic Ridge (MAR), south of the Azores. It is one of the rare known sites on a worldwide basis
where direct evidence of low-temperature (7-9 °C) hydrothermal activity has been provided by direct observation of
hydrothermal fluid venting through small orifices in the ocean floor sedimentary cover. This study focuses on the mineralogy
and geochemistry of 14 sediment cores collected at MS. For comparison, four samples collected at the Rainbow site (NTOG6)
were also studied. Mount Saldanha hydrothermal sediments are highly “diluted” within a dominant foraminiferal nanofossilifer-
ous ooze with small fragments of underlying rocks. The mineral assemblage of the hydrothermal component is characterized by
sulphides, nontronite, smectites, poorly crystallized Mn oxyhydroxides and amorphous material. Cu, Zn and Fe sulphides, Mn—
Mg oxy-hydroxides and putative manganobrucite were also identified in one sample collected at an orifice vent. In this sample,
micro-chimneys (conduits) composed of isocubanite and sphalerite were also identified. Mount Saldanha sediments show a clear
enrichment in elements such as Mn, Mg, Fe, Cu, P and V, derived from hydrothermal fluids, and Ni, Cr and Co, derived from
ultramafic rocks. The geochemical data together with the observed mineral assemblage suggest that the hydrothermal fluids are
at a higher temperature than those measured at the escape orifices (7-9 °C), and a strong enrichment in Mg, mainly at the top of
the mount, agrees with extensive mixing of the hydrothermal fluid with unmodified seawater. Nevertheless, the mineral
assemblage of MS sediments is consistent with the precipitation from hydrothermal fluids at much lower temperatures than
at Rainbow. The presence of serpentinized and steatitized (talcshist) ultramatfic rocks and the occurrence of a strong methane
anomaly within the overlying water column collectively suggest that the hydrothermal circulation at MS is driven by exothermic
reactions closely associated with the serpentinization process. Rainbow sediments have a higher concentration in transition
metals and consequently an enrichment in sulphides. These differences are likely to be a consequence of the higher temperature
of hydrothermal fluids, reflected in the composition of hydrothermal solutions, and of a stronger hydrothermal flux at the
Rainbow site.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Hydrothermal sediments; Mount Saldanha hydrothermal field; low-temperature vents

* Corresponding author. Tel.: +351 21 750 0000x26463; fax: +351 1. Introduction

21 759 9380.

E-mail addresses: Agata.Dias@fc.ul.pt (A.S. Dias), ]
F.Barriga@fc.ul.pt (FJ.A.S. Barriga). The Saldanha hydrothermal field is located at the
! Tel.: +351 21 750 0000; fax: +351 21 759 9380. Mid-Atlantic Ridge (MAR), south of Portugal’s Azores

0025-3227/% - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.margeo.2005.07.013



158

Archipelago (36°34’'N; 33°26'W), between the Pico
Fracture Zone (PFZ), 38°N, and the Oceanographer
Fracture Zone (OFZ), 35°40'N (Fig. 1A). This region
of the MAR is composed of six left-lateral non-trans-
form offsets (NTOs) (Detrick et al., 1995; Gracia et al.,
2000). These offsets are characterised by peridotite
massifs detached from their segment flanks and are
frequently associated with hydrothermal vents (Fouquet
et al., 1997; German et al., 1996). The exposure of
ultramafic rocks is consistent with low magma budgets,
relatively thin crust and irregular faulting patterns (Gra-
cia et al., 2000). Mount Saldanha (MS) is located on
NTOS5, between the FAMOUS and AMAR second-
order segments (Fig. 1B), and consists of a faulted
massif detached from its segment flanks, almost parallel
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to the ridge segment. It is composed mainly of ultra-
mafic and gabbroic rocks.

In this area, Charlou et al. (1997) and Bougault et
al. (1998) reported important methane anomalies with
low TDM (total dissolved manganese) levels, detected
during the FLAME (Charlou et al., 1997; German et
al., 1997), HEAT (German et al., 1994, 1996) and
FAZAR (Koeppenkastrop and De Carlo, 1992; Lang-
muir et al., 1992; Charlou et al., 1993) cruises, raising
the expectation of the presence of a hydrothermal
field. This was investigated with dives during the
FLORES cruise (Fouquet et al., 1998) without success.
However, serpentinites and other ultramafic rocks were
recovered suggesting hydrothermal activity related to
serpentinization. Confirming these predictions, the MS
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Fig. 1. (A) Area between the Pico Fracture Zone (PFZ) and the Oceanographer Fracture Zone (OFZ) along the Mid-Atlantic Ridge, south of Azores
Triple Junction (TPA); (B) relief map showing the location of Mount Saldanha at a non-transform offset (NTOS5) between FAMOUS-S and AMAR
segments, and Rainbow at a non-transform offset below Mount Saldanha (NTO6), between AMAR and AMAR-S segments. These two sites are
hosted on peridotite and serpentinized peridotite massifs. The relief map was prepared by J. Luis, N. Lourengo and M. Miranda and the non-
transform offsets (dashed lines) and individual spreading axes (black lines) are projected according to Gracia et al. (2000) and Parson et al. (2000),

respectively.
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hydrothermal field was discovered in 1998 during the
SALDANHA cruise (Barriga et al.,, 1998). At the
summit of a seamount (MS), hydrothermal fluid vent-
ing through centimetric orifices in the ocean floor
sedimentary cover was directly observed over an
area of approximately 400 m? and at depths between
2200 and 2220 m. Rock samples classified as perido-
tites, serpentinites and steatites (also known as talcsh-
ists and soapstones) were recovered, which, together
with field observations, made it possible to map the
area (Costa, 2001). In situ temperature measurements
of the discharge fluid at the hydrothermal orifices
revealed fluid temperatures of 7-9 °C, whereas the
adjacent seawater next to the seafloor was at around
2 °C (Barriga and Seahma Teem, 2003).

The source of the heat at the MS hydrothermal field
has been suggested to be derived from the exothermic
serpentinization process (Barriga et al., 1998). There
are only three other hydrothermal fields, all at MAR,
where hydrothermal fluids derived from ultramafic
reactions have been described: the Rainbow (Fouquet
et al., 1998; German et al., 1996) and the Logatchev
(Bogdanov et al., 1997), with high-temperature fluids;
and the Lost City (Kelley et al., 2001), with low-tem-
perature fluids.

However, the source of heat in these ultramafic-
hosted hydrothermal systems is controversial. Al-
though heat production in these systems has often
been directly linked to the exothermic nature of the
olivine to serpentinite reaction (Fyfe, 1974; Barriga et
al., 1998; Kelley et al., 2001; Bach et al., 2002;
Lowell and Rona, 2002; Schroeder et al., 2002), sev-
eral authors argue that these reactions do not produce
enough heat to explain peridotite-hosted hydrothermal
systems (e.g., Allen and Seyfried, 2004). For example,
an additional heat source has been suggested for the
Logatchev and Rainbow sites (Allen and Seyfried,
2003; Lowell and Rona, 2002). Heat balance models
by Lowell and Rona (2002) suggest that heat released
upon serpentinization of peridotites can explain hydro-
thermal venting only at temperatures ranging from a
few degrees to a few tens of degrees Celsius, as
happens at MS (7-9 °C, Barriga and Seahma Teem,
2003). Bach et al. (2002) reached the same conclusion
after calculating that the serpentinization process can
heat up circulating water to 25-150 °C. Thus, al-
though higher temperature ultramafic hydrothermal
systems, such as the Rainbow, seem to depend on an
additional magmatic heat source, it seems possible that
low-temperature systems, such as MS, are exclusively
driven by the serpentinization exothermic process.
Additional data on the geochemistry, mineralogy and

geophysics of these systems are needed to clarify this
issue.

