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Abstract
Dunite from New Caledonia displays three types of veins. The earliest, type 1 veins
are narrow (50 – 100 m wide) and rarely extend across more than a single olivine grain.
They contain abundant brucite and never contain magnetite. Type 2 veins are 0.01 to 0.1
mm wide, extend across several olivine grains and cut across the type 1 veins. They are
cored by magnetite and contain less brucite than type 1 veins. Type 3 veins are cm-scale,
have a magnetite-rich core, and extend for meters or more. The type 1 veins have
relatively Fe-rich serpentine (XMg = 0.92) and brucite (XMg = 0.82). These minerals are
more magnesian than those in the type 2 veins; serpentine has XMg = 0.93 – 0.94 and
brucite has XMg = 0.84. In the magnetite-rich core to the type 3 vein both serpentine (XMg
= 0.94 - 0.97) and brucite (XMg = 0.94) are Mg-rich. Opx in harzburgite layers in these
samples is cut by serpentine veins that are on the order of 0.05 mm wide. The veins lack
talc or magnetite and, as with veins cutting olivine, the older veins are more Fe rich (XMg
= 0.84) than the younger veins (XMg = 0.90). We conclude that the formation of magnetite
was accompanied by the extraction of iron from the early-formed serpentine and brucite.
Thermodynamic calculations suggest that the type 1 veins formed in a rockbuffered system where the activities of FeO, MgO, and SiO2 were dictated by the
compositions of olivine and orthopyroxene. In contrast the type 2 veins were formed in a
more fluid-buffered system where the infiltrating fluid was relatively oxidizing and out of
equilibrium with the original brucite-serpentine assemblage. Reduction of this fluid was
accompanied by reaction of brucite and serpentine to magnetite and hydrogen. In
addition to producing magnetite this reaction also extracted iron from brucite and

serpentine, making them both more magnesian. This would drive the brucite-serpentinemagnetite buffer to higher oxygen fugacity, progressively decreasing the efficiency of the
magnetite-forming reactions.

1. Introduction

Serpentinization is an important geochemical process accompanying the formation
of the ocean floor. The hydration of peridotites not only induces huge rheological
changes in the oceanic crust, it produces reduced seafloor vents (Beard and Hopkinson,
2000, Kelley, et al., 2001, Charlou et al., 2002) that recently have been postulated to be
an ideal environment for the origin of life (Russell and Hall, 1997; Sleep et al. 2004,
Russell and Arndt, 2005). Additionally, partially serpentinized ultramafic rocks have
been proposed as potential hosts for sequestration of anthropogenically-produced carbon
(e.g. Kelemen and Matter, 2009).
Peridotites and their metamorphic equivalents are chemically relatively rather
simple. They can, for most purposes, be described by the system CaO – MgO – FeO SiO2 - H2O - O. However, the processes that transform olivine and pyroxene to
serpentine and other products are still a matter of considerable debate (Frost and Beard,
2007; Evans, 2008). Frost and Beard (2007) propose that formation of magnetite is driven
by loss of SiO2 from iron-bearing serpentine or brucite, and that low water and silica
activities stabilize magnetite- and Fe-alloy- bearing assemblages relative to serpentine
and brucite. Evans (2008), on the other hand, proposes that magnetite and iron alloys
form because the XMg of serpentine and brucite in equilibrium with olivine or

orthopyroxene is higher than that of the bulk rock, so excess Fe must then be hosted by
Si-poor phases such as magnetite or iron alloys.
If we are to predict the conditions under which the various serpentinite
assemblages form and understand the environments that form serpentinites then it is
essential that we distinguish between these possibilities, as each has distinctly different
implications for the parameters that control the serpentinizing environment. The
formation of magnetite, and the behavior of iron generally, is particularly critical, because
it is iron-bearing reactions that drive serpentinizing environments to extremely low fO2
values via the production of ferric iron accompanied by the reduction of water to
hydrogen. Because of these reducing conditions Russell and Hall, (1997), Sleep et al.
(2004) and Russell and Arndt (2005) have suggested serpentinizing environments as the
cradle for early life. Thus the chemical influences on these environments must be
understood if the initiation of life is to be successfully modeled or simulated.
Additionally, the process of serpentinization offers an opportunity to study
metamorphic environments in which equilibrium is only reached, if it is reached at all, on
very limited length-scales. Such environments are of increasing interest as the scope of
metamorphic studies extends to lower temperatures, and to situations where bulk
composition may not be fixed on the length-scale of interest (i.e. metasomatic systems).
Equilibrium thermodynamics has provided valuable insights into metamorphism at
greenschist grade and higher, but application of equilibrium techniques to lower
temperature environments requires careful assessment of the existence, or otherwise, of
thermodynamic equilibrium, and the length-scales on which it is attained. The chemical
simplicity of serpentinizing environments facilitates this task.

In this paper we make a detailed study of serpentine veins in dunite from New
Caledonia. Results are used to constrain the reactions involved in the formation of ironbearing phases, drivers of low oxygen fugacity conditions, and the length-scales and
extent of thermodynamic equilibrium during serpentinization.

2. Regional Geology

The island of New Caledonia represents the exposed portion of Norfolk Ridge, a
microcontinent that rifted from the eastern Gondwanaland margin during the late
Cretaceous. The oldest rocks on the island consist of a series of accretionary terranes that
include a suite of Permian to Jurassic island arc-derived strata, schistose rocks that were
locally metamorphosed to blueschist facies in the Jurassic, fragments of a Triassic
ophiolite, and a suite of volcanic rocks and sediments of island arc affinity that extends
into the Jurassic (Aitchison et al., 1995). These rocks are unconformably overlain by a
transgressive Upper Cretaceous sequence that ranges from conglomerates and coal
measures upwards to shallow marine sandstones. For the sake of this paper we refer to
this whole sequence as the basement (Fig. 1). Overlying the basement are three
westward-directed thrust sheets. Lying on the northwestern portion of the island is a
sheet composed mostly of basalt and minor ocean-floor sediments that is called the Poya
terrane (Cluzel et al., 2001). On the northeastern portion of the island is a sheet of highpressure rocks known as the Pouebo terrane (Cluzel et al, 2001) that are mostly in
blueschist facies but locally have been metamorphosed up to eclogite facies (Clarke et al.,
1997). U-Pb zircon ages indicate that the peak metamorphism in the Pouebo terrane

