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ABSTRACT

Sulfide droplets from fresh Mid-Ocean-Ridge Basalt (MORB) glasses show different textures. Some are fine-grained droplets
consist of Monosulfide Solid Solution (Mss) and Intermediate Solid Solution (Iss) micrometric intergrowths with pentlandite
at the Mss-Iss interface and disseminated Fe-oxide grains; other droplets display a characteristic “zoned” texture consisting of
segregated massive grains of Mss and Iss, with euhedral Fe-oxides and pentlandite occuring as equant grains and as flame-shaped
domains in the Mss formed by exsolutions. The difference in the textures implies a difference in the crystallization history of
the sulfide droplets. These different textures are observed in droplets that are only millimeters apart in the same sample, and
thus had an identical cooling history. Therefore, some other factors controlled the textural development. There is relationship
between the size and the texture of the droplets. The larger sulfide droplets tend to have zoned textures and the smaller ones
fine-grained textures. We propose that the latter have experienced greater undercooling before crystallization. The reason for the
delay in crystallization could be that, in the small sulfide droplets, large stable grains with low surface to volume ratio cannot
form, which results in higher effective solubility of the Mss. Due to the high degree of undercooling in the small droplets, there
were numerous nucleation sites and the diffusion rates of the crystal components in the liquid were lower, leading to fine-grained
Mss-Iss intergrowths. In contrast, larger droplets with lower effective solubility of Mss began to crystallize at higher temperature,
and thus had fewer nucleation sites, higher diffusion rates, and more time for sulfide differentiation.

Keywords: sulfide droplet, mid-ocean-ridge basalt, monosulfide solid solution, intermediate solid solution, effective solubility,
crystallization.

INTRODUCTION

Fresh Mid-Ocean-Ridge Basalt (MORB) glasses
contain sulfide droplets with a wide range of textures,
for which few explanations exist (e.g., Mathez & Yeats
1976, Czamanske & Moore 1977). Upon eruption,
MORB quench from ~1200 °C to seawater temperature
in less than a few minutes (Moore 1975). In addi-
tion, because the quenching occurs under pressures
of the deep ocean, MORBs typically do not undergo
substantial degassing (Mathez 1976). Sulfides occur as

micrometric spherules embedded in the walls of large
vesicles (Moore & Calk 1971, Moore & Schilling 1973,
Yeats & Mathez 1976), as small angular interstitial
grains in microcrystalline aggregates of plagioclase and
olivine (Mathez & Yeats 1976), and as well-developed
spherical globules, mostly in the glass or, in some cases,
in phenocrysts (Mathez & Yeats 1976, Czamanske &
Moore 1977). The well developed droplets represent
frozen immiscible sulfide melt believed to have equili-
brated with the silicate melt before eruption (Mathez
& Yeats 1976).
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The globules in the glass have different textures.
The textures vary from fine-grained intergrowth of
Monosulfide Solid Solution (Mss) and Intermediate
Solid Solution (Iss), to coarser-grained intergrowth of
Mss and Iss with pentlandite and oxide (Mathez 1976,
Czamanske & Moore 1977). Mathez & Yeats (1976)
and Czamanske & Moore (1977) suggested that such
samples quenched from ~1200 °C to 700-600 °C in
tens of seconds. With such rapid cooling one might
expect the texture of droplets to be similar. Yet this is
not the case.

The textures displayed by sulfide droplets are
controlled by component nucleation and the diffu-
sion rates which, in turn, are controlled by factors
that remain unknown. Czamanske & Moore (1977)
speculated that droplets displaying fine-grained textures
may have undergone more rapid cooling than coarse-
grained droplets. They did not speculate on cause of the
textural variability, but did note that it is not linked to
the distance of the droplet from the lava surface, i.e.,
not linked to cooling rate.

In this study, 24 samples of fresh glass of MORB
pillow margins from various locations were examined
for sulfide droplets. Eighty-five droplets were found
in 11 samples. Twenty-five were analyzed by electron
microprobe and show a rather constant bulk composi-
tion while displaying a wide variation of textures. In
some samples, sulfide droplets have different textures,
although the droplets segregated from the same magma
have the same composition, and were subjected to the
same quench event. Therefore, neither sulfide droplet
composition nor cooling rate are the main factors
controlling the textures of the droplets. Instead we
observe a correlation between the droplet textures and
the size.

The aims of this study are (1) to describe in detail
the textures of the sulfide droplets, and (2) to understand
how droplet size can influence the texture.

SAMPLING AND ANALYTICAL METHODS

Samples come from the repository at the Lamont
Doherty Earth Observatory of Columbia University,
New York. Twenty-four samples, mainly from the
South Atlantic Ridge and the East Pacific Rise, were
investigated, of which 11 were found to contain sulfide
droplets large enough to study. Six of these are from
the South Atlantic Ridge, located between 25°41°S and
26°32’S; the other five samples are from the East Pacific
Rise, two from the Hotu seamount chain and three from
the Garrett fracture zone. All samples were dredged
from depths ranging from 2579 to 3999 m. Fragments
of fresh glass were hand-picked from the most external
parts of pillow lavas, with care being taken to avoid
Mn-coated parts.

The sulfide droplets were observed optically in
reflected light with an Olympus DP 71 microscope at
100x magnification coupled with the Image Pro Plus
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Analysis 6.2 image analysis package. Modes were
calculated from pictures based on pixel colors represen-
tative of each phase. To gain a sense of the precision of
the measurements, modes were measured five times on
an individual sulfide droplet, yielding a sample standard
deviation of 1.9, 1.3, 1.2, and 0.6% for Mss, Iss, Ni-rich
phase, and oxide, respectively. The variation reflects the
ability of the observer to choose the right pixel colors
for each phase. On one small droplet with a diameter
of 10 ym sample standard variations of 6.5, 6.8, and
5.2% for Mss, Iss, and the Ni-rich phase were recorded
owing to the difficulty of observing such small objects.
Therefore, the minimum size of the analyzed sulfide
droplets was set at 10 ym.

Electron Probe Micro Analyses (EPMA) were
carried out using a CAMECA SX-100 instrument at
Laval University, Québec city. Both sulfide droplets
and the surrounding glass were analyzed. For sulfide
minerals, an accelerating voltage of 15 kV, a beam
diameter of 5 ym, and a beam current of 20 nA were
used, as advocated by Czamanske & Moore (1977),
with a counting time of 20 sec. The same settings were
used for the analysis of silicate glass. They are similar
to those used by Liu ez al. (2007) and Wallace & Carmi-
chael (1992). Astimex standards were used for calibra-
tion: pyrite for S, hematite for Fe, chalcopyrite for Cu,
and pentlandite for Ni. Astimex and P&H Development
standards were used for major elements in the glass.

For droplets having a fine-grained texture, three
points were taken randomly and the averages were used
for the bulk-composition calculation as the beam was
too broad to analyze each phase separately. For droplets
having coarser textures, analyses were obtained for each
individual sulfide phase, and the droplet bulk composi-
tion was determined from the relative areas occupied
by each phase on the analytical surface.