Diffuse flow at hydrothermal systems seems to con-
stitute the major flux of heat and chemical transfer at
the seafloor. Hydrothermal sediments can conceivably
hold distinct hydrothermal components: (1) near-field
components derived from corrosion and mass-wasting
of seafloor hydrothermal deposits; (2) distal plume-
related components (Mills and Elderfield, 1993); and
(3) components directly precipitated from hydrothermal
fluids that percolate through the sediments (German et
al., 1995; Mills et al., 1996).

Unlike many other systems sampled so far along the
MAR, at MS, the hydrothermal discharge takes place
through the sediments, which seem to form an imper-
meable cover, blanking the system. Thus, the hydro-
thermal fluids react not only with the underlying
crystalline rocks but also with the sedimentary cover.
The hydrothermal component of the sediments precipi-
tates from percolating fluids. This could also take place
at the more sedimented parts of the Rainbow field.
Here, the hydrothermal component is largely dominated
by more or less corroded sulphides resulting from fall-
out and mass wasting of seafloor hydrothermal depos-
its. These deposits completely cover up a possible
hydrothermal component resulting from within-sedi-
ment precipitation.

In order to identify the hydrothermal component of
MS sediments, their mineralogical and geochemical
properties are described. The data are compared with
hydrothermal sediments collected at Rainbow and oc-
casionally with previously published geochemical data
from other MAR hydrothermal sediments. Because the
MS hydrothermal system has the lowest venting tem-
perature so far described, the study of its sediments
could prove particularly valuable in order to understand
the nature of ultramafic-hosted systems that putatively
lack a magmatic heat source.

2. Sampling and analytical methods

Sampling was carried out in July 1998 with Ifre-
mer’s manned submersible Nautile. Eight dives were
performed and a 40-cm ‘push-corer” was used to recov-
er 14 short (27 cm maximum) cores of hydrothermal
sediments at MS, one of which (SF13) was sampled in
a small hydrothermal vent orifice (Fig. 2 and Table 1).
For comparison, four samples were also collected at
Rainbow during the same cruise. Three of those sedi-
ments were sampled near black smoker chimneys and a
fourth sample (SR2) was collected at a zone of diffuse
discharge (Table 1).
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Fig. 2. Map of Mount Saldanha with location of the ‘push-corers’ (circles) and respective sample number. The square represents the hydrothermal area where centimetric holes exhaling a white
hydrothermal fluid at 7-9 °C have been identified. SF13 sample was collected exactly at one of these holes.

091

SLI=LST (9002) §TT 480joan) auLwpy / vSLLIDG SV LA ‘SVIA SV



A.S. Dias, FJ.A.S. Barriga / Marine Geology 225 (2006) 157—175

Table 1

161

General macroscopic description of Mount Saldanha and Rainbow ‘push-corers’

Samples Length sediment  General description Rock fragments Other relevant Distance to the
recovered information venting orifice
(cm) (m)
Mt Saldanha
SF1 16.5 Pale brown carbonate ooze Fresh basalts Collected at a deep fault 4095
SF2 22.0 Pale brown carbonate ooze Fresh basalts 3672
SF3 20.0 Pale brown carbonate ooze Gabbros 1286
SF4 14.0 Pale brown carbonate ooze Fresh basalts 954
SF5 27.5 Pale brown carbonate ooze Serpentinites Collected near a scarp 4513
SF6 11.0 Pale brown carbonate ooze Serpentinites and a  Collected near a scarp 2544
few altered basalts
SF7 (a) Whitish pale brown carbonate ooze  Serpentinites Collected near a scarp 1726
SF8 (a) Whitish pale brown carbonate ooze  Serpentinites Collected near a scarp 1681
SF9 (b) Whitish pale brown carbonate ooze  n.i. 944
SF10 17.0 Pale brown carbonate ooze Steatites 190
SF11 24.0 Pale brown carbonate ooze Steatites and some 771
fresh basalts
SF12 (b) Whitish pale brown carbonate ooze  Steatites and some 503
fresh basalts
SF13 13.5 Greyish pale brown carbonate ooze  Steatites Collected exactly at a 0
with some whitish veins hydrothermal vent
SF14 19.0 Pale brown carbonate ooze n.i. 1035
Rainbow
SR1 Reddish material with some massive  Steatites Collected near black
sulphides and pelagic carbonates smoker chimneys
SR2 Reddish pale brown carbonate ooze  Some steatites and ~ Collected in a very
few steatites sedimented zone with
diffuse discharge
SR3 Reddish material massive sulphides  Some steatites Collected near black
smoker chimneys
SR5 Reddish material massive sulphides  Serpentinites Collected near black

and pelagic carbonates

smoker chimneys

(a): Semi-consolidated sediment; (b): consolidated sediment; n.i.—not identified because of the small size of the rock fragments.

The majority of MS sediment corers collected are
pale brown carbonate oozes, except the more consoli-
dated samples, which are whitish. Frequently, the sedi-
ments contain fragments of underlying rocks such as
gabbros, serpentinites, steatites (talcshists) and basalts
(up to 7 cm long). The three Rainbow sediments col-
lected near the black smokers are reddish dark brown,
rich in sulphides and correspondingly poorer in carbo-
nates. The SR2 Rainbow sample was similar to MS
sediment but somewhat darker.

Samples collected at MS were analysed for their
mineralogy and geochemical composition of bulk sedi-
ments. Prior to any type of analyses, all samples were
dried at less than 25 °C. Optical microscopic observa-
tions of the sediments were performed on polished thin
sections. In order to achieve an effective polish, the
sediment samples were consolidated by impregnation
with an epoxy resin.

X-ray diffraction (XRD) of the sediments’ <4@
fractions and of some selected manganese oxides par-

ticles was performed using a Philips PW 1710 diffrac-
tometer with CuKa radiation generated at 40 kV and 49
mA. The material was analysed on a pure silicon sam-
ple holder (PW 1817/32) because it does not produce
interferences and requires less material for analysis than
other sample holders. The <4¢@ fraction was examined
after air drying and glycol saturation treatments. Data
were interpreted using Creminer’s in-house “XRD-
Identify” software, developed by Carlos Carvalho (in
preparation).