occurred around 44 Ma (Spandler et al., 2005). Lying structurally above the other two is
a thrust sheet of ophiolite that is most extensively exposed as the Massif du Sud in the
southern part of the island, but which occurs as klippes along the whole island. Thrusting
is constrained to have occurred in the Eocene. Stratigraphic relations constrain the Poya
terrane to have been emplaced between 33.7 and 35 Ma (Cluzel et al., 2001) and apatite
fission track dating implies that the Pouebo terrane was emplaced at 34 Ma (Baldwin et
al., 2007). The ophiolite was emplaced between 34 Ma, the age of the youngest sediment
beneath the nappe, and 27 Ma, the age of stitching plutons that intrude the nappe (Cluzel,
et al., 2006). After the emplacement of the nappes, New Caledonia has been subjected to
extension that began in the Miocene and has extended to the Neogene (Lagabrielle et al.,
2006, Cluzel et al, 2001; Rawling and Lister, 2002).
The New Caledonian ophiolite consists mainly of harzburgite and dunite (Titus et
al. 2011), with minor gabbro. The peridotite has been extensively weathered to laterite
and ferricrete over much of the island, but spectacular exposures are present in areas of
active erosion. The samples we studied came from downstream of Yaté dam, where the
Yaté River has exposed an extensive area of fresh outcrops (Fig. 1).

3. Sample Description

The peridotite exposed along the Yaté River is mostly harzburgite containing 10
cm- to 1 meter-wide bands of dunite that lie parallel to the foliation. Also present are 1
cm- to 10 cm-wide orthopyroxenite veins that cut the foliation. Serpentinization ranges

from 20% to more than 60% and becomes more intense adjacent to widely spaced
serpentinized fault zones that are from meters to tens of meters wide.
We studied two olivine-rich samples in detail, NC09-05, and NC09-11. NC09-05
comes from the riverbed about 500 meters downstream of Yaté Dam; NC09-11 comes
from approximately 250 meters further downstream. NC09-05 was collected because it
displayed the contact between harzburgite and dunite (Fig. 2) whereas NC09-11 was
collected because it contained a cm-wide serpentinite vein (Fig. 3) cutting dunite. Both
samples consist mainly of olivine with minor chromite; the harzburgite portions of NC0905 also contain about 10 – 15% Opx with fine Cpx lamellae. NC09-05 contains about
30% serpentine that is uniformly distributed throughout. Sample NC09-11 contains 50%
serpentine in regions distal to the large vein. The serpentine abundance increases to
100% within about 0.5 cm from the vein.
To determine the geochemical processes attendant to vein formation, we analyzed
in detail five types of serpentine veins that we recognized in these two samples. As with
rocks described by Beard et al. (2009), the initial stage of serpentinization in the New
Caledonia rocks involves two types of serpentine veins. Type 1 veins are narrow (about
50 – 100 m wide) and rarely extend across more than a single olivine grain (Fig. 4a).
They never contain magnetite and contain brucite that is generally more abundant
adjacent to the olivine. Type 2 veins are 0.01 to 0.1 mm wide and cut across the type 1
veins (Fig.4a, b). They rarely extend for more than 2 mm before being terminated by an
en-echelon manner or being cut by another type 2 vein. Magnetite is commonly found in
the cores of the type 2 veins and brucite may be present on the margins. Further
serpentinization results in formation of type 3 veins. The type 3 veins are cm-scale veins

that extend for meters or more. We studied a type 3 vein in NC09-11 that is slightly less
than 1 cm across (Fig. 3) and contains a distinct magnetite-rich core. We also studied
two types of veins that cut Opx crystals in harzburgitic layers within the dunite from
sample 09NC-05. The veins, neither of which contains magnetite, are on the order of
0.05 mm wide. One type is pale yellow in PPL and the other is pale green (Fig. 4c).

4. Analytical Procedures

Mineral analyses were determined on a JEOL 8900 Superprobe at the University of
Wyoming using 15 Kv voltage and a sample current of 20 nA. Raw counts were
corrected using the ZAF procedure. Because serpentine in the veins is locally intimately
intergrown with brucite, we chose to make approximately 100 point-analyses within a
small area of each vein. Backscattered electron images (BSE) and X-ray element maps
were obtained at the University of Wyoming using a FEI Quanta 450 field emission
scanning electron microscope equipped with an Oxford INCA solid state X-ray analysis
system.

4.1. SEM and X-ray maps

BSE and X-ray maps show that the type 1 veins are crudely zoned with brucite
abundant on the margins of the veins and serpentine more abundance in the cores (Fig. 5).
Brucite is more iron-rich than serpentine and this allows one to recognize, both in the
element maps and the SEM image, that the two minerals appear to be mixed on a very

fine length scale. BSE and element maps from the type 2 vein in Fig. 4a show that the
vein contains a brucite-rich margin similar to the type 1 vein and patches within the
interior of the vein where serpentine and brucite appear to be intimately intergrown (Fig.
6). The core of the large type 2 vein in Fig. 4b shows that even in the wide type 2 veins
there is inhomogeneity in silica, Mg, and Fe (Fig. 7), suggesting an intergrowth of
relatively iron-rich brucite and more magnesian serpentine. A reasonable explanation for
the spotty distribution of brucite-rich areas in Figure 7 is that they record the previous
locations of vein margins. This implies that the large type 2 vein formed from numerous
fractures that cut the original dunite, the margins of which each had brucite enrichment
similar to what is seen in Figures 5 and 6. The magnetite-rich core to the type 3 vein in
NC09-11 (Fig 3) contains patches of brucite, some of which are touching magnetite (Fig.
8). Unlike the brucite in the type 1 and type 2 veins, the brucite in this vein is more
magnesian than the serpentine.
The serpentine veins cutting the Opx are more homogenous than those cutting
olivine (Figs. 9,10), although subtle compositional variations are evident, especially in
the BSE image. The two colors of serpentine clearly have different compositions. The
older, green vein is more iron-rich than the Opx from which it formed whereas the yellow
one has nearly the same Fe content as the Opx. Figure 10 also shows that the iron-poor
yellow vein clearly cuts the iron-rich green vein, something that is not evident in the
photomicrograph (Figure 4).