For each sulfide droplet analyzed, three points
on the surrounding glass were also analyzed. The
analytical points were 100 ym away from the droplet
border in order to avoid possible contamination due to
dispersion of elements from the droplets to the glass
or X-ray fluorescence in the sample (Dalton & Lane
1996). The quenched sulfide droplets and fresh MORB
glass are believed to reflect an equilibrium established
at magmatic conditions (Mathez 1976).

RESULTS

All samples have a glass composition typical of
low-K tholeiitic basalt and are N-MORB, except for two
samples from the seamounts that might be E-MORB
(Table 1). Sulfur concentrations, which range from 782
to 1530 ppm (Table 1), are similar to those found by
Mathez (1979) and Czamanske & Moore (1977) and
correlate with FeO concentration in the glass (Fig. 1).

Among the 15 polished sections containing sulfide
droplets, we observed 85 sulfide droplets with diameters
=10 pm. The majority are spherical and the remainder
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are elliptical. The sulfide droplets vary from 10 to more
than 100 ym in diameter (average of 27 ym). This size
range is similar to that observed by Moore & Calk
(1971), Mathez & Yeats (1976), and Mathez (1976), in
their samples. Larger droplets, up to 600 pm, have been
found in MORB (Czamanske & Moore 1977, Peach et
al. 1990), but were not encountered in our samples. The
number of sulfide droplets and their sizes vary from
sample to sample; some contain numerous small drop-
lets, whereas others have fewer but larger droplets. For
example, RC 28 02 22rd contains 39 droplets varying in
diameter from 5 pgm up to 40 ym (average of 18 um),
whereas RC 28 02 18rd has only three droplets ranging
from 56 to 111 pm.

The formation of sulfide droplets from the silicate
liquid was considered by Mungall (2002). He suggested
that sulfide nucleation density in the silicate liquid
depends on the degree of saturation of the principal
solute species FeS, in the magma. Recently, Holzeid
(2010) showed that the sulfide droplets size distribu-
tion is controlled by the degree of polymerization of
the silicate liquid.

The texture of sulfide droplets

Sulfide droplets can be classified into three groups
based on texture. The first includes droplets with
perfectly spherical shapes and composed of fine-grained
micrometric intergrowths of Fe-Ni-rich and Cu-Fe-rich
sulfide phases, which can be interpreted as quenched
Mss and Iss (Fig. 2). In some droplets, the Mss-Iss
interfaces are partially rimmed by a Ni-rich phase,
presumably pentlandite or Ni-rich Mss.

A second group of droplets has a quasi-perfect spher-
ical shape, but with some sub-micrometric irregularities
giving them a rough surface. They also contain inter-
grown Fe-Ni-rich and Cu-Fe-rich phases interpreted as
quenched Mss and Iss. However, the sizes of the phases
are larger than in the fine-grained textures (Fig. 3).
Accordingly, these droplets will be referred to as having
a coarse-grained texture. The Ni-rich grains present at
the Mss-Iss interfaces are larger than the Ni-rich grains
in the fine-grained droplets. In some droplets, Ni-rich
inclusions in the shape of flame are present within
the Mss. These are interpreted as exsolution-induced
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FiG. 2. Photomicrograph illustrating the textural character of a fine-grained sulfide droplet (sample RC 28 02 24rd). Note the
perfect spherical shape of the droplet. Mss and Iss are finely intergrowth and contain grains of Ni-rich phase at their interface.

FiG. 3.
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Photomicrograph illustrating the textural character of a coarse-grained sulfide droplet (sample Cook D37 t.IV). Note the

quasi-perfect spherical shape. Mss and Iss are intergrowth as in fine-grained droplets (Fig. 2), but there are fewer grains and
they are larger. The Ni-rich phase is present both at the Mss-Iss interface and as flame-shaped grains inside Mss.

domains (Kelly & Vaughan 1983, Etschmann et al.
2004, Czamanske & Moore 1977). The droplets also
contain dark opaque phases interpreted as oxides.

A third texture will be referred to as zoned because
it consists of two distinct, massive, and completely

separate grains of Mss and Iss (Fig. 4). Droplets with
this texture are spherical and have crenulated contacts
with the silicate glass (Figs. 4a, b, ¢), in contrast to the
smooth and regular interfaces of other droplet types
and their host glasses. These droplets have not been
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described in previous studies of MORB sulfide drop-
lets. The Mss is massive whereas the Iss reveals two
different textures. The most common is one in which
the Iss and oxide form a fishbone texture (Figs. 4a, b).
This microassemblage can be interpreted as the residual
Cu-rich sulfide-oxide liquid that remained after the Mss
crystallization. Alternatively, the Iss is massive and may
contain euhedral oxide grains (Fig. 4c). Pentlandite
occurs in zoned droplets at the Mss and Iss interface and
as flame inclusions in the MSS. Flame-shaped domains
are more common than in the coarse-grained droplets.
Because the Mss and Iss are not homogeneously distrib-
uted within the zoned droplet, the exposed proportions
of minerals may not be representative of the whole
droplet, and there is a higher variability in the modal
percentage of each phase and their distribution inside
the droplets. The zoned droplets are similar in texture
to centimeter-size pyrrhotite-chalcopyrite-pentlandite
magmatic sulfide blebs found in dykes and subvolcanic
sills (e.g., Prichard et al. 2004, Barnes et al. 2000).

Relationship between diameter and texture

Sulfide droplets with different textures may coexist
in the same sample. For example, of the eight droplets
from sample RC 28 02 13rd, four are fine-grained, three
are coarse-grained, and one is zoned. Of the 14 polished
sections, five contain droplets with different textures.
Czamanske & Moore (1977) observed no relationship
between the distance from the surface pillow and the
texture of the droplets. In the samples of this study,
droplets exhibiting different textures are separated
by only a few millimeters within homogeneous fresh
glass, confirming Czamanske’s & Moore’s (1977)
observations.

Most of the droplets (75%) show a fine-grained
texture. Coarse-grained textured droplets are the next
most common (15%), and zoned droplets are the least
common (10%). There appears to be a relationship
between the size of the droplets and their texture
(Fig. 5). Over 90% of the fine-grained droplets have
diameters less than 30 gm. In contrast, in the 30-50 ym
range 60% of the sulfide droplets are coarse-grained.
Of the droplets greater than 50 ym, all are zoned. It
appears, therefore, that there is a positive correlation
between the increase in droplet diameter and the degree
of segregation of the phases. It could be argued that this
is based on observations of random sections through
droplets that do not reflect their real droplet diameters.
This must be partly true; however, the fine-grained drop-
lets do not represent the outer portion of larger zoned
droplets because the margins of the latter are uniquely
crenulated, while those of the former are smooth. In
addition, a section through the margin of a zoned droplet
would consist predominantly of either Mss or Iss and
not show a fine intergrowth of Mss and Iss. Moreover,
even though in Figure 5 some zoned sulfide droplets
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have small apparent diameters, which might be external
sections of the droplets, the fine-grained sulfide droplets
never exceed 50 ym, implying that they are generally
smaller. Hence, the relations observed in Figure 5 are
qualitatively valid. We conclude that the internal texture
of the droplets is related to size.