As the sediments have a very high carbonate con-
tent, leaching with a 10% HCI solution of sample
aliquots was necessary to study the mineralogy of
the insoluble residual grains. As other minerals be-
sides carbonates could have been leached by this
process, the major elements in the resultant acid solu-
tion were quantified by atomic absorption analyses.
Polished thin sections of the insoluble residue were
made as described above and optical microscopic
observations were conducted. Chemical analyses
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were conducted on representative polished thin sec-
tions of the insoluble residue using a three-channel
wavelength dispersive JEOL SUPER PROBE 733
electron microprobe, operated at an accelerating volt-
age of 18 kV and at a beam current intensity of 25 nA.
Natural minerals and pure metal standards were used
before, during and after each analytical session. The
precision of the measurements was better than 2% for
the major elements.

To complement the mineralogical characterization,
geochemical analyses were carried out on the bulk
sediment. Determination of major and minor ele-
ments and rare-earth elements (REE) concentrations
were made by Inductively Coupled Plasma Optical
Emission Spectrometry (ICP), Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) and Instrumen-
tal Neutron Activation Analysis (INAA). Carbon and
S concentrations were determined by LECO (see
Appendix for further details). All geochemical analyses
were carried out at “Activation Laboratories, Ltd”
(ACTLABS, Ontario, Canada) following standard pro-
cedures. The standards used by Actlabs were SY3,
MRG1, W2, DNCI1, BIR2, G2, NBS, STM, IF-G and
AC-E and specifically for REE were MAGI, BIRI,
DNCI, GXR2, LKSD3, MICA-Fe, GXR1, SY3, STM
and IFGI. The measurement precision for the major
oxides was better than + 1-2%, and for the other ele-
ments, the precision was generally better than 5-10%.
Specifically, for REE, the measurement precision was
5% or better.

To determine the hydrothermal component of major
elements in MS bulk sediments, data from BOFS (Bio-
geochemical Ocean Flux Study) cores were used to
define background elemental levels (data from Cave
et al.,, 2002). Those cores are appropriate to be used
as a background since they are pelagic sediments with-
out hydrothermal influence and were collected in sim-
ilar latitudes at the MAR and in similar depositional
environments.

Rare-earth elements (REE) data were normalised to
the REE concentrations of chondrites (Taylor and
McLennan, 1985). The deviation of Ce and Eu from
the rest of REE can be expressed as Ce anomaly (Ce/
Ce*) and Eu anomaly (Eu/Eu*) where * refers to the
value obtained by linear interpolation between adjacent
elements.

3. Results
Microscopic characterization of bulk sediment

revealed that MS samples are mainly calcareous oozes
made up of biogenic calcite (foraminiferal and coccolith

tests) with hydrothermal precipitates and small frag-
ments of lithoclasts and minerals from the underlying
rocks.

Mount Saldanha sample aliquots treated with HCI
were almost totally soluble, revealing their high car-
bonate content. Samples collected at Rainbow had a
lower content of soluble material (Table 2).

The more consolidated samples (SF7, SF8, SF9 and
SF12) had a higher content of soluble material, while
three of the sediments collected near hydrothermal
orifices (SF13, SF10 and SF11) and also sample SF1
presented a lower content of soluble material (Table 2).
Insoluble residues were formed by hydrothermal com-
ponents and detrital lithoclasts. The observed differ-
ences between MS and Rainbow samples suggest
different proportions of the carbonate and hydrothermal
fractions.

The presence of major elements in the solution
resultant from the acid attack was investigated with
atomic absorption analyses in order to understand if
HCI digested other minerals besides carbonates. The
proportion of each major element relative to the total
of analysed elements in MS samples is represented in
Fig. 3. Calcium is the main element present, repre-
senting more than 60% of the total of dissolved
major elements. A lower Ca concentration (about

Table 2
Average and standard deviation (wt.%) of the material digested with
HCI in aliquots from each sample

Average S.D.
Mount Saldanha
SF1 84.78 4.83
SF2 94.81 2.79
SF3 94.33 0.85
SF4 95.59 0.21
SF5 94.99 1.56
SF6 95.31 0.42
SF7* 98.25 0.50
SF8* 95.69 1.18
SF9? 96.06 0.58
SF10 86.81 4.24
SF11 90.03 2.98
SF12* 97.86 0.64
SF13 91.47 6.50
SF14 95.17 0.19
Average 93.65 1.96
Rainbow
SR1 54.10 5.36
SR2 85.70 -
SR3 28.00 5.73
SRS 71.10 -
Average 59.73 5.55

% Consolidated or semi-consolidated sediments.
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50%) was observed in sample SF13, collected at an
active hydrothermal orifice. In this sample, the com-
bined Mn and Mg content amount to about 40% of
the total. Thus, although the dissolved major elements
do not exclusively represent the carbonate fraction,
the HCI leaching procedure provides, with a few
exceptions, a reasonable estimate of the carbonate
content.

The presence of Fe, Mn and Mg in the solution
probably derived from poorly crystalline oxides and
hydroxides. Some Fe could also have originated from
sulphides dissolved with the acid solution. Sodium and
Al in samples with small amounts of Fe, Mg and Ca
were probably derived from clay minerals.

3.1. Mineralogy

The mineralogy of MS sediments determined by
XRD and optical and electron microprobe analyses
revealed, besides carbonates, the presence of serpen-
tine, talc, olivine, plagioclases, clay minerals and
Mg, Fe and Mn minerals. The sediment content in
olivine, pyroxenes, serpentine and talc correlate with
the abundance of different lithoclastic grains and,
consequently, with the different lithologies of the
underlying rocks. For example, talc was mainly iden-
tified from steatite grains present in sediments col-
lected at the top of MS where this lithology was
more abundant. Fine-grained pyrite and sometimes
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isocubanite were observed disseminated in all sedi-
ments. Sphalerite and putative manganobrucite were
also observed in sample SF13. Sulphide minerals
were rarely observed and were normally anhedral
grains smaller than 0.1 mm in diameter. In most
samples, it was not possible to obtain accurate quan-
titative electron microprobe analyses due to polishing
problems and/or to the small size of the sulphide
grains. Sediment SF13 exhibits a larger quantity of
sulphides, including larger grains. Reflected light
microscopy revealed the presence of pyrite, isocuba-
nite and sphalerite.

Isocubanite and pyrite occur in isolated grains and
exhibit a deficient polishing. Pyrite also occurs as
local replacement in foraminiferal tests, and isocuba-
nite occasionally occurs in association with sphalerite,
the former surrounding the latter (Fig. 4A). Averages
of closely similar electron microprobe analyses on
these minerals revealed the following chemical com-
positions:

Isocubanite (ICb) (Cu0_97,C00.03,Ni0.0 1 )0.97Fezs3;

Pyrite (Py): (Fep.937,C00.002,CU0.002)0.94152
Sphalerite (Sph): (Zng72,Fe 13,Cu.001,C00.01)0.01F€1S2

At the top of the SF13 core, it was possible to
observe millimetric tubular structures formed by Icb
and Sph. These have been interpreted to be micro-
chimneys (Fig. 4B and C) similar to those described
by Usui et al. (1997). The outer walls of these structures
were formed by cemented sediment and oxyhydroxides
aggregates. At the inner wall, sulphide and oxide miner-
als were observed, as well as a non-identified pale
green mineral. Some radiolarian tests were also ob-
served inside the tubes. This morphology and mineral
zonation are consistent with previous descriptions of
micro-chimneys (Haymon and Kastner, 1981; Haymon,
1983; Zierenberg et al., 1984; Fouquet et al., 1993;
Hannington et al., 1995; Lafitte et al., 1985).