5. Mineral analyses

To get an estimate of the mass balance of the serpentinization reaction, for each area
we analyzed a grid of 100 or more points. Individual point analyses from the veins show
a wide range in composition that is informatively displayed in a plot of Si atoms in the
formula versus the total of Fe+Mg atoms (Fig. 11) or against XMg (Fig. 12). In our
calculations we normalized the cation proportions to 7 oxygens, which is what is used in
calculating a serpentine formula. Analyses from the type 1 (Fig. 4a, Fig. 5) vein cover
nearly the whole range in compositions between brucite and serpentine (Fig. 11a, 12a),
with a distinct break between the brucite-rich and the serpentine-rich analyses.
Analyses of the small type 2 vein (Fig. 4a, Fig 6) and the large type 2 vein (Fig. 4b,
Fig 7) also spread from stoichiometric serpentine towards brucite, (Fig. 11b,c 12b,c) but
with far fewer points on the brucite end of the spectrum. In addition, the trend outlined by
the analyses for the type 2 veins in Figure 12 b and c have shallower slopes than that for
the type 1 vein, suggesting that the brucite end member in type 2 veins has a higher XMg
than brucite in the type 1 vein. A plot of Si + Al/2 versus Fe shows that the substitution of
Fe into the serpentine structure in the type 1 veins is distinct from the cronstedtite
substitution curve of Evans (2008) (Fig. 13a). Since the substitution trend appears to
involve a mixture of serpentine and brucite and since the iron in brucite is ferrous
(O’Hanley and Dyar, 1993), we conclude that the iron in the brucite components in this
vein is likely to be dominantly ferrous. In contrast to the type 1 veins, there is a subtle
indication that the most Si-rich serpentines in the thicker type 2 vein may have a slight
cronstedtite substitution (Fig. 13c), and hence may contain considerable ferric iron.

The array of analyses from the thick type 3 vein in NC09-11 is broad and complex.
The serpentine has compositions ranging from serpentine to close to brucite (Fig. 11c)
but on the plot of XMg versus Si there seems to be at least two compositions of brucite
involved (Fig. 12d). One trend is toward a brucite with XMg ~ 0.86 and the other is
toward brucite with XMg ~0.93. The analyses that have the trend toward the high Fe
brucite lies on the margins of the large vein, whereas the analyses trending toward the
magnesian brucite is associated with magnetite in the interior of the vein. Trends on the
Si + Al/2 vs. Fe plot for the type 3 vein (Fig. 13d) are also consistent with the bimodal
brucite compositions.
As suggested by the BSE and element maps (Figs 9 and 10) there are two serpentine
compositions in veins cutting the Opx, both of which are compositionally distinct from
the serpentine forming from olivine. Both types of serpentine are more siliceous than the
serpentine forming from olivine and they lack compositions that extend toward brucite
(Fig 11e,f). In addition, they are more iron-rich than serpentine forming from olivine
(Figs 12e,f). The yellow serpentine has nearly the same XMg as the Opx it cuts, whereas
the green serpentine is considerably more iron-rich than the host Opx or the yellow
serpentine vein that cuts it (Fig. 12f). The Opx-cutting serpentine also plots differently to
the olivine-cutting serpentines in Fe – Si+Al/2 space, suggesting the presence of a greater
cronstedtite component than in the serpentine cutting olivine.

4.1 Average Mineral Compositions

In calculating the average mineral analyses tabulated in Table 1 from the many
point analyses in each area we used the following reasoning:
1) Those analyses that totaled to 99% or more were considered to be from olivine or
Opx, depending on which mineral was hosting the vein.
2) Analyses with totals between 98 and 86% were considered to be mixtures of
serpentine with olivine or Opx and were not used in calculating the totals.
3) Those analyses with totals below 86% and with more than 1.9 moles of silica per
formula unit (when calculated to 7 oxygens) were considered to be relatively
pure serpentine.
4) Those analyses with totals below 86% and having less than 0.1 mole of silica per
formula unit were considered to be brucite, unless the analysis contained
nearly no MgO, in which case it was considered to be a mixture with
magnetite, and was not used.

4.1.1 Olivine and Opx.
The olivine, at Fo91 and around 0.4 % NiO, has a composition characteristic of
mantle olivine (Table 1). As is typical of mantle rocks, the Opx is slightly more
magnesian than the coexisting olivine. The Opx has 0.66 wt. % CaO, a composition that
would be consistent with a minimum equilibration temperature (i.e. conditions where it
would have been in equilibrium with augite) of ca. 950°C (Anderson et al., 1993).

4.1.2 Serpentine.
Our analyses show that serpentine from both NC09-05 and NC09-11 shows a range
of composition that is dependant on the mineral assemblages with which it is associated
(Table 1). Serpentine from the type 1 vein in NC09-05 is moderately iron rich with XMg
= 0.923, whereas that from nearby type 2 veins is more magnesian with XMg = 0.934.
Serpentine from the large type 2 vein in NC09-05 is even more magnesian with XMg =
0.941, although a small population of serpentine from the vein, and which are spatially
associated with brucite-rich areas is somewhat more iron rich with XMg = 0.909.
Serpentine from the core of the large type 3 vein in NC09-11 where it coexists with
magnetite is highly magnesian (XMg = 0.969), whereas away from the magnetite it is
more iron-rich with XMg = 0.944.
Similar to the serpentine forming from olivine, serpentine from magnetite-free
veins cutting Opx also shows complex chemistry. This serpentine has much higher Al2O3
and CaO than the serpentine forming from olivine and it is much richer in iron. The veins
that are green in PPL have XMg = 0.839, whereas that which is yellow has XMg = 0.897 –
0.899. It is clear that the more iron-rich serpentine is earlier than the Mg-rich variety,
since the Mg-rich variety cuts the Fe-rich serpentine (Fig. 10). Both the yellow
serpentine and green serpentines a flatter slope of Si + Al/2 versus Fe than is dictated by
cronstedtite (Fig 13e,f), suggesting that the iron substitution may be via a combination of
the cronstedtite substitution and a FeMg-1 exchange. They plot in a similar way to the
iron-rich lizardite forming from Opx described by Evans et al. (2009).