Composition of the sulfide droplets

Sulfide phase relations in the system Fe-Ni-Cu-S
have been widely studied for the understanding of ore
deposit formation (Craig & Kullerud 1969, Naldrett
1969, Fleet & Pan 1994, Ebel & Naldrett 1997, Mungall
et al. 2005, Mungall 2007). The bulk compositions of
sulfide droplets were calculated to 100% sulfide in
order to estimate liquidus temperature of the Mss using
the results of Ebel & Naldrett (1997), which pertain to
O-free systems. The results are listed in Table 2 and the
calculations are documented in Appendix 1. The calcu-
lated compositions display low variability in S content
(34.9 £ 0.98%), moderate variability in Fe content (46.8
+ 3.69%), and high variability in Ni (7.8 + 3.69%) and
Cu contents (8.4 + 3.51%). Concentrations of Ni and Cu
in the sulfide droplets are dependent on their partition
coefficient and on the initial composition of the magma.

Figure 6 presents the bulk compositions of our
sulfide droplets in terms of the system Fe-Ni-Cu.
The results show a range in bulk compositions and
are in agreement with previous work (Mathez 1976,
Czamanske & Moore 1977). One coarse grained droplet
of 48 ym from sample RC 28 02 07rd contains up to
24.7% Ni. This droplet contains a large proportion
of the Ni-rich phase (28.8%), which can be attrib-
uted to the 226 ppm Ni contained in the whole rock
(Appendix 2). The dashed lines on Figure 6 represent
the composition of the sulfide liquid at crystallization
of the Mss for 1100, 1050, and 1000 °C from Ebel &
Naldrett (1997, Fig. 5), which gives approximations of
the liquidus temperature of the sulfide droplets. The
liquidus temperatures range from slightly above 1100 to
1050 °C, and the droplets are randomly spread over this
interval regardless of their texture. Hence, there appears
to be no relationship between texture and composition.

Occurrence of magnetite

Oxide occurs either inside Mss, inside Iss, or at
their interface (Figs. 2, 3, and 4) and varies from nil to
7% of the droplet. In zoned droplets, where the oxide
grains are best developed, electron microprobe analyses
reveal that they are magnetite free of Ti (Appendix 3),
indicating that magnetite crystallizes from the sulfide
liquid and did not equilibrate with the silicate liquid.
Magnetite is also present at the edges of the sulfide
droplets (Fig. 4), but in grains too small to be analyzed,
and in a fishbone texture in the Cu-rich quenched
residual sulfide liquid found in some zoned droplets
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(Figs. 4a,b) (cf. Naldrett 1969, Skinner & Peck 1969).
In a few fine-grained droplets oxides were not observed;
however, Czamanske & Moore (1977) suggested that
a few percent of magnetite is ubiquitous in droplets.

Discussion

To explain textural differences among sulfide
droplets, one could argue that they are related to the
time they started to crystallize. In such a model large
sulfide droplets grew and begin to crystallize before
eruption and thus also had time to develop zoned
textures, and small ones formed during eruption at
lower temperatures.

Using the PELE 7.3 database (Boudreau, 1999) and
glass data from Table 1, the liquidus temperatures of the
silicate melts are calculated to be in the 1250-1170 °C
range. Figure 6 indicates that Mss starts to crystallize in
sulfide droplets at ~1100 °C. Hence, large sulfide drop-
lets could not have started crystallizing before eruption.
Moreover, analyses of fine-grained and coarse-grained
sulfide droplets and the surrounding glass (Patten et al.,
in prep.) show that the concentrations of chalcophile
and siderophile elements in these droplets are similar
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to the zoned ones and that there is no depletion in those
elements in the surrounding glass, implying they had
time to equilibrate with the silicate melt. Hence, small
sulfide droplets are likely to have formed before the
eruption and, like their larger brethren, did not start to
crystallize before the eruption.

Processes of crystallization

The formation of sulfide droplets in silicate melts is
considered by Mungall (2002). The textures observed
in the sulfide droplets indicate variations in their crys-
tallization histories. The development of the crystals
involves three processes: nucleation, diffusion, and
growth, all of which are characterized by rates that vary
according to circumstances (Shelley 1993). The Mss
is the first phase to crystallize from Fe-Ni-Cu sulfide
liquid (e.g., Fleet & Pan 1994, Ebel & Naldrett 1997,
Mungall 2007). Nucleation can either be homogeneous
or heterogeneous. In the case of homogeneous nucle-
ation the total energy of a spherical nucleus (AG) of Mss
in a sulfide liquid is the sum of its internal energy and
its surface energy (e.g., Mungall & Su 2005):

TABLE 1. BULK COMPOSITION OF THE GLASS

Sample List Si02 Ti02 A|zO3 FeO CI’203 MgO CaO MnO NaZO Kzo
P wt%  wt%  wt% wt%  wt%  wt% wt%  wt%  wt% wt% S (Ppm)Total
South Atlantic Ridge

RC280207rd n=3 49.6 1.2 17.0 9.2 0.04 89 1.2 0.2 29 0.05 873 100.5
o 0.12 0.01 0.05 0.1 0.04 0.09 0.04 0.04 0.03 0.01 88 0.26

RC 2802 13rd n=12 50.3 1.6 151 9.5 0.07 80 114 0.2 27 009 1253 993
o 0.20 0.04 0.06  0.17 0.04 0.06 0.04 0.03 0.03 0.01 81 0.31

RC 2802 16rd n=15 50.4 1.4 14.7 9.1 0.05 77 122 0.2 28 0.05 1275 98.7
o 0.31 0.04 010  0.23 0.03 0.09 0.10 0.03 0.06 0.01 86 0.57

RC280218rd n=3 51.6 1.1 15.3 8.1 0.08 84 128 0.1 27 0.05 782 100.4
o 0.26 0.07 0.07 0.3 0.02 0.44 0.36 0.01 0.80 0.01 272 043

RC280222rd n=9 51.4 1.8 14.0 10.8 0.01 70 113 0.2 3.0 0.07 1454 99.9
o 0.13 0.04 0.04 0.19 0.02 0.06 0.05 0.03 0.03 0.01 88 0.23

RC 280224rd n=8 50.5 1.6 15.6 9.2 0.06 82 115 0.2 28 0.07 1180 99.8
o 0.19 0.05 0.06 0.15 0.04 0.05 0.05 0.02 0.06 0.01 100 043

Hotu Sea Mount

Cook D3 tlll n=3 47.9 2.9 154 1.2 0.0 6.2 9.7 0.2 33 072 1530 97.9
o 0.27 0.08 019  0.09 0.02 0.10 0.02 0.02 0.05 0.01 47 0.39