In Rainbow sediments, fragments of Icb and Sph
with a similar microscopic concentric zonation were
also observed (Fig. 4D). These were present in larger
quantities and were better polished than in MS sedi-
ments. The mean chemical analyses for Icb and
Sph in Rainbow sediments showed the following
composition:

Icb: (Cug.97,C00.05)1.02F€2.05S3 and
Sph: (Zng ¢6,F€0.20)0.04F€1S>

The formation of Sph with a higher percentage of
Fe at Rainbow is consistent with what has been de-

scribed for reduced and warmer hydrothermal fluids
(Deer et al., 1982; Ames et al., 1993; Hannington et
al., 1995).

All samples contain amorphous material at the
<4® fraction in the insoluble residue, as shown by
XRD (Fig. 5). Only one diffractogram of this fraction
is shown because all analyses were similar. They
depict a broad elevation centred near 25° 20. This
feature corresponds perfectly to the amorphous silica
pattern.

X-ray diffraction also revealed the presence of
smectite—clorite and nontronite. Nontronite (Al-poor
Fe-smectite) is particularly abundant in three of the
samples collected near the hydrothermal orifices
(SF10, SF11 and SF13). The presence of nontronite
has been reported in various other seafloor hydro-
thermal deposits (e.g., Bischof, 1972; Bonatti et al.,
1972; Hoffert et al., 1978; Alt, 1988; Hékinian et al.,
1993; Severmann et al., 2004). Experimental data on
nontronite synthesis (Harder, 1976) suggest that the
solution from which this mineral forms has a low
temperature (3 to 29 °C), nearly neutral pH (7-9)
and is slightly reduced (£,=—0.2 to —0.8). Howev-
er, oxygen isotope thermometry from TAG metallif-
erous sediments shows that nontronite formation may
occur at up to 90 °C (Severmann et al., 2004). Aoki
et al. (1996) also mentioned that the mechanism of
formation of Fe-rich clay minerals is attributed to the
interaction of Si, Al and Mg from the seawater with
a Fe-rich hydrothermal solution flowing through the
sea floor. At MS, the presence of sulphide minerals
suggest that nontronite could have formed at higher
temperatures than those of the hydrothermal fluids
(7-9 °C, Barriga and Seahma Teem, 2003). The
lower temperatures measured at the orifices are prob-
ably a consequence of cooling effects during conduc-
tive circulation and seawater interactions.

Poorly crystalline Mn-oxides minerals occur main-
ly in the sediment collected at the venting orifice
(SF13). They usually form collomorphic bands and
concretions that comprise intimate mixtures of more
crystalline and less crystalline manganese oxides,
identified by XRD as todorokite and vernadite/birne-
site, respectively. High reflectance bands comprise
the more crystalline specimens and low reflectance
bands comprise the poorly crystalline ones, which are
also not as well polished (Fig. 4E-H).

The mean of poorly crystalline Mn-oxides micro-
probe analyses are shown in Table 3. The totals were
lower than 90%, and as microprobe qualitative anal-
yses did not detect elements other than those listed,
the remaining percentage was considered to be H,O".
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Fig. 4. Photomicrographs of polished sections from Mount Saldanha sediments samples; (A) polished section of isocubanite surrounded by
sphalerite from SF13; (B) milimetric chimney at SF13. Outer walls are formed by cemented aggregates of manganese precipitates and carbonate and
(C) inner walls are formed by manganese minerals, sulphides and a nonidentified green mineral. Some radiolarian tests were also identified inside
these tubes; (D) polished section of isocubanite surrounded by sphalerite from a Rainbow sediment; (E-F) poorly crystalline Mn-oxides minerals.
They are opaque showing a low relief and low reflectance with grey-brownish colours. They occur usually as collomorphic bands, and concretions
comprise intimate mixtures of more crystalline and less crystalline manganese oxides, which seem to be todorokite and vernadite/birnesite,
respectively. High reflectance bands, with whitish-grey colours, comprise the more crystalline specimen and low reflectance bands, with brownish-
grey colours, comprise the poorly crystalline ones and are less well polished; (G—H) transparent fine crystals growing (Mn-brucite) into open spaces
at poorly crystalline Mn-oxides. The right photomicrograph was taken in transmitted light conditions. icb=isocubanite; sph=sphalerite; tk=todor-
okite; vr/br=vernadite/birnesite; (Mn)Brc=Mn-brucite.

A strong negative correlation between MnO, and suggests that less crystalline specimens are more
H,0" was verified (Pearson’s product-moment corre- hydrated. The sample with the highest total was the
lation coefficient: r=—0.79, p<0.001, n=>54), which one collected at the hydrothermal orifice (SF13),



166 A.S. Dias, FJ.A.S. Barriga / Marine Geology 225 (2006) 157-175

MS sample

/ amorphou

silica

.......... A S S S S T S T S S S S T S S SR S S S S S SR
-+ttt

0 10 20 30 40 50 60 70
Degrees 20

Fig. 5. X-ray diffractogram where two patterns have been superimposed: one from a sediment fine fraction (<4¢ fraction) and another from

amorphous material. The elevation pattern at 25°, 20 is due to the presence of amorphous material.

which reveals a strong substitution of Mn by Mg.
This sample is clearly distinct from the remaining
samples as a consequence of the Mg—Mn substitution
in SF13 Mn-oxides and of the Fe-Mn substitution in
the other MS and Rainbow sediments. Microprobe
analyses revealed SiO, contents sometimes above
2%. This fact is consistent with previous chemical
analyses for these minerals (e.g., Ostwald, 1988) and
was also reported by Hekinian (1982) for FAMOUS
samples. The abundance of Mg in minerals present
in the SF13 sample is greater than those found at
other locations mentioned before (e.g., Burns and

Table 3
Chemical analyses of poorly crystalline Mn-oxides

Burns, 1978; Hoffert et al., 1978; Cronan, 1980;
Roy, 1981; Ostwald, 1988).

In close association with Mn-oxide minerals in SF13
an uncommon and transparent mineral was identified
(Fig. 4G and H). Chemical analyses of these crystals
show an average of MnO and MgO wt.% of 22.6% and
41.6%, respectively, and low totals (range: 58.8—
71.7%). The small size and scarcity of the crystals
precluded an XRD investigation. The mineral is most
probably manganobrucite, an extremely rare, poorly
known variety of brucite, with ideal formula (Mg,
Mn) (OH)s.

3.2. Bulk sediment geochemistry

Bulk geochemical analyses (Appendix) show that
MS sediments have high Ca and C concentrations.