4.1.3 Brucite.
Our analyses of brucite all show small amounts of silica, with the brucite from
NC09-05 having around 2.0% and those from NC09-11 having around 0.5%.
Considering that wet-chemical analyses of brucite tabulated by Deer et al. (1962) and
microprobe analyses by Peretti (1988) contain no silica, we contend that these low silica
contents represent an admixture of serpentine that was interlayered at a fine scale, as was
indicated on SEM images. Despite the small admixture of serpentine in brucite, we can
Brc
Brc
Srp
Srp
use the analyses tabulated on Table 1 to calculate a Kd ( Kd = (XMg
/ XFe
)x(XFe
/ XMg
))

between brucite and serpentine (Fig. 14).
The serpentine-brucite pairs from NC09-05 have a Kd of around 0.37, assuming that
most of the iron in serpentine is ferrous. This Kd would be lower if some of the iron were
ferric. The similar Kd values for the type 1 and type 2 veins support the notion of
thermodynamic equilibrium on some length scale for co-existing serpentine and brucite.
This Kd is much lower than the Kd of 0.5 calculated for serpentine-brucite pairs from
metamorphosed serpentinites by Evans and Trommsdorff (1975) but still lies within the
envelope of serpentine and brucite data from the literature (Figure 14). The serpentine –
brucite pair from the type 3 vein are both more magnesian and lie on a line defined by Kd
= 1.34.

5. Mass Balance calculations

It is clear from the textures that hydration of NC09-05 and NC09-11 proceeded
differently, depending on whether the precursor mineral was olivine or Opx. If hydration

was isochemical, apart from water, then hydration in the olivine domains can be
represented, for Mg end-members, by:
2 Mg2SiO4 + 3 H2O= Mg3Si2O5(OH)4 + Mg(OH)2

(1)

Because no talc was found in the hydration veins in the Opx, the isochemical hydration
of the Opx domain to serpentine without other products would have occurred by the
reaction:
3 MgSiO3 + 2 H2O = Mg3Si2O5(OH)4 + SiO2(aq)

(2)

The silica released by reaction (2) would be consumed by the reaction of brucite, located
in the olivine domains, to serpentine:
3 Mg(OH)2 + 2 SiO2(aq) = Mg3Si2O5(OH)4 + H2O

(3)

Thus, the reaction in the olivine domain is a combination of reactions (1) and (3) but the
relative progress of the two reactions cannot be specified because it depends on the
relative progress of the hydration of olivine and Opx (reactions (1) and (2)) and the
efficiency of silica transport in the fluid phase, which controls the extent of reaction (3).
To quantify the mass balance of the vein formation process we used the isocon
diagrams of Grant (1986) (Fig. 15). These diagrams compare the composition of the
original rock, calculated from the composition of the original olivine and Opx, to the
composition of the altered rocks, calculated from the bulk composition of the veins. In
these diagrams conserved oxides lie on a line; those oxides that have been added to the
system lie above the line and those that have been extracted lie below the line.
For the type 1 vein there, initially, is no clear indication that any oxide
components were conserved (solid symbols, Fig. 15a). However if one subtracts about
20% of the average brucite composition (Table 1) from the average vein composition, all

oxides, apart from CaO, end up nearly collinear. This is consistent with a nearisochemical hydration process averaged over an area larger than the one chosen here for
analysis, i.e. the area we chose to integrate had a greater than representative quantity of
brucite. It is evident from Figure 5 that brucite is irregularly distributed in the type 1
veins indicating that SiO2, MgO, and FeO were mobile at least on the scale of 100 m.
The oxide components for the small type 2 vein in area 1 (Fig. 6) apart from CaO
are collinear (Figure 15b), suggesting that the vein could have formed in a isochemical
manner. Behavior of the oxide components for the larger type 2 vein (Fig. 4a, Fig. 7) is
more complex (Figure 15c). If we assume that MgO was conserved, then small amounts
of silica (~1.5%) would have been added. Additionally, either small amounts of FeO
(~0.7%) were extracted from the vein or our microprobe integration of the vein missed a
small amount of magnetite. Relations are similar for the large vein in sample NC09-11
(Fig. 15d). FeO plots below the reference line but it would plot on the line if about 2.5%
magnetite were added. Even accounting for the fact that the analyses could have missed
a small amount of magnetite, the results suggest that, if MgO were conserved, small
amounts of silica (about 3%) were added to the vein.
Unlike the veins in olivine, which can be described as being nearly isochemical
(apart from some movement of silica) the veins in Opx look as if they were formed in an
open system (Figs. 15e,f). For comparisons only we have drawn a reference line for the
yellow serpentine (Figs. 15e,f) assuming MgO, FeO and MnO were conserved, since they
are nearly collinear. If this were true, then the formation of the yellow vein involved
extraction of about 18% SiO2, as well as significant amounts of CaO, Al2O3, and NiO
(Fig. 15 e,f). For the green iron-rich serpentine cutting Opx it is likely that iron was

added and silica depleted (Fig. 15f), but the complexity of the system is such that, with
our present data, we cannot say exactly what the mass-balance reactions were.
The elemental mobility is obvious in the BSE images (Fig. 4a). The compositional
variation we see in the veins is not distributed uniformly across the vein. In the
serpentine veins cutting olivine, brucite, and hence FeO and MgO, is most likely to be
concentrated on the margins of the vein and the Si-rich serpentine is more likely to
occupy the cores. Similarly in the veins cutting Opx the serpentine on the margin is
relatively enriched in silica and the core is enriched in MgO and FeO .
It is evident from the information above that mineral assemblages and compositions
of serpentine and brucite change as the hydration of serpentine proceeds. The first
assemblage formed from olivine is the serpentine-brucite assemblage found in the type 1
veins (see also Beard et al, 2009). The brucite in these veins is rather iron-rich. Although
the average XMg for brucite in the type 1 veins is 0.82 (Table 1), Figure 12a indicates that
it could range from less than 0.80 to nearly 0.84. Brucite is far less abundant in the type
2 veins, which contain the assemblage serpentine-brucite-magnetite, in which the brucite
never touches the magnetite, (Fig. 6). The brucite that is present is more magnesian and
close in composition to the most magnesian brucite in the type 1 veins. Since the type 2
veins cut the type 1 veins the logical conclusion is that the first brucite to form is
relatively iron-rich and as hydration proceeds, the brucite becomes more magnesian.
Similar relations are seen in NC09-11. The serpentine and brucite on the margins of the
vein, where there is no magnetite are relatively iron-rich and define a trend that extends
toward a brucite with XMg = 0.86. In the core of the vein where magnetite is present the

brucite is much more magnesian (XMg = 0.94) and is nearly as magnesian as the
coexisting serpentine.