Cook D19tIn1 n=3 47.6 2.2 16.9 104 0.07 75 101 0.2 33 058 1278 99.0
o 0.18 0.04 0.06 0.12 0.05 0.02 0.04 0.02 0.06 0.01 25 0.36

East Pacific Rise

Cook D28 tl n=9 48.8 1.4 16.0 9.0 0.07 85 119 0.2 31 012 1054 993
o 0.10 0.05 043  0.31 0.05 0.27 0.03 0.03 0.10 0.01 94 027

Cook D37tV n=6 48.7 1.3 16.6 9.3 0.02 83 117 0.2 29 012 1195 99.4
o 0.25 0.05 0.07 0.3 0.02 0.03 0.09 0.02 0.02 0.01 58 0.36

Cook D37tVI n=18 48.6 1.2 16.7 9.1 0.05 85 117 0.2 28 011 1167 99.2
0.29 0.06 0.10 0.13 0.03 0.08 0.03 0.02 0.04 0.01 86 0.45

n = number of analyses; o = sample standard deviation.

Note that samples from the South Atlantic Ridge are slightly richer in SiO, and samples from the Hotu Sea Mounts are slightly richer

in TiO2 and K0.
Data acquired by EPMA.
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FiG. 4. Photomicrographs illustrating the textural character of zoned sulfide droplets.
Droplet A is from sample RC 28 02 18rd, droplet B is from sample RC 28 02 13rd, and
droplet C is from sample Cook D19 tI. Note their crenulated contacts with surrounding
glass. Droplets A and B have quenched Iss with fishbone texture and droplet C has
massive Iss and euhedral oxide. Pentlandite (Pn) is present as lozenge-flame-shaped
grains within Mss and as grains at the Mss-Iss interface.

_ 4AG,

3nr’V,

AG +amrty (1

where AGc is the free energy per mole of the Mss
crystal, r the radius of the nucleus, V, the molar volume
of the Mss, and v the interfacial tension between Mss
and sulfide liquid. At formation, the nucleus has a very

large ratio of surface area to volume, implying that the
surface energy is relatively high owing to the large
number of atoms not electrostatically balanced (Shelley
1993). This energy makes the nucleus unstable and
leads it to shrink (Dowty 1980). A certain amount of
energy is needed to overcome the force of the surface
energy in order to reach a critical radius from which the
nucleus will grow spontaneously. This energy is called
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TABLE 2. BULK COMPOSITION OF THE SULFIDE DROPLETS

Droplet Texture Size n Bulk composition (wt.%)

um (phase)* S Ni Cu Fe Total
RC 28 02 07rd G1 Coarse-grained 48 9 34.46 15.93 11.36 37.21 98.95
o (1.2.3) 0.90 3.91 1.86 1.93
RC 28 02 13rd n1 G6 Zoned 63 4 35.81 7.70 1217 44.07 99.76
o (1.2) 0.96 0.71 1.52 0.87
RC 28 02 13rd n1 G10 Fine-grained 29 2 35.61 8.93 2.68 50.39 97.61
o (4) 0.89 0.13 1.78 1.24
RC 28 02 13rd n2 G1 Fine-grained 28 3 34.97 8.30 3.64 48.87 95.78
o (4) 0.54 0.65 0.83 1.24
RC 28 02 13rd n2 G2 Fine-grained 13 3 35.58 8.94 4.98 48.60 98.11
[o; (4) 0.52 0.85 1.34 1.99
RC 28 02 13rd n2 G3 Fine-grained 12 3 35.66 9.37 3.70 48.88 97.62
o (4) 0.51 0.55 0.75 0.68
RC 28 02 16d n1 G10 Fine-grained 45 3 33.69 3.49 14.52 45.53 97.22
o (1.2) 0.44 0.03 1.10 0.28
RC 28 02 16rd n1 G3 Fine-grained 21 3 34.51 3.56 11.31 47.06 96.44
o (4) 0.26 0.66 2.87 1.85
RC 28 02 16rd n1 G4 Fine-grained 25 3 34.78 4.42 7.52 50.14 96.86
o (4) 0.34 0.28 0.17 0.59
RC 28 02 16rd n2 G2 Zoned 18 2 32.43 2.19 13.92 46.98 95.53
[o; (1.2) 0=0
RC 28 02 16rd n2 G6 Fine-grained 20 3 33.67 3.1 15.52 44.99 97.30
[o; (4) 0.20 1.25 4.70 3.37
RC 28 02 18rd G5 Zoned 70 4 37.81 6.10 4.38 51.75 100.03
o (1.2) 0.16 0.55 0.89 0.73
RC 28 02 22rd G25 Fine-grained 29 3 34.32 3.16 6.59 52.73 96.81
o (4) 0.32 0.24 0.29 1.03
RC 28 02 22rd G26 Fine-grained 26 3 34.62 2.95 8.88 50.85 97.29
o (4) 0.12 0.17 1.44 0.91
RC 28 02 22rd G29 Fine-grained 41 3 34.72 2.84 8.67 51.44 97.67
[o; (4) 0.16 0.56 3.71 2.56
RC 28 02 24rd G2 Fine-grained 33 3 34.49 9.23 10.48 43.88 98.09
[o; (1.2) 0.90 0.36 3.43 247
RC 28 02 24rd G3 Fine-grained 50 3 34.73 8.42 9.06 44.85 97.06
o (1.2) 0.28 0.62 3.09 2.10
RC 28 02 24rd G6 Coarse-grained 38 4 35.49 10.53 4.54 47.71 98.27
o (1.2.3) 1.15 1.07 0.1 1.45
Cook D19t n1 G2 Zoned 62 5 33.94 12.71 6.48 44.83 97.96
o (1.2) 2.28 0.44 1.50 1.44
Cook D28 tl n1 G1 Coarse-grained 32 4 35.54 10.76 4.50 47.74 98.54
o (1.2) 1.45 1.09 1.63 1.37
Cook D28 tl n2 G1 Coarse-grained 42 4 34.50 11.26 9.72 43.53 99.01
o (1.2) 1.04 1.92 1.19 0.18
Cook D37 tIV G2 Coarse-grained 32 5 35.16 8.87 10.05 44.47 98.55
o (1.2.3) 1.32 0.72 0.85 0.57
Cook D37 tVI n2 G1 Coarse-grained 20 3 35.05 11.35 4.78 45.60 96.78
o (4) 0.56 0.92 1.42 1.14
Cook D37 tVI n2 G3 Fine-grained 13 3 35.12 9.26 11.80 43.26 99.44
o (4) 0.10 2.09 3.75 1.45
Cook D37 tVI n3 G8 Zoned 15 3 35.10 10.99 8.38 43.58 98.05
[o; (4) 0.39 1.1 0.75 0.43

* Phases analyzed: (1) Fe-rich, (2) Cu-rich, (3) Ni-rich, and (4) whole droplet. o= sample standard deviation.