Mount Saldanha  SF13 Rainbow The highest concentrations of Ca (average=37.6%)

Average SD.  Average S.D. Average S.D. and C (average=11.6%) were found in consolidated
Si0, 127 137 234 417 1.06 0.38 and semi-consolidated sediments and the lowest in the
ALO; 0.42 038  0.10 0.07 0.12 0.12 hydrothermal orifice sample SF13 (Ca=28.7% and
MgO 1.55 177 13.98 7.59  0.44 0.12 C=9.1%). These Ca and C concentrations are in agree-
11:I4a2(()) 482; 1;;2 5222 1222 4(1)22 1(5)"3)3 ment with the samples’ carbonate content estimated
\/:03z 0.30 028 002 003 007 0.02 with the acid attack (Table 2). _
TiO, 0.63 0.64 002 004 003 0.03 The sediment collected at the hydrothermal orifice
Ca0O 1.11 0.65  0.84 222 0.05 0.02 has high concentrations of Mn (3.2%) in comparison
ZnO 0.05 0.03  0.03 0.02  0.03 0.04 with the remaining MS samples (average Mn=0.3%).
NiO 0.25 055 0.0 0.01 - 0.01 0.01 Mg concentrations were highest in sample SF13
?;SOET) gg? 8(3)(1) 8(3)? 8(9); 1(7)8; 1(2)(3)} (4.2%) but also relatively high in samples .SFIO
Total  62.55 1385  71.63 1052 60.77 773 (3.5%) and SF12 (1.7%) collected nearer the orifices,
H,0% 3745 28.37 39.23 when compared with the remaining MS samples

The H,O" percentage was assumed to be the difference from the total
(100% — total).

(0.7%). Rainbow sediments present higher values of
Mg and Mn in comparison to the average of MS
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sediments (average: Mg=1.7% and Mn=1.8%) but
smaller than those recorded in the sediment collected
at the hydrothermal orifice. The presence of these two
elements is likely to be correlated with the occurrence
of todorokite, vernardite and manganobrucite. Mg and
Mn enrichment in hydrothermal sediments from other
sediment-hosted systems has been reported (e.g.,
Koski et al., 1985; Goodfellow and Franklin, 1993;
Usui et al., 1997). The enrichment in Mg is the result
of unmodified seawater mixing with the hydrothermal
system. The higher Mg enrichment in the three sam-
ples collected at the top of the mount suggests a more
intense mixing of seawater with hydrothermal fluids in
this area. In contrast, the Mn enrichment is derived
from the hydrothermal fluids (e.g., Hodkinson and
Cronan, 1995) and was most visible in the hydrother-
mal orifice sample (SF13).

Al,O3 concentration in MS sediments is low (aver-
age=1.05%) revealing a minor detrital component, as
revealed by petrographic observations. The abundance
of Al,O3 is generally strongly correlated with the
abundance of SiO, in MS sediments (»=0.97;
N=14; p<0.001) suggesting the same detrital origin
for Al and Si. The Si/Al ratio is higher in the two
samples collected nearer the orifices (SF10=4.71 and
SF12=4.04), suggesting that some hydrothermal input
of Si may have occurred in this particular area of the
field. However, the Si/Al ratio in the SF13 sample

100

Samples / BOFS

]I_,,-X\

collected in the orifice (2.06) did not differ from the
remaining MS samples, which could be a consequence
of Si precipitation at a greater depth. The presence of
amorphous silica in MS samples revealed by XRD
further supports some hydrothermal input of Si. Also,
Rainbow sediments have a higher Si/Al ratio (aver-
age=18.8) consistent with a stronger input of hydro-
thermal Si.

Copper, Zn and Fe concentration is low in the MS
samples, although the Fe+Cu+Zn concentration corre-
lates with S (r=0.66; N=14; p<0.01). This is consis-
tent with the small amounts of sulphide minerals
observed and confirms that these metals are present as
sulphides.

The sample collected at the vent had a concentra-
tion of U (0.75 ppm) higher than the remaining
MS samples (average=0.44 ppm), although much
lower than the Rainbow samples (average=9.46
ppm). The U in hydrothermal sediments is thought
to be seawater-derived as hydrothermal fluids are
stripped of dissolved U (e.g., Chen et al., 1986;
James et al., 2003).

The enrichment in Co, Cr and Ni is likely to be due
to the presence of ultramafic rocks in the sediments.
Indeed, the Cr/Al and Ni/Al ratios are higher in sedi-
ments where larger amounts of ultramafic rocks were
found (Table 1), reflecting the presence of an ultramafic
component.

Al P

Fig. 6. Mount Saldanha sediment samples normalized to mean concentration of BOFS (Cave et al., 2002). Legend: X—SF1, SF2, SF3, SF4; O-SF5,

SF6, SF7, SF8, SF9; O-SF10, SF11, SF12; A—-SF13.
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When MS sediments were normalised to non-hy-
drothermal pelagic sediments (BOFS), peaks at P, V,
Mn, Fe, Cu and Zn were found (Fig. 6) due to
enrichments caused by the hydrothermal component.
Four different groups of samples can be distinguished:
(a) the sediment collected in the hydrothermal orifice
(SF13) has a clear hydrothermal signature and is
particularly enriched in Mn; (b) sediments collected
near the orifices (SF19, SF11, SF13) are very similar
to SF13 but show a less pronounced Mn enrichment;
and (c) and (d) sediments collected further away from
the hydrothermal input are less enriched in Cr and Ni.
The main difference between samples (¢) and (d) is
the lack of ultramafic rock fragments in the latter,
with concomitant lower abundances in Cr and Ni
(Table 1).

The hydrothermal vs. detrital contribution in sedi-
ments can be estimated using the Fe/Ti vs. Al/
(Al+Fe+Mn) ratio (Bostrom, 1973). In this diagram,
all hydrothermal sediments should lie on a theoretical
curve. A decrease in the Fe/Ti ratio and an increase
in the Al/(Al+Fe+Mn) ratio should indicate the
dilution of metalliferous sediments with pelagic
deep-sea ones. Bostrom (1973) also shows that the
ratio Al/(Al+Fe+Mn) is generally above 0.4 in pe-
lagic deep-sea sediments and that lower values indi-
cate an enrichment in metals. Sample SFI13 has a
value of Al/(Al+Fe+Mn) below 0.4, revealing a
strong hydrothermal component and an enrichment
in Fe and Mn (Fig. 7). The remaining MS samples
fall along the theoretical curve but show a marked
detrital dilution. As expected, Rainbow sediments
present a marked hydrothermal component with the
lowest Al/(Al+Fe+Mn) values.

3.3. Rare-earth elements

Rare-earth element (REE) concentrations of all
samples (Appendix) have been normalized to the chon-
drite values of Taylor and McLennan (1985). All MS
samples, including SF13, show similar patterns (Fig. 8).
They exhibit a depletion on HREE (heavy rare-earth
elements) and negative Eu and Ce-anomaly (averages
Ce/Ce*=0.61 and Euw/Eu*=0.73). REE patterns for
Rainbow sediments also show a depletion of HREE
with a strong positive Eu-anomaly (average Eu/
Eu*=5.64, maximum Eu/Eu*=12.23) and a weak neg-
ative Ce-anomaly (average Ce/Ce*=0.57). Again, the
REE values of the SR2 sample are clearly more alike to
the MS ones (Ce/Ce*=0.61 and Eu/Eu*=1.00).