6. Discussion and Conclusions

6.1 Element mobility and magnetite formation

An important observation arising from this work is that in the initial stages of
serpentinization the composition of serpentine varies, depending whether the serpentine
is forming after olivine or Opx. In addition, as serpentinization of olivine proceeds, the
composition of serpentine changes, in response to changes in silica activity, oxygen
fugacity, water activity and, potentially, other parameters such as pressure and
temperature. The serpentine in the type 3 vein in NC09-11 has distinctly different
compositional trends from the serpentine in the thinner type 1 or type 2 veins in dunite
from NC09-05. This difference may reflect the fact that the vein in NC09-11 formed at
lower temperature than the disseminated serpentine veins in NC09-05, but it is more
likely to be caused by the fact that the serpentine in the coarse vein is far removed from
olivine (at least 0.5 cm) and probably equilibrated at a different silica activity and oxygen
fugacity than serpentine in an olivine-dominated system. In addition the serpentine
within Opx in NC09-05 has a different composition from serpentine in olivine. It is
likely that the compositional differences we see in all these serpentine veins would
diffuse away in a rock that has been completely serpentinized, eliminating the evidence
of chemical relations early in the serpentinization process. This means that one cannot

use the composition of serpentine from metaperidotite that has been completely
serpentinized or that have undergone regional metamorphism to constrain the processes
of serpentinization (Evans, 2008).
Another important conclusion is that the type 1 veins in olivine could have formed
by simple hydration without any necessity for element movement on a scale greater than
100 microns, or the need for magnetite to accommodate iron. A model reaction for the
formation of this vein is:
2 Mg1.82Fe0.18SiO4 + 3 H2O = Mg2.82Fe0.18Si2O5(OH)4 + Mg0.82Fe0.18(OH)2
olivine

fluid

serpentine

(4)

brucite

The composition for the model serpentine in reaction (4) is a bit more siliceous and
magnesian than the average serpentine listed in Table 1 because we have projected the
serpentine composition to a silica content of two atoms per formula (see Fig. 5). This
reaction is similar to reactions derived by Bach et al. (2006) and Beard et al. (2009) and
suggests that the theory put forward by Evans (2008), that magnetite forms in
serpentinites because the amount of iron in olivine cannot be accommodated in the
hydration products, does not hold for this sample, as magnetite is not part of the initial
hydration assemblage.
The increased XMg in brucite and serpentine in the immediate vicinity of magnetite
in type 2 and 3 veins suggests that formation of magnetite in these veins involves a
reaction that involves the extraction of Fe from both brucite and serpentine. This
mechanism for the formation of magnetite has been postulated by Bach et al. (2006) and
Beard et al. (2009).

6.2 Constraints from equilibrium thermodynamic modeling

Differences in mineral assemblage and composition on the mm-scale, such that
olivine- and Opx-dominated domains are clearly distinguishable (e.g. Fig. 13), suggest
that thermodynamic equilibrium, if it exists in these samples at all, exists on a relatively
limited length-scale. Additionally, even if mutual equilibrium links the compositions of
brucite, serpentine and magnetite, as suggested by the consistent trends on Figs. 11 to 13,
it is unclear whether relict olivine and Opx are in equilibrium with their hydration
products, or if the relicts are metastable, in which case the serpentinizing system is at
partial equilibrium, at most. These issues pose significant problems for the application
of thermodynamic models. Nevertheless, valuable insights can be gained if such models
are applied with care. For example, it is possible to calculate the response of mineral
compositions to changes in extensive and intensive parameters such as the chemical
potentials of water, SiO2 and bulk XMg, and to use a comparison of calculated and
observed compositions to constrain the co-variation of these critical parameters and test
serpentinization models.
Calculations were performed using THERMOCALC v. 335i (Powell et al., 1998)
with the ds60 dataset (Holland and Powell, 2011). The components considered were
FMOSH (FeO-MgO-O-SiO2-H2O). Details of end-member properties and activitycomposition relationships are described by Evans (submitted to Lithos, July 2012). The
model successfully reproduces mineral compositions reported in the literature from a
wide range of serpentinizing environments and temperatures (e.g. Hostetler et al., 1966;

O’Hanley and Dyar, 1998; D’Antonio and Christensen, 2004; Shervais, 2005; Groppo et
al., 2006; Frost et al., 2008; Vils et al., 2008; Beard and Frost, 2009).
The fluid was modeled as a H2O-H2 mixture because H2 may become a significant
proportion of fluids at the conditions investigated. The alloy phase is intended as a proxy
for awaruite (Ni3Fe). Nickel is not included in the system considered, so the alloy phase
was modeled by Fe with an activity of 0.25 i.e. awaruite was assumed to be a mechanical
mixture and ideal mixing was assumed. These assumptions are clearly an
oversimplification. However, constraints on the composition of the alloy phase in the
rocks were lacking, so these assumptions are appropriate for the level of modeling
undertaken. Magnetite was modeled as pure magnetite, as there is little evidence for
significant proportion of elements other than Fe and O in this phase. Cr-rich magnetite
may rim spinel in these rocks; the magnetite in the serpentine veins is invariably Cr-free.
Log fO2 was calculated assuming a standard state of pure oxygen gas at 1 bar and the
temperature of interest. Log aSiO2 was calculated assuming a standard state of pure
quartz at the pressure and temperature of interest.

6.2.1 Stability of olivine and Opx during serpentinization.
Initially, the likelihood of olivine and Opx equilibration with the serpentine-brucitemagnetite assemblages was assessed via a pseudosection approach (Fig. 16a).
Pseudosections are phase diagrams calculated for a fixed bulk composition; the bulk
composition used was that of a typical New Caledonia peridotite (c.f. Evans, 2012).
Small changes in bulk composition do not change the location of the field boundaries
significantly. Two points are worthy of note. First, olivine and brucite are predicted to

co-exist over only a very small temperature range (0.02 oC), though this assemblage is
common in partially serpentinized rocks. Second, Opx is not stable with the hydrated
phases at temperatures less than 600oC. This temperature is certainly higher than
temperatures associated with serpentine growth in NC09-05 and NC09-11, which contain
abundant lizardite rather than antigorite. From these observations we must conclude that
olivine and Opx are relict phases that are not in thermodynamic equilibrium with the
surrounding hydrated assemblage, though local equilibrium could occur if water activities
dropped to significantly less than 1. Calculations with water activity set to 0.6 decrease
the olivine-out temperature from 368 to 327oC, while further decreases in water activity
led to destabilization of brucite, producing the stable assemblage is serpentine-olivinemagnetite, which is not observed. This result places a maximum on water activity of
around 0.5 if local equilibrium was achieved.