For fine-grained droplets, bulk compositions were calculated with whole droplet microprobe analysis. For coarse-grained and zoned
sulfide droplets, bulk compositions are calculated by combining microprobe data on the different sulfide phases and Image Pro Plus
6.1 data using equation [6]. Details in Appendix 1 and Table 3.
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FIG. 5.
than 50 ym have a zoned texture.

free energy of activation (Dowty 1980) or nucleation
energy barrier (Shelley 1993). The critical radius (rc)
is defined as (e.g., Dowty 1980):

re =—29V, | AG,. )

The nucleation rate is dependent on the degree of
undercooling: as the latter increases, the nucleation
rate reaches a maximum, and then declines to zero
at high degrees of undercooling (Shelley 1993). The
undercooling is the extra amount of cooling sustained
by the droplet from its freezing point before it starts
to crystallize. The undercooling delays crystallization
and leads it to occur at lower temperature. Much work
has been done on silicate nucleation rates using crystal-
size distribution (CSD) (e.g., Gibb 1974, Dowty 1980,
Cashman & Marsh 1988, Higgins 2006), but none on
sulfides are known to the authors.

Heterogeneous nucleation can occur on preexisting
interfaces. The surface energy of heterogeneous nucle-
ation is lower than that of homogeneous nucleation in
equation 2, and thus the size needed for nucleus stability
is also lower (e.g., Mungall & Su 2005). Heterogeneous
nucleation needs less undercooling to occur.

Once nuclei are created, diffusion to the nuclei
occurs by volume diffusion (the diffusion of elements
in a liquid), and the nuclei grow by interface diffusion
(across the crystal-liquid interface) and surface diffu-

Frequencies of apparent sulfide droplet diameters and textural types. Note that sulfide droplets with diameters larger

sion (parallel to the surface) (Dowty 1980). Diffusion
rates decrease with the undercooling (Shelley 1993)
and systems with high undercooling will not contain
fully grown crystals.

Implications of crystallization rates on the textures

As described above, fine-grained droplets contain
numerous small intergrowths of Mss and Iss. During
crystallization, numerous nucleation sites were created
randomly inside the droplet and diffusion was slow,
preventing crystal growth from occurring. Thus, fine-
grained droplets have experienced substantial under-
cooling followed by rapid crystallization. This process
could be interpreted as homogeneous nucleation.

Coarse-grained droplets have the same textural
features as fine-grained droplets, but the grains are
larger and less numerous. They developed because
there were fewer nucleation sites and more rapid diffu-
sion, suggesting a lower degree of undercooling. These
features could also suggest homogeneous nucleation. As
can be seen in Figure 6, the bulk compositions of fine-
grained and coarse-grained droplets are similar. Hence,
in order to explain the higher rate of crystal growth, the
degree of undercooling must have been lower.

Zoned droplets contain massive Mss and Iss. This
texture must have required a lower rate of nucleation
and higher rate of diffusion than in the fine-grained and
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coarse-grained droplets. The presence of segregated
Mss and Iss in zoned droplets suggests that sufficient
time elapsed between the appearance of Mss and that
of the complete solidification of the droplet for the
fractionated Cu-Fe-rich liquid to migrate away from
the Mss. Moreover, as described above, the Iss in the
zoned droplets exist either as fishbone textured grains,
representing quenched residual Cu-Fe-rich sulfide liquid
and implying a relatively high degree of undercooling,
or as equant, massive grains representing the crystal-
lization of Iss and implying a relatively low degree of
undercooling.

The nucleation process of the zoned sulfide droplets
is not clearly defined. In the sulfide droplet of Figure
4c, the Mss is concentrated on the outer part of the
droplet and the massive Iss is concentrated in the center.
Such texture may have developed by heterogeneous
nucleation of Mss crystals on the sulfide droplet wall.
Other zoned sulfide droplets do not show this arrange-
ment, suggesting that heterogeneous nucleation from
the droplet wall is not the dominant crystallization
mechanism.

One could argue that fine-grained and coarse-grained
sulfide droplets formed by homogeneous nucleation and
that zoned sulfide droplets are formed by heterogeneous
nucleation. If heterogeneous nucleation on the droplet

() Czamanske & Moore (1977)
O Fine-grained

O Coarse-grained

A Zoned
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wall is a major process, small droplets should be more
likely to show zoned textures than larger droplets
because they have a higher surface to volume ratio,
but this is not observed. Moreover, such interpretation
does not take into account the continuum of textural
differences from fine-grained to zoned with massive
Iss owing to different rates of crystallization. Therefore,
we believe that both homogeneous and heterogeneous
nucleation can occur, but that they are not the main
parameters controlling the textures.

Why are the small droplets more undercooled?

The texture of the small fine-grained sulfide droplets
implies higher degree of undercooling than large zoned
droplets. Observations on droplet sphericity tend to
confirm this inference. As pointed out by Czamanske
& Moore (1977), the perfect sphericity of fine-grained
sulfide droplets implies that they were still liquid when
the silicate liquid reached the glass transition, whereas
zoned droplets, with crenulated sphericity, had already
started to crystallize at that point.

Emmanuel et al. (2010) argued that during nucle-
ation and crystal growth the solubility of a phase is
related to the change of the interfacial energy of the
phase. Because small crystals have high surface to

0.6

0.4

0.2

0.4 0.6

Cu

FiG. 6. Bulk composition of sulfide droplets in the system Fe-Ni-Cu in weight fraction.
The grey zone corresponds to the bulk composition of sulfide droplets from Czamanske
& Moore (1977). Dashed line represents the composition of sulfide liquid composition
at Mss crystallization at 1100, 1050, and 1000 °C from Ebel & Naldrett (1997). Note
that texture of sulfide droplets is not dependent on their composition. Droplet liquidii
range between more than 1100 to 1050 °C. Modified from Czamanske and Moore

1977).
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volume ratios, high interfacial diffusivity is required to
maintain chemical equilibrium, which in turn requires
a more concentrated solution before nucleation and
growth can occur (Holness & Sawyer 2008). This
concentration is referred to as the effective solubility
Se. When a crystal forms in a confined volume, the
effective solubility becomes a function of the radius of
that volume (Emmanuel et al. 2010):

2V, vy
Se =S exp 3)

RTr,

where Sy is the bulk solubility, R the gas constant, T the
temperature, and rg the radius of the confined volume,
i.e., the sulfide droplet.

The volume influence on the effective solubility
leads to supersaturation of the phase components in the
solution; such an effect has been observed in porous
sedimentary rocks (Emmanuel er al. 2010, Putnis
& Mauthe 2001) and in small pores in migmatites
(Holness & Sawyer 2008). Because the solution is
supersaturated, high undercooling is needed for crystal-
lization to occur (Bigg 1953, Putnis & Mauthe 2001,
Holness & Sawyer 2008).