Comparing our REE data with seawater (Elderfield
and Greaves, 1982), pelagic sediments (Wildeman and
Haskin, 1965) and hydrothermal fluids (Douville et
al., 2002), it is clear that MS sediments have a neg-
ative Ce anomaly, less pronounced than seawater, and
lack a positive Eu anomaly like hydrothermal fluids,
presenting instead a slightly negative Eu-anomaly as
in seawater and pelagic sediments.

Rainbow sediments exhibit an average pattern
very different from the seawater REE pattern and
especially similar to the hydrothermal fluids pattern
(negative Ce-anomaly and positive Eu-anomaly). The
average MS REE pattern is similar to the pattern
described for other sediments that contain hydrother-
mal precipitates (e.g., Toth, 1980; Courtois, 1981;
Mills and Elderfield, 1993; Marchig et al., 1999).
The absence of a positive Eu anomaly in MS sam-
ples can be explained as by Sverjensky (1984). This
author concluded that at low temperatures (<250 °C),

# Mt Saldanha
X Rainbow
A SF13
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=100 1 HYDROTHERMAL
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Al/Al+Fe+Mn

Fig. 7. Ratios Fe/Ti vs. Al/(Al+Fe+Mn) for Mount Saldanha and Rainbow sediments (adapted from Bostrom, 1973). It was not possible to project
the ratios of the SR3 sample because the Ti concentration was below the threshold detection limit.
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Fig. 8. Chondrite-normalized (Taylor and McLennan, 1985) average REE pattern for Mount Saldanha and Rainbow sediments. Also shown for
comparison are (1) seawater patterns from 2500 m deep (X 10* (Elderfield and Greaves, 1982); (2) pelagic sediments (Wildeman and Haskin,
1965); and (3) hydrothermal fluids (x 10°) from Rainbow (Douville et al., 2002).

the geochemistry of Eu should be dominated by the
trivalent stage, like all of REEs, and consequently,
Eu should not exhibit a positive anomaly. In contrast,
the predicted stability of divalent Eu at elevated
temperatures is consistent with the large positive
Eu anomalies in REE patterns. Michard (1989) also
shows that hydrothermal fluids below 250 °C are
characterized by negative Eu anomalies, in agreement
with the low temperature of the fluids measured at
MS hydrothermal orifices (<9 °C). However, the
possibility remains that at greater depths, the fluids
are warmer, cooling down when mixing with unmod-
ified seawater nearer the surface. The REE patterns
of MS sediments clearly show that seawater and the
dominant pelagic fraction overprint the REE hydro-
thermal signature.

4. Conclusions

The Mount Saldanha hydrothermal field is a ser-
pentinite-hosted system covered by sediments in
which the hydrothermal activity is mainly diffuse
with some focused discharge occurring along centi-
metric vents at the top of the mount. The mineralog-
ical and geochemical data from MS sediments suggest
an environment of deposition with percolation of
hydrothermal fluids through pelagic sediments. The

hydrothermal component is strongly “diluted” in pe-
lagic carbonate ooze and is dominated by early sul-
phides, nontronite, smectites, poorly crystallized Mn
oxyhydroxides and amorphous material, which prob-
ably precipitated from a reduced and mildly acid
circulating hydrothermal fluid, under low-temperature
conditions.

The REE patterns of MS sediments have a finger-
print of seawater with negative anomalies of Ce and Eu,
and the resemblance with pelagic sediments reflects the
strong dilution of the hydrothermal component in the
carbonate ooze. In contrast, Rainbow sediments REE
patterns show a strong contribution of the high-temper-
ature hydrothermal fluids.

The mineralogy and chemistry of the sediments
suggest that the hydrothermal contribution is particu-
larly intense near the discharge hydrothermal fluid
orifices. Here, micro-chimneys composed mainly of
sphalerite and isocubanite in a concentric arrangement
were identified.

At the discharge zone, the concentration of Mn
and Mg is particularly high, and poorly crystalline
Mn-Mg oxyhydroxides and putative manganobrucite
were identified. The Mg enrichment, together with
the occurrence of sulphide minerals, may be
explained by the interaction between seawater perco-
lating down into the sediments and the upwelling
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modified seawater. The sulphides are likely to pre-
cipitate from the modified seawater at larger depths,
whereas Mg precipitates when extensive interaction
with cold, unmodified seawater occurs.

The slight enrichment of MS sediments in Al and Si
is probably due to detrital lithic inclusions, although the
higher Si/Al ratio in SF10 and SF12 samples and the
presence of amorphous silica suggest a hydrothermal
input in places.

In comparison to background pelagic sediments, MS
sediments are also enriched in P, V, Fe, Cu and Zn,
precipitated from hydrothermal fluids. Some MS sedi-
ments are also particularly enriched in Ni and Cr,
derived from ultramafic fragments such as serpentinites
and steatites.

The mineralogy of the sediments, in particular the
occurrence of sulphides, suggests higher temperatures
for this system than the ones measured at the vents (6-9
°C). Thus, the low temperature of MS fluids at the
discharge orifices may reflect the effects of cooling
during convective circulation, with consequent seafloor
alteration, and seawater mixing.

This study revealed a metal enrichment in the
sediments, especially at the top of the mount. Al-
though sediment-hosted hydrothermal systems are
rare along the Mid-Atlantic Ridge, many of the
word’s largest massive sulphide ore deposits appear
to have originated in similar depositional environ-
ments. The precipitation of hydrothermal minerals
seems to occur inside sediments where an oxidized
cap prevents the direct contact of the evolved hydro-
thermal fluid with the oxidizing unmodified seawater.
Similar caps were postulated for the formation of
sub-seafloor massive sulphide mineralizations, both
modern (e.g., Bent Hill, Zierenberg et al., 1998)
and fossil (e.g., Aljustrel deposits, Iberian Pyrite
Belt, Barriga, 1983; Barriga and Fyfe, 1988).

Mount Saldanha and Rainbow sediments, in spite
of occurring in similar geological settings, are influ-

enced by fluids putatively of different temperatures,
which results in a distinct suite of mineral and
geochemical signatures. The Mount Saldanha hydro-
thermal system seems to be of lower temperature and
the lack of a magmatic heat source, the presence
of altered peridotite to serpentinites and steatites
(talc rock) and the occurrence of a strong methane
anomaly within the overlying water column, agree
with the system being driven exclusively by heat
released during the serpentinization process. In con-
trast, an additional heat source seems to be required
to explain the much hotter Rainbow system (Lowell
and Rona, 2002; Allen and Seyfried, 2004). Never-
theless, additional geophysical and geochemical data
are needed to understand the heat sources of these
systems.
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Appendix A. Chemical composition of samples from Mount Saldanha and Rainbow