6.2.2 Stability relations of serpentine, brucite, and magnetite.
Further modeling investigated the relative stability and compositions of co-existing
serpentine, brucite and magnetite. These parameters were calculated as a function of the
chemical potentials of SiO2 and O2 at 200oC and 0.1 GPa for a range of bulk XMg values
(Fig 16b). Figure 16b also shows isopleths for constant XMg in serpentine. XMg was
calculated from the modeled mineral compositions as Mg2+/(Mg2++ Fe2+ + Fe3+octahedral)
i.e. Fe3+ on the tetrahedral site was not included in the calculations. However, in any
case, the modeled cronstedtite proportion was relatively small (always < 3%) so XMg is
approximately equal to Mg/(Mg+Fetot). The calculated diagrams replicate the observed
assemblages well, although the serpentine-brucite-magnetite assemblage lies at oxygen

fugacities above those where an alloy phase such as awaruite is likely to be stable (Fig.
16b). Serpentine and brucite coexist over a range of fO2 in a divariant field with
relatively restricted SiO2 (Fig. 16b). The serpentine – brucite – magnetite assemblage
exists on a univariant line with a negative slope in fO2 – SiO2 space, and the serpentine
and serpentine – magnetite assemblages occur at low and high fO2 values respectively at
SiO2 values higher than the serpentine – brucite field. Vein assemblages for vein types 1,
2 and 3 plot with increasing fO2 at a near-constant SiO2, while the Opx-domain veins plot
at higher SiO2 than the types 1, 2 and 3 from the olivine-domain veins.
The observed mineral compositions are also broadly consistent with the
calculations. Serpentine XMg values are calculated for the appropriate fields (Fig. 16b).
Cronstedtite proportions are calculated to be small (< 3% of an end-member with formula
(Mg2Fe)(FeSi)O5(OH)4), which is consistent with the plotted mineral compositions (Fig.
13). However, it should be noticed that even this small percentage can result in Fe3+/Fetot
values of around 25% when total XFe is about 0.04. Brucite XMg values are slightly
underestimated. The model predicts that serpentine with an XMg of 0.93 should coexists
with brucite with brucite with XMg = 0.77, while in the type 1 veins brucite coexisting
with serpentine with XMg = 0.94 has an XMg of 0.80 – 0.84 (Fig. 12a),
It would be possible to alter parameters such as pressure, temperature, end-member
properties and mixing parameters to obtain a better match between predicted and
observed values for the oxygen fugacity of the serpentine-brucite-magnetite assemblage
or for XMg of brucite coexisting with serpentine. However, to do so would create a false
illusion of the model accuracy, since the pressure and temperature of serpentine
formation of these samples, and of the calibration data are poorly known. Instead we

prefer to consider calculated trends as robust and informative, but treat absolute values
with caution. In any case, the good agreement between predicted and observed
assemblages and compositional trends suggests that equilibrium held, on some length
scales, between serpentine, brucite and magnetite during serpentinization.
The serpentine-only assemblage and the iron-rich serpentine found in the Opx
domains suggest that SiO2 was higher in the Opx domains than in the olivine domains.
This is consistent with the higher Si:Mg ratio in Opx than olivine. It also suggests that
SiO2 gradients existed in the sample at some scale less than the millimeters that separate
the Opx and olivine domains. An important implication of this observation is that Opx
and olivine may not have been at equilibrium with the product phases but, as metastable
relicts, they would still have influenced chemical potentials in the vicinity of those relicts.

6.3 Petrologic implications

The occurrence of the low variance assemblages, serpentine – brucite and
serpentine – brucite – magnetite, which have limited fields of stability, suggests that rockbuffering controlled or strongly influenced SiO2 and fO2, at least during the formation of
type 1 and type 2 veins, a conclusion that was also drawn by Beard et al (2009). SiO2, in
particular, may have varied very little, at least within the olivine domains, so it is likely
that this parameter was strongly rock buffered. The assemblage serpentine – brucite –
magnetite in the rocks is not particularly common, but it is larger than it would have been
if there had been no buffering along the univariant line, which further supports the notion
of rock-buffering. Such buffering proceeds up fO2 and down SiO2.

An increase fO2 of several log units are indicated by the general trend of the
sequence of assemblages from type 1 to type 3 veins. This is consistent with an increase
in the redox budget (equivalent to ferric iron content) of the rock as the time-integrated
fluid-rock ratio increases. Thus, during formation of type 1 veins, fO2 would be rockbuffered to very low values, largely because very little ferric iron is being contributed to
the assemblage by the breakdown of olivine. Infiltrating aqueous fluids sourced from the
oceans are likely to have been significantly out of redox equilibrium with the
serpentinizing rock. Reduction of this fluid can be accommodated by the oxidation of the
rock through which it passed. Thus, fO2 is likely to have been somewhat fluid-buffered,
but not totally, because in a fully fluid-buffered system the serpentine -- magnetite –
brucite assemblage would not be observed except in very rarely.
To summarize, the thermodynamic calculations replicate observed assemblages and
mineral compositions to an acceptable extent, which suggests that local equilibrium, on
some length scale, controlled assemblages and compositions of hydrated minerals. The
length scale of this equilibrium was mostly likely less than millimeters, based on
differences in mineral compositions and assemblages between olivine and Opx domains.
Observed assemblages are consistent with strongly rock-buffered SiO2, and fO2 that is
somewhat rock-buffered, but constantly increasing in response to fluid infiltration and
oxidation of the rock by the dissociation of water. Uncertainties remain, particularly with
respect to competition between variables such as SiO2 and bulk XMg, and the possibility
of iron addition in the Opx domains.