The sulfide droplet can be considered as a confined
volume because the interfacial tension between sulfide
melt and silicate melt is relatively high; higher than
those between silicate or oxide minerals and silicate
melt (Mungall & Su 2005). Therefore, the size of the
sulfide droplet has an influence on the Mss solubility:
small sulfide droplets require a higher concentration of
Mss liquid components before Mss can crystallize than
larger sulfide droplets.

It would be interesting to investigate the critical size
of the volume at which the effective solubility of Mss
in the sulfide liquid is affected. Quartz crystallization in
sandstone does not occur in pores smaller than 10 ym
(Emmanuel et al. 2010). Putnis & Mauthe (2001) argued
that supersaturation occurs if pore size is around 1 ym
and does not occur for pores larger than 100 ym. Bigg
(1953) observed that a water droplet of 10 ym could
crystallize at -31 °C, sustaining high undercooling.
Although these systems are different from those dealt
with in this paper; the size relation remains relevant.
More than 90% of fine-grained sulfide droplets have
a diameter lower than 30 ym, whereas droplets with a
diameter greater than 50 ym are zoned.

Implication of the undercooling of sulfide droplets
on solidification history

The different solidification histories experienced by
the different droplets are summarized in Figure 7. As
stated above, the crystallization of Mss in fine-grained
and coarse-grained droplets is delayed (Fig. 7, 3" and
4™ columns). Once the Mss starts to crystallize, it is
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quickly followed by the crystallization of Iss. The
residual Cu-Fe-rich liquid did not have time to migrate
away from the Mss, leading to the characteristic inter-
growth of Mss and Iss observed in these droplets (Fig.
2 and 3).

Zoned sulfide droplets (Fig. 7, 1** and 2" column)
experience less undercooling, allowing more time for
diffusion and thus enabling formation of equant Mss
grains. Those zoned droplets which experienced some-
what greater degrees of undercooling crystallize Iss
with oxide in a fishbone texture (Fig. 4a and b). Those
that experienced slightly lower degrees of undercooling
form massive Iss crystals containing equant oxide
crystals (Fig. 4c).

These differences in crystallization histories must
have an impact on the distribution of chalcophile trace
elements and the noble metals inside the sulfide drop-
lets. In the fine- and coarse-grained sulfide droplets
the trace elements should be relatively homogeneously
distributed, as the diffusion rates were low. However,
in the zoned sulfide droplets, because the diffusion rates
were higher, the trace elements should have had time to
fractionate between Mss and Iss.

Pentlandite content of sulfide droplets

The pentlandite content of the sulfide droplets is
variable (Fig. 8). Where whole-rock concentrations of
Ni are low (less than 50 ppm), pentlandite does not form
and the Ni (Appendix 2) concentration in the Mss is less
than 10%. In samples with higher whole-rock concen-
trations of Ni, the pentlandite can constitute up to 27%
of the droplets, and concentrations of Ni in the Mss are
also higher but never exceed 15%. These observations
imply that even in rapidly quenched system Mss can
absorb no more than 15 wt.% Ni before pentlandite
exsolves. It appears that the amount of pentlandite in the
sulfide droplets is dependent on the initial concentration
of the magma, and not on the degree of undercooling.

In fine-grained sulfide droplets, pentlandite occurs
as blebs or rims at the Mss-Iss interface (Fig. 2),
suggesting formation by heterogeneous nucleation at
the interface. In coarse-grained droplets, pentlandite
also occurs at Mss-Iss interfaces but is more lozenge-
flame-shape. According to Kelly & Vaughan (1983),
this characteristic shape is formed by heterogeneous
nucleation, but apparently under lower undercooling.
Czamanske & Moore (1977) considered such coarse
pentlandite to have exsolved at close to its maximum
temperature of stability (610 °C). Alternatively, the
Ni-rich phase could be horomanite, a Ni-Fe sulfide
stable to 760 °C (Kitakaze et al. 2011). Pentlandite
also occurs as oriented, flame-shaped grains in Mss in
coarse-grained and zoned droplets (Figs. 3, 4). Kelly &
Vaughan (1983) interpreted these to have exsolved by
homogeneous nucleation during Mss annealing from
600 to 300 °C.
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Increasing effective solubility of Mss and nucleation sites

Immiscible sulfide liquid in equilibrium with magma

and very low diffusion rates

Increasing droplet size and diffusion rates
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Fic. 7. Illustration of the dependency of sulfide droplet cooling history on droplet size. Mss effective solubility increases in
droplets as the size decreases leading to a delay in sulfide crystallization during cooling.

CONCLUSIONS

The textural study of quenched sulfide droplets from
fresh MORB glass leads to the following conclusions:
(1) Textural differences observed in droplets that expe-
rienced identical cooling rates are due to differences
in the degree of undercooling of the droplets. (2) The
differences are mainly controlled by the size of the
droplets. In the smaller droplets the effective solubility
of Mss is higher, and higher degrees of undercooling
are required for crystallization to occur. The effective

solubility decreases as droplet size increases. (3) Bulk
Fe, Ni, and Cu contents of the sulfide droplets do not
seem to influence their texture. (4) The amount of
pentlandite in sulfide droplets is controlled by the Ni
concentration of the magma.

Sulfide droplets in MORB are unique records of
near-liquidus phase relations in basaltic systems and
provide unique insight into how sulfide-oxide liquids
solidify under conditions of rapid cooling. Such insight
may be useful in understanding how siderophile and
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chalcophile elements behave during sulfide crystalliza-
tion in ore deposits.
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APPENDIX

Appendix 1: Sulfide droplets bulk composition
calculations

Sulfide droplet bulk compositions were calculated
to 100% sulfide with the Image Pro Plus Analysis 6.2
software and the microprobe analyses data using for
each element:

of Lamont Doherty Earth Observatory of Columbia snle
University for his assistance with sampling, Dany C, =| Z_Zferhae 149 Fe phase +
Savard (UQAC) for his assistance with whole rock nl
analyses and Marc Choquette (Laval University) for s120
his assistance with microprobe analyses. This work was Cuphase |4 9% Cu phase +
funded by the Canadian Research Chair in Magmatic n2
Metallogeny.
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FiG. 8. Ni content of Mss (symbols) and pentlandite content (bars) of corresponding

sulfide droplet versus Ni whole rock content. Overlapping bars refer to droplets from
the same sample. Note that Ni concentration in Mss reaches a limit at 12-15% and that
pentlandite concentration increases when this limit is reached. Data are from Table 3;
only sulfide droplets with pentlandite content determined by Image Pro Analysis 6.2

are plotted.
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where CSa CFe phases CCM phases and CNi phase aT€ the
concentration of the element in the sulfide droplet,
the Fe-rich phase, the Cu-rich phase, and the Ni-rich
phase, respectively. nl, n2, and n3 are the number of
electron microprobe analyses for each phase. The %Fe
phase, %Cu phase, and %Ni phase are the percentages
of each phase determined by Image Pro Plus Analysis
6.2. Bulk compositions are calculated to 100% sulfide
to be in agreement with the experiments at values of
Ebel & Naldrett (1997), which are oxide free; S and
Fe concentrations are slightly overestimated, as the
proportion of oxide occurrences varies from nil to 7%
in sulfide droplets. Detailed calculations of the Table
2 values are given in Table 3. As Ni-rich phases are
present in sulfide droplets either as micrometric flame-
shaped exsolution domains or as micrometric grains
at the Fe-rich and Cu-rich boundaries, their analyses
by microprobe was not possible in all droplets. Where
a direct analysis of the Ni-rich phase was impossible,
the average composition of the Ni-rich phase (n = 5)