Method Detection limit SF 1 SF 2 SF 3 SF 4 SF 5 SF 6 SF 7 ST 8 SF 9 SF 10 SF 11 SF 12 SF 13 SF14
Mount Saldanha
SiO, icp 0.01% 6.84 2.72 2.94 2.90 3.72 3.05 1.33 1.82 2.20 10.39 3.51 2.06 2.05 3.11
ALO; 1Cp 0.01% 2.39 0.94 0.98 0.98 1.21 1.02 0.44 0.51 0.80 1.95 1.19 0.45 0.88 1.01
Fe,03 ICcp 0.01% 2.73 2.11 2.33 1,95 2.37 2.50 0.41 0.76 0.51 2.86 2.08 0.86 1.68 2.04
MnO icp 0.001 0.217 0.111 0.114 0.101 0.109 0.108 0.063 0.103 0.054 0.299 0.102 0.155 4.131 0.114
MgO 1cp 0.01% 1.23 0.57 0.60 0.64 0.78 0.67 0.43 0.66 0.93 3.50 0.86 1.66 6.97 0.91
CaO ICcp 0.01% 44.41 49.83 43.73 49.26 48.43 49.37 53.71 52.31 52.51 42.30 48.97 51.88 40.22 49.40
Na,O ICP 0.01% 2.06 1.32 1.40 1.74 1.48 1.48 0.96 1.11 0.64 1.53 1.39 0.46 1.37 1.42
K,0 1Ccp 0.01% 0.20 0.14 0.18 0.19 0.20 0.17 0.13 0.14 0.17 0.14 0.18 0.11 0.11 0.17
TiO, ICcp 0.005% 0.172 0.078 0.082 0.071 0.107 0.086 0.030 0.033 0.030 0.134 0.089 0.034 0.064 0.075
P,05 ICP 0.01% 0.16 0.17 0.20 0.17 0.16 0.20 0.11 0.11 0.09 0.15 0.15 0.14 0.08 0.16
LOI ICP 0.01% 38.85 42.78 47.55 42.95 41.89 42.30 43.17 43.13 42.49 36.15 41.81 42.34 40.86 42.52
Total 99.27 100.78 100.09 100.93 100.45 100.95 100.78 100.69 100.43 99.30 100.33 100.14 98.42 100.91
CO, IR 0.05% 35.50 40.50 39.50 40.00 39.00 39.50 43.00 41.80 42.50 34.50 38.00 43.50 33.00 40.00
SOy IR 0.05% 0.20 0.20 0.25 0.20 0.20 0.20 0.10 0.15 0.10 0.25 0.15 0.10 0.30 0.10
C LECO 0.01% 9.80 11.10 11.90 11.00 10.70 10.90 11.70 11.40 11.60 9.75 10.10 11.80 9.10 11.00
S LECO 0.01% 0.11 0.09 0.11 0.10 0.09 0.09 0.05 0.06 0.04 0.11 0.08 0.04 0.13 0.07
Sc ICcp 0.01 ppm 6.30 1.80 1.80 1.70 2.00 1.90 1.10 1.40 1.70 4.20 2.70 2.30 1.80 2.30
\% icp 5 ppm 97 70 81 64 74 85 13 21 12 76 62 20 29 66
Cr 1ICP 0.5 ppm 28.8 16.9 10.8 8.1 252.0 312 34 6.4 6.4 170.0 27.5 355 14.9 239
Co ICcp 0.1 ppm 35.7 13.8 12.1 13.4 15.4 13.0 6.0 12.7 11.8 23.7 13.8 383 14.0 14.7
Ni ICP 1 ppm 20 10 11 13 24 16 6 15 8 99 16 61 31 22
Cu 1Ccp 1 ppm 133 70 74 165 106 68 16 24 14 110 72 25 84 62
Zn icp 1 ppm 124 93 93 98 94 95 80 86 86 106 96 98 102 101
Ga ICP/MS 1 ppm 2.0 1.0 1.2 1.2 1.3 1.3 nd nd nd 2.0 1.8 nd 10.9 35
Ge ICP/MS 0.5 ppm 0.6 3.8 nd nd nd 0.6 nd nd nd 0.8 nd nd nd nd
As Icp 1 ppm 39 37 40 32 37 44 5 8 5 29 30 11 11 32
Br 1cp 0.5 ppm 90.0 69.9 75.6 90.0 72.8 79.8 44.9 51.5 252 63.3 68.7 20.2 115.0 71.9
Rb ICP/MS 2 ppm 3.0 3.1 32 3.7 3.8 3.6 2.0 23 3.4 3.0 3.7 nd 32 3.9
Sr icp 2 ppm 1384 1504 1482 1488 1456 1544 1515 1491 1188 1277 1396 1235 1169 1443
Y ICP 1 ppm 15 12 13 12 12 13 10 13 12 11 11 17 10 11
Zr ICcp 4 ppm 25 23 22 22 28 24 13 15 17 23 23 14 14 20
Nb ICP/MS 2 ppm 34 34 32 3.0 3.6 33 1.6 1.7 2.8 32 3.0 22 2.5 2.9
Mo INAA 2 ppm 2 nd nd nd nd nd nd 2 nd nd nd nd nd nd
Pb ICP 5 ppm 13 nd nd nd nd 11 nd nd nd nd nd nd 6 nd
Ag ICP 0.4 ppm 0.5 0.5 0.4 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.5 nd 0.5
Cd Icp 0.5 ppm nd nd nd nd nd nd 0.5 0.5 0.9 nd nd 1.3 0.6 nd
Sn ICP/MS 1 ppm 3 nd nd nd nd 2 nd nd nd nd nd nd nd nd
Sb INAA 0.1 ppm 0.5 0.5 0.5 0.4 0.5 0.6 0.1 0.3 0.2 0.5 0.4 0.5 0.2 0.5
Cs ICp 0.1 ppm 0.1 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.2 0.2 0.2 nd 0.2 0.2
Ba icp 1 ppm 174 163 171 154 117 156 13 24 16 147 136 16 110 132
La ICP/MS 0.05 ppm 10.50 9.41 9.80 8.83 10.30 9.96 6.50 8.14 8.17 8.24 8.28 10.95 7.93 8.35
Ce ICP/MS 0.1 ppm 16.3 12.3 12.5 11.4 13.3 12.9 6.4 8.0 9.2 11.5 10.8 12,0 9.9 10.8
Pr ICP/MS 0.02 ppm 2.24 2.03 2.07 1.94 2.24 2.16 1.41 1.74 1.69 1.72 1.77 2.25 1.70 1.80
Nd ICP/MS 0.05 ppm 9.65 8.79 9.11 8.00 9.28 9.18 6.39 7.68 7.41 7.47 7.74 10.00 7.32 7.61
Sm ICP/MS 0.01 ppm 2.23 1.96 2.09 1.71 2.03 1.98 1.40 1.69 1.61 1.92 1.69 2.24 1.96 1.69
Eu ICP/MS 0.005 ppm 0.598 0.481 0.513 0.454 0.531 0.508 0.364 0.487 0.375 0.454 0.441 0.574 0.400 0.425

(continued on next page)
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Appendix A (continued)