6.4 Genetic Model

It is evident from this study and the previous studies of Bach et al. (2006), Beard et al.
(2009) and Katayama, et al. (2010) that magnetite is not the initial product of
serpentinization, which produces instead relatively iron-enriched brucite and serpentine.
Rather it forms somewhat later from the primary brucite and serpentine. Our results
provide us with a reasonable model for how this process occurs. The type 1 serpentine
veins formed in a rock-dominated system where the availability of MgO, FeO, and SiO2
was dictated by the composition of the host mineral, olivine or Opx. Oxygen fugacity
was poorly buffered to low values on a high variance buffer provided by ferric iron in
serpentine.
As serpentinization progressed, the system moved towards a fluid-dominated,
system in which the intensive parameters such as oxygen fugacity were determined by
the composition of the infiltrating fluid. The silica content was determined by the rate of
hydration of nearby Opx and the distance that silica could move before being consumed
by the silication of brucite to serpentine (reaction 3). The oxygen fugacity was
determined by the extent to which the fluid had equilibrated with the country rock.
As indicated by Fig. 16b, the transition from the assemblage brucite-serpentine to
brucite-serpentine-magnetite is accompanied by an increase in oxygen fugacity and,
perhaps, a minor increase in silica activity. In most rocks, buffering of oxygen fugacity
produces no recognizable change in the proportions of minerals in a rock because the
amount of oxygen (or hydrogen) in the fluid is so small that extensive buffering may take
place with only miniscule changes in mineral abundance. Serpentinization occurs at such
low oxygen fugacity, it is one natural process where this is not so. The presence of iron-

nickel alloys in most serpentinites provides a clue as to the oxygen fugacity under which
serpentinization occurs. Although awaruite (’ Fe-Ni alloy) with around 25% Fe is the
most common Fe- alloy found in serpentinites (Frost, 1985), taenite ( Fe-Ni alloy) with
up to 40% Fe (Botto and Morrison, 1976; Rossetti and Zuchetti, 1988) is not uncommon.
Rarely kamacite, an Fe-Ni alloy with more than 95% Fe has been reported (Sakai and
Kuroda, 1983, Rossetti and Zuccetti, 1988). The thermodynamics of the Fe-Ni alloys are
geologically unusual because the system Fe-Ni contains an internal phase, awaruite,
rather than the solvus found in many silicate systems. A system that has an internal phase
must have a negative ∆G of mixing, which means that the activity coefficient for Fe in
awaruite must be <1.0, which is consistent with the measurements of activitycomposition relations in high-T Fe-Ni alloys (Fraser and Rammensee, 1982). This means
that the activity of Fe in awarite must be higher than 0.25, which implies that the oxygen
fugacity at which serpentinization occurs ranges from the IM buffer to about a log unit
above it. (shaded field in Fig. 17).
The mole fraction of H2 produced by the dissociation of water was calculated from
the ∆G of formation for water taken from the JANAF tables (Dow Chemical, 1971) using
activity coefficients calculated from the expressions of Shi and Saxena (1992). Figure 17
shows that, for metamorphism at oxygen fugacities near FMQ, hydrogen makes up
vanishingly small amounts of an aqueous fluid so that oxidation-reduction of water
provides a very ineffective way to change the redox budget (Evans, 2006) of a rock.
However, in serpentinites hydrogen may make up more than 10% of the aqueous fluid,
meaning that oxidation-reduction reactions producing or consuming hydrogen may
significantly affect a rock’s redox budget.

In a fluid-dominated system the fluid entering a serpentinite with the assemblage
serpentine – brucite, would have a higher oxygen fugacity and a lower hydrogen fugacity
than the surrounding serpentinite. Reduction of the fluid is achieved via a multivariant
combination of mass-transfer and ion-exchange reactions. One way to describe it is
through the following set of reactions:
9 Fe(OH)2 + 2 SiO2(aq) = 2 Fe3Si2O5(OH)4 + Fe3O4 + H2
in brucite

in fluid

in serpentine

magnetite in fluid

6 Fe(OH)2 + O2 = 2 Fe3O4 + 2 H2O
in brucite

(6)

in fluid magnetite fluid

2 Fe3Si2O5(OH)4 + O2 = 2 Fe3O4 + 4 SiO2(aq) + 4 H2O
in serpentine

(5)

in fluid

magnetite

in fluid

Brc
Srp
= mMgFe
mMgFe
-1

(7)

-1

(8)

where equation (5) is a mass-transfer reaction, equations (6) and (7) are equilibria that
balance the chemical potential of oxygen and silica in the system, and equation (8)
describes the magnesium-iron exchange equilibrium. Progress along reaction (5) will
extract iron from brucite, and, because of the operation of reaction (8), from serpentine as
well. Decreasing the activity of the iron end-members of serpentine and brucite will
cause oxygen fugacity to rise according to reactions (6) and (7).
Although some of the aqueous silica required for reaction (5) could come from
reaction (7), most of it probably would be provided from the fluid, because, as noted by
Frost and Beard (2007) the assemblage brucite + serpentine defines one of the lowest
silica activities in terrestrial rocks. The stoichiometry of reaction (5) explains the

common texture of magnetite coring serpentine veins, for it is there that the rock is likely
to encounter fluid that is both silica-bearing and out of equilibrium with the oxygen
fugacity of the products of olivine hydration
. Figure 17 shows that, for serpentinization in the presence of iron alloys X H 2
would be equal or greater than 0.1. This means that, at equilibrium, petrologically
significant amounts of magnetite would form from every mole of water that enters the
rock. Of course, as reactions (5) and (6) proceed and the serpentine and brucite become
more magnesian the buffering reactions between serpentine, brucite, and magnetite will
slide to higher oxygen fugacity and lower hydrogen fugacity, making reactions (5) and
(6) increasingly less efficient. Thermodynamic modeling (Fig. 16) suggests that changes
of XMg for serpentine from 0.93 to 0.96 in the assemblage serpentine-magnetite-brucite
will increase oxygen fugacity by about one log unit. This would decrease X H 2 by an
order of magnitude. This means that the production of magnetite by reaction (5) will
become increasingly inefficient as the reaction proceeds. Eventually this would lead to a
situation where the oxygen fugacity of the incoming fluid will be buffered over a wide
range in oxygen fugacity with only a minimal production of magnetite and the production
of magnetite during serpentinization will cease.
Thus, the different vein types in the dunites from New Caledonia record the
transition from fluid-dominated to rock-dominated effects of fluid infiltration. Type 1
veins record low time-integrated fluid fluxes and rock buffering, while type 2 and type 3
veins record increasing time-integrated fluid fluxes and increasing degrees of fluid
buffering. This model implies that the process of serpentinization involves a complex