THE CANADIAN MINERALOGIST

was used for the calculation of the bulk composition
determined at 33.4% S (x 1.32), 38.64% Fe (x 4.72),
24% Ni (£ 4.87) and 2.6% Cu (+ 1.47). For fine-grained
sulfide droplets, the phases are too small to be analyzed
independently, and the average composition of the
whole droplet is used for calculation.
Appendix 2: Whole-rock Ni values

Fresh glass rims of pillow samples were crushed
in an Al-ceramic mill at UQAC for whole-rock Ni
analyses. The Ni content was determined by atomic
absorption spectrometry (AAS) at LabMaTer, UQAC
using a Thermo Atomic Spectrometer (Table 4). KPT
reference material was used as monitor.

Appendix 3: Composition of oxide inclusions in
sulfide droplets

Euhedral magnetites in sulfide droplets with a size
large enough for an electron-microprobe analysis are
rare; their compositions are given in Table 5. Three

TABLE 3A. BULK COMPOSITION OF THE SULPHIDE DROPLETS CALCULATED WITH MICROPROBE AND IMAGE PRO PLUS
ANALYSIS DATA. BULK COMPOSITION IS EITHER CALCULATED WITH (1) WHOLE DROPLET MICROPROBE ANALYSIS

AVERAGE OR (2)

EQUATION [6].

Droplet Texture Size  Phase Microprobe analysis Image pro 100% sulf Bulk composition
(Hm)
S Ni Cu Fe Total Fe-rich Cu-rich Ni-rich S Ni Cu Fe Total
wt.% wt.% wt% wt% wt% wt.% wt% wt% wt% wt%
South Atlantic Ridge
RC 2802 Coarse- 48.0 Ni-rich 313 274 50 340 980 310 395 294 345 159 114 372 99.0
07rd G1 grained
Fe-rich 36.0 145 26 46.4 997 0.90 3.91 1.86 1.93
Cu-rich 340 1.2 284 310 947
Cu-rich 344 122 237 30.3 100.8
Ni-rich 32,7 31.7 3.5 321 100.2
Cu-rich 344 122 214 314 996
Fe-rich 365 155 1.7 46.3 100.4
Fe-rich 35,5 13.9 21 474 991
Ni-rich 352 22.6 1.9 409 100.7
RC2802 Zoned 63.0 Cu-rich 355 03 26.2 385 1007 471 474 55 340 64 120 419 943
13rd n1 G6 Cu-rich 33.0 22 225 408 986 0.99 0.71 1.52 0.87
Fe-rich 379 123 0.7 49.3 100.4
Fe-rich 375 122 1.3 49.1 100.4
RC 2802 Fine- 29.0 w.d. 36.2 90 14 513 981 356 89 27 504 97.6
13rd n1 G10 grained
w.d. 350 88 39 495 977 0.89 0.13 1.78 1.24
RC 2802 Fine- 28.0 w.d. 344 88 33 487 955 350 83 36 489 958
13rd n2 G1 grained
w.d. 351 85 46 477 961 0.54 0.65 0.83 1.24
w.d. 354 76 3.0 502 965
RC 2802 Fine- 13.0 w.d. 36.0 88 51 483 985 356 89 50 486 981
13rd n2 G2 grained
w.d. 350 98 6.2 46.8 981 0.52 0.85 1.34 1.99
w.d. 358 82 36 507 984

w.d.= whole droplet
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TABLE 3B. BULK COMPOSITION OF THE SULPHIDE DROPLETS CALCULATED WITH MICROPROBE AND IMAGE PRO PLUS
ANALYSIS DATA. BULK COMPOSITION IS EITHER CALCULATED WITH (1) WHOLE DROPLET MICROPROBE ANALYSIS
AVERAGE OR (2) EQUATION [6].

Droplet  Texture Size Phase Microprobe analysis Image pro 100% sulf Bulk composition
(Mm)
S Ni Cu Fe  Total Fe-rich Cu- Ni-rich S Ni Cu Fe  Total
rich
wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%
RC2802 Fine- 120 w.d. 353 100 46 481 98.1 357 94 37 489 0976
13rd n2 G3 grained
w.d. 355 89 34 494 974 0.51 055 0.75 0.68

wd. 362 92 31 492 980

RC 2802 Fine- 45.0 Fe-rich 349 46 6.2 51.0 971 493 478 29 327 28 144 444 944
16d n1 G10 grained

Cu-rich 328 1.0 230 405 977 044 0.03 1.10 0.28
Fe-rich 342 47 7.7 506 97.6
RC 2802 Fine- 21.0 wd. 345 32 119 466 965 345 36 11.3 471 964
16rd n1 G3 grained
wd. 343 31 138 455 97.0 0.26 0.66 2.87 1.85
wd. 348 43 82 491 0967
RC 2802 Fine- 25.0 wd. 346 47 7.7 495 96.8 348 44 75 501 96.9
16rd n1 G4 grained
wd. 346 43 73 505 96.9 0.34 0.28 0.17 0.59

w.d. 352 43 76 504 977

RC2802 Zoned 18.0 Cu-rich 313 08 181 448 951 710 29.0 0.0 324 22 139 470 955
16rd n2 G2 Fe-rich 352 55 38 524 972

RC 2802 Fine- 20.0 wd. 337 42 108 485 974 33.7 31 155 450 973
16rd n2 G6 grained

wd. 339 34 155 447 0977 0.20 1.25 4.70 3.37

wd. 335 1.7 202 418 974

RC2802 Fine- 70.0 Cu-rich 358 14 217 407 998 806 19.1 03 377 6.0 44 516 997
18rd G5 grained
Cu-rich 356 29 195 418 999 0.16 0.55 0.89 0.73
Fe-rich 382 6.9 0.7 548 101.0
Fe-rich 384 7.0 04 538 999
w.d.= whole droplet

TABLE 3C. BULK COMPOSITION OF THE SULPHIDE DROPLETS CALCULATED WITH MICROPROBE AND IMAGE PRO PLUS
ANALYSIS DATA. BULK COMPOSITION IS EITHER CALCULATED WITH (1) WHOLE DROPLET MICROPROBE ANALYSIS
AVERAGE OR (2) EQUATION [6].