Gd ICP/MS 0.02 ppm 2.46 2.06 2.17 1.91 2.13 2.24 1.67 1.99 1.79 1.95 1.80 2.64 1.83 1.96
Tb ICP/MS 0.01 ppm 0.40 0.34 0.34 0.30 0.36 0.35 0.25 0.33 0.28 0.29 0.30 0.43 0.27 0.30
Dy ICP/MS 0.02 ppm 2.43 1.91 1.94 1.80 1.99 1.97 1.49 1.82 1.64 1.72 1.64 2.57 1.55 1.69
Ho ICP/MS 0.01 ppm 0.48 0.38 0.40 0.36 0.39 0.41 0.31 0.38 0.35 0.35 0.34 0.54 0.32 0.35
Er ICP/MS 0.01 ppm 1.37 1.06 1.08 0.96 1.12 1.16 0.82 1.10 1.01 1.03 0.98 1.52 0.89 1.00
Tm ICP/MS 0.005 ppm 0.192 0.151 0.156 0.144 0.155 0.159 0.114 0.154 0.148 0.150 0.141 0.221 0.128 0.146
Yb ICP/MS 0.01 ppm 1.22 0.90 0.94 0.82 0.96 0.94 0.66 0.93 0.83 0.86 0.82 1.24 0.78 0.84
Lu ICP/MS 0.05 ppm 0.18 0.13 0.13 0.12 0.13 0.14 0.10 0.13 0.13 0.13 0.12 0.19 0.11 0.12
Hf ICP/MS 0.01 ppm 0.60 0.44 0.47 0.45 0.60 0.49 0.26 0.31 0.43 0.50 0.48 0.33 0.39 0.42
Ta ICP/MS 0.1 ppm 0.20 0.21 0.22 0.20 0.25 0.22 nd nd 0.20 0.20 0.21 nd 0.16 0.19
Au INAA 2 ppb 9 5 7 S 15 7 nd nd nd 8 3 nd 4 6
Hg INAA 1 ppm nd nd nd nd nd nd nd nd nd nd nd nd nd nd
Tl ICP/MS 0.05 ppm 0.05 0.09 0.08 0.06 nd 0.08 0.07 0.10 0.08 0.15 0.06 0.33 0.06 0.10
Bi ICP/MS 0.06 ppm nd nd 0.11 nd 0.06 0.07 0.07 0.08 nd 0.11 0.09 0.18 0.26 0.09
Th ICP/MS 0.05 ppm 1.27 1.14 1.19 1.11 1.31 1.22 0.55 0.62 0.83 0.99 1.03 0.84 0.97 1.01
U ICP/MS 0.05 ppm 0.52 0.43 0.46 0.43 0.47 0.48 0.40 0.46 0.35 0.39 0.40 0.49 0.75 0.42
Si/Al 2.53 2.56 2.65 2.61 2.72 2.64 2.67 3.15 2.43 4.71 2.61 4.04 2.06 2.72
Method Detection limit SR 1 SR 2 SR 3 SR 5
Rainbow
Si0, ICP 0.01% 4.66 8.40 0.95 4.87
AlLO; ICP 0.01% 1.01 1.11 0.04 0.61
Fe 03 ICP 0.01% 44.34 18.52 52.58 39.88
MnO ICP 0.001% 7.665 1.518 0.015 0.041
MgO ICP 0.01% 3.95 4.53 0.25 1.57
CaO ICP 0.01% 7.96 29.47 0.20 0.93
Na,O ICP 0.01% 0.12 0.09 0.75 0.53
K,O ICP 0.01% 0.03 0.03 0.02 0.17
TiO, ICP 0.005% 0.084 0.085 nd 0.028
P,05 ICP 0.01% 0.44 0.30 0.14 0.64
LOI ICP 0.01% 23.98 34.12 27.46 26.71
Total 94.24 98.17 82.41 75.98
CO2 IR 0.05% 8.90 28.50 0.48 3.60
SO4 IR 0.05% 0.30 0.35 2.30 0.15
C LECO 0.01% 2.54 8.00 0.24 1.15
S LECO 0.01% 0.24 0.29 >25.00 5.00
Sc ICP 0.01 ppm 2.30 2.70 0.20 0.80
\Y ICP 5 ppm 204 136 100 294
Cr ICP 0.5 ppm 94.8 405.0 133 115.0
Co ICP 0.1 ppm 290.0 78.3 2810.0 952.0
Ni ICP 1 ppm 175 185 15 96
Cu ICP 1 ppm 22,815 2049 91,645 >99,999
Zn ICp 1 ppm 4107 554 30,162 10,270

CLl
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ICP
ICP/MS
ICP/MS
INAA
ICP
ICp
ICP/MS
ICP/MS
ICP/MS
ICP/MS
ICP/MS
ICP/MS
ICP/MS
ICP/MS
ICP/MS
ICP/MS
ICP/MS
ICP/MS
ICP/MS
ICP/MS
ICP/MS
ICP/MS
ICP/MS
INAA
INAA
ICP/MS
ICP/MS
ICP/MS
ICP/MS

1 ppm
0.5 ppm
1 ppm
0.5 ppm
0.5 ppm
2 ppm

2 ppm

1 ppm

4 ppm

2 ppm

2 ppm

5 ppm
0.4 ppm
0.5 ppm
0.1 ppm
1 ppm
0.1 ppm
0.1 ppm
1 ppm
0.05 ppm
0.1 ppm
0.02 ppm
0.05 ppm
0.01 ppm
0.005 ppm
0.02 ppm
0.01 ppm
0.02 ppm
0.01 ppm
0.01 ppm
0.005 ppm
0.01 ppm
0.05 ppm
0.01 ppm
0.1 ppm
0.20 ppm
2 ppb

1 ppm
0.05 ppm
0.06 ppm
0.05 ppm
0.05 ppm

17.66
1.58
90
8.0
44.9
3,0
485
13
16
3.12
110
53
3.8
5.5
0.63
32
4.2
0.2
3159
14.20
15.9
2.44
10.21
2.26
6.930
2.44
0.39
2.17
0.45
1.33
0.183
1.06
0.15
0.55
0.23
1.67
853
nd
0.63
3.22
1.24
7.87
9.52

10.96
1.06
56

nd
68.8
5.1
965
12
22
2.89

22
0.6
1.5
0.12

1.2
0.3
1757
10.71
12.9
2.04
8.87
1.91
0.668
2.19
0.33
1.90
0.39
1.10
0.152
0.96
0.14
0.49
0.21
0.24
217
nd
nd
0.08
1.10
1.43
2.20

19.47
2.32
115
41.5
39.7
nd
621
nd

0.87
66
193
62.1
89.4
1.25
nd
9.9
0.2
12,937
6.78
5.8
0.47
1.69
0.59
2.090
0.42
0.06
0.26
0.05
0.16
0.025
0.18
0.03
0.15
nd
3.85
5870
nd
0.20
0.33
nd
12.43
55.35

13.89
5.94
244
103.0
99.2
2.4
391

10
1.27
90
150
53.5
18.3
4.05
63
10.5
0.1
8318
17.62
15.8
1.41
4.97
1.00
1.300
1.04
0.16
0.91
0.19
0.55
0.075
0.49
0.08
0.19
nd
4.36
9030
nd
0.07
24.92
0.31
16.13
8.19

SLI=LST (9002) §TT 480joan) auLwpy / vSLLDG SV LA ‘SPIA SV
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