interaction between time, fluid flux, the amount of rock the fluid interacted with during
its movement through the system (Fig. 18). The type 3 veins would form in areas of high
fluid flux or in areas that were close to the fluid source, whereas type 1 veins would form
in distal areas where the fluid flux was low or where the fluids had undergone extensive
reaction with fresh serpentinite.
In addition to occurring over time, the transition from fluid-dominated reactions to
rock-dominated also can occur spatially. In the core of a vein the silica and oxygen
activities may be controlled by the composition of the fluid moving through the vein, but
as the fluid moves normal to the flow direction and toward the unaltered olivine, its
composition becomes dictated by reactions with the rock. Thus reaction (4), the
hydration of olivine to serpentine and Fe-rich brucite, can be taking place on the margin
of the vein, while the fluid-dominated reactions (reactions (5 – 8)) are occurring in the
core of the vein, only mm away. This means that during serpentinization brucite will be
continually produced on the margins of the type 2 (and maybe even type (3)) veins by the
hydration of olivine while it is being consumed in the core of the veins. Because the low
oxygen fugacity of serpentinites is caused by reactions (5-8), the low oxygen fugacity of
serpentinites could be maintained long after olivine is consumed as long as Fe-rich
brucite remains in the rock (as in areas of Figs.6 and 7). The survival of brucite in any
serpentinite ultimately reflects the availability of two components, oxygen and silica. If
either is in short supply then Mg- or Fe-brucite may persist. Examples of Fe-brucite
persisting outside of type 1 veins or other regions of low fluid flow are rare, but see
Beard and Hopkinson (2000) for an example. As indicated in sample NC09-11,

persistence of Mg-rich brucite is fairly common in dunite even in vein interiors (see also
Bach et al., 2006).
This model that serpentinization progresses from rock-dominated to fluiddominated explains well the density-susceptibility relations seen in partially serpentinized
peridotites, whereby peridotites show a decrease in density (i.e. production of serpentine)
before they show an increase in susceptibility (i.e. production of magnetite) (Fig. 19).
Each set of data show a different slope on Fig. (19), which suggests that the
hydrodynamics of the individual systems control the coupling of the hydration and
magnetite-forming reactions. Our model suggests that the different paths followed are
caused by different flow regimes attendant during sepentinization. It is evident that large
amounts of exotic fluid introduced directly into a peridotite, such as along an active fault,
will produce relatively large amounts of magnetite along with serpentinization and hence
a steep slope on a density-susceptibility diagram. In contrast fluid that follows a long
path through a partially serpentinized peridotite before inducing hydration, perhaps from
an area distal from an active fault, will produce relatively little magnetite and a shallow
slope on a density-susceptibility diagram.

6.5 Concluding Remarks
To conclude, the results of this study indicate that the Fe-bearing capacity of brucite
and serpentine is not the controlling factor that stabilizes magnetite, at least in the
relatively low temperature system studied here. Instead, magnetite is stabilized by a
gradual increase in the redox budget of serpentinizing peridotites, driven by infiltration of
a fluid out of redox equilibrium with the host rock. Thus, the precise sequence of mineral

assemblages developed by any particular part of the rock is determined by its timeintegrated fluid infiltration history, and the complex interplay between fluid infiltration
and the transport of elements, such as iron and silica, between domains within the rock.
The preservation of these complex mineral assemblages, combined with relative
simplicity of the chemical system, provides excellent examples of limited-length-scale
equilibrium. Complementary thermodynamic modeling can be used to construct maps of
chemical potential variation and solute transport on a sub-thin section scale. Such
detailed work has the potential to contribute significantly to our knowledge of the
serpentinization process as well as the mechanisms of fluid infiltration and rock
alteration.
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Captions
Figure. 1. Geologic map of the geology of New Caledonia. Modified after Cluzel et al.
(2001). Star gives location of samples used in this study.
Figure 2: Image of the full thin section from sample NC09-05C. Locations of Opx are
outlined, the rest of the sample consists of partially serpentinized olivine and
chromite. Boxes show areas studied in detail and shown in Figure 4.
Figure 3: Image of a portion of the thin section from sample NC09-11 showing a cmwide vein of serpentine in dunite. Box with solid lines shows area where 380 points
were analyzed. Box with dashed lines shows the location of BSE and X-ray images
shown in Fig. 8.
Figure 4: Photomicrographs of areas from NC09-05C. Boxes show areas from which
probe analyses were obtained. a. Area 1, type 1 and type 2 serpentine veins cutting
olivine. b Area 2, large type 2 serpentine vein. c. two types of serpentine veins
cutting Opx.
Figure 5: Backscattered electron (BSE) image and X-Ray element maps of the Type 1
vein, from NCO9-05C (see Fig. 4a). Box in BSE figure shows the area from which
121 point analyses were obtained. Abbreviations are from Kretz (1983).
Figure 6: BSE and X-Ray element maps of the small type 2 veins (Fig. 4a), NC09-05.
Field of view shows the area from which 121 point analyses were obtained.
Figure 7: BSE and element maps for large type 2 vein in area 2, NC09-5 area 2 (Fig. 4b).
White box in the SEM image gives area from which 99 point analyses were
obtained.
Figure 8: BSE and element maps for core of type 3 veins in sample NC09-11. See Figure
3 for relative location.
Figure 9: BSE and element maps for yellow vein cutting opx in Fig. 4c. NC09-05C.
White polygon is area from which 143 point analyses were made. See Figure 2 for
relative location.
Figure 10: BSE and element maps for green vein cutting opx in Fig. 4c. White rectangle
shows area from which 165 point analyses were made. NC09-05C. See Figure 2 for
relative location.
Figure 11: Plot of silica cations versus Fe+Mg cations in serpentine veins. a. Type 1 vein
from NC09-5 in area shown in Figure 5a. b. Type 2 veins from NC09-5 in area
shown in Figure 5b. c. Large type 2 veins from NC09-5 in area in Figure 5c. d.
cm-wide vein from Sample NC09-11. e. Vein in Opx from sample NC09-5 in area

shown in Figure 5d. f. Vein in Opx from sample NC09-5 in area shown in Figure
5d.
Figure 12: Plot of XMg versus Si atoms for serpentine veins.
Figure 13: Plot of Fe versus Si + Al/2 for serpentine. Cronstedtite substitution trend after
Evans (2008).
Figure. 14: Plot of XMg in brucite against XMg in serpentine. Shaded field gives values
from Evans and Tromsdorff (1975) and Peretti (1988). Filled circles give the
compositions reported in this study. Lines give Kd values for the exchange of Fe
and Mg between olivine and serpentine. Heavy line is the Kd suggested by Evans
and Trommsdorff.
Figure 15: Isocon diagrams showing the mobility of oxides during