Droplet Texture Size Phase Microprobe analysis Image pro 100% sulf Bulk composition
(um)
S Ni Cu Fe Total Fe-rich Cu-rich Ni-rich S Ni Cu Fe Total
wt.% wt% wt% wt% wt% wt.% wt.% wt.% wt.% wt.%
RC 2802 Fine-grained 29.0 wd. 340 34 66 516 958 343 3.2 6.6 52.7 96.8
22rd G25 wd. 344 30 69 534 980 0.32 0.24 0.29 1.03
wd. 346 31 63 532 974
RC 2802 Fine-grained 26.0 w.d. 346 28 104 498 978 346 29 89 509 973
22rd G26 wd. 348 30 75 516 973 0.12 0.17 1.44 0.91
wd. 345 31 87 511 976
RC 2802 Fine-grained 41.0 wd. 349 29 75 520 977 347 28 87 514 977
22rd G29 wd. 347 34 57 536 976 0.16 0.56 3.71 2.56

wd. 346 22 128 486 986
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RC 28 02 Fine-grained

24rd G2

RC 28 02 Fine-grained

24rd G3
RC 28 02 Coarse-
24rd G6 grained
Cook D19 I Zoned
n1 G2

w.d.= whole droplet

33.0

50.0

38.0

62.0

Cu-rich
Fe-rich
Fe-rich
Cu-rich
Fe-rich
Fe-rich

Cu-rich

Fe-rich
Fe-rich
Ni-rich

Cu-rich
Cu-rich
Fe-rich
Cu-rich
Fe-rich

33.5
34.9
36.2

33.7
35.1
35.5

30.9

35.9
37.6
34.2

34.6
315
36.3
33.8
322
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34
12.5
12.0

21
10.1
11.0

1.4

10.9
12.4
19.7

1.2
1.8
13.5
27
13.7

20.2 406 98.0
55 458 988
0.6 493 984

215 387 96.3
55 46.8 97.8
1.2 498 977

21.7 420 96.3
06 508 984
0.7 48.7 99.7
1.8 428 989
Hotu Seamount

244 389 994

214 411 96.2
3.4 46.6 100.1

221 388 975
14 488 96.3

49.1

64.4

72.9

66.0

43.7

31.6

20.1

7.3

4.0

9.2

321 7.5 10.3 41.1
0.90 0.36 3.43 2.47

334 74 9.0 433
0.28 0.62 3.09 2.10

35.5 10.5 4.5 47.7

1.15 1.07 0.11 1.45

293 94 6.1 395
2.28 0.44 1.50 1.44

90.9

93.1

98.3

84.3

TABLE 3D. BULK COMPOSITION OF THE SULPHIDE DROPLETS CALCULATED WITH MICROPROBE AND IMAGE PRO PLUS
ANALYSIS DATA. BULK COMPOSITION IS EITHER CALCULATED WITH (1) WHOLE DROPLET MICROPROBE ANALYSIS
AVERAGE OR (2) EQUATION [6].

Droplet Texture Size Phase Microprobe analysis Image pro 100% sulf Bulk composition
(um)
S Ni Cu Fe Total Fe-rich Cu-rich Ni-rich S Ni Cu Fe Total
wt% wt% wt% wt% wt.% wt.% wt.% wt.% wt.% wt.%
East Pacific Rise
Cook D28 tl Coarse- 32.0 Fe-rich 363 115 4.0 47.7 998 445 490 6.5 334 92 43 452 922
n1G1 grained Fe-rich 341 99 19 505 96.6 1.45 1.09 1.63 1.37
Cu-rich 332 12 206 446 996
Fe-rich 36.8 119 08 491 988
Cook D28tl Coarse- 42.0 Cu-rich 346 7.6 194 393 1014 436 430 135 30.0 80 94 383 857
n2 G1 grained Fe-rich  36.0 12.0 1.2 49.0 984 1.04 1.92 1.19 0.18
Fe-rich 356 13.1 0.9 49.0 99.1
Cu-rich 324 43 222 39.7 988
Cook D37 Coarse- 32.0 Cu-rich 350 29 265 365 1011 531 342 127 352 89 10.1 445 986
tiv G2 grained Fe-rich 37.0 11.0 1.1 493 987 1.32 0.72 0.85 0.57
Fe-rich 343 96 26 504 972
Fe-rich 355 10.5 1.3 498 97.4
Ni-ich  33.6 18.8 0.8 435 97.3
Cook D37 Coarse- 20.0 w.d. 345 124 47 443 96.1 350 11.3 4.8 456 96.8
tVin2 G1  grained w.d. 351 110 34 465 962 0.56 0.92 1.42 1.14
w.d. 356 106 62 46.0 98.8
Cook D37 Fine- 13.0  wd. 351 7.8 136 426 994 351 9.3 11.8 43.3 99.4
tVin2 G3  grained
w.d. 350 11.7 7.5 449 993 0.10 2.09 3.75 1.45
w.d. 352 8.3 14.3 422 100.2
Cook D37 Fine- 150  w.d. 347 119 7.8 435 98.1 351 11.0 8.4 43.6 98.1
tVin3 G8 grained
w.d. 355 11.3 8.1 432 983 0.39 1.11 0.75 0.43
w.d. 352 9.8 9.2 441 984

w.d.= whole droplet
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TABLE 4. WHOLE-ROCK VALUES OF NI DONE BY AAS

Sample (pp')\lrL) Sample (p;')\jrin)
RC 28 02 07rd 229 Cook D3 tllI 101
RC 28 02 13rd 80 Cook D19t n1 157
RC 28 02 16rd 23 Cook D28 tI 187
RC 28 02 18rd 26 Cook D37 tIV 165
RC 28 02 22rd 30 Cook D37 tVI 195
RC 28 02 24rd 47 KPT (n = 3) 1006 +/- 11
KPT working values 1090 +/- 149

TABLE 5. EUHEDRAL OXIDE MICROPROBE ANALYSES FROM SULFIDE DROPLETS

Droplet S0,

wt.% wt.% wt.% wt

TiO, Al,O3Fe;0O3 FeO MnO MgO CaO NiO ZnO Total
% wt.% wt.%

wt.% wt.% wt% wt% wt.%

RC 28 02 13rd n1 G6 0.20

0.02 0.01 63.2523.63 0.24

0.00 0.05 4.65 0.12 92.25

Cook D19tIn1G2 0.05 0.00 0.01 56.40 10.09 0.07 0.00 0.30 15.48 0.01 82.45
RC280218rd G5 0.47 0.05 0.06 57.89 17.50 0.02 0.00 0.28 8.72 0.02 85.32
og(n=2) 0.05 0.05 0.03 1.40 1.82 0.01 0.00 0.01 2.80 0.02 2.58

Note the high NiO values due to sulfide contamination. Oxides are Ti-free magnetite.

of them were analyzed and gave poor values. More-
over, there is a high contamination by the surrounding
sulfide owing to secondary fluorescence traduced by
high concentration in Ni. However, the results allow a
qualitative interpretation as they leave no doubt that the
grains are Ti-free magnetite.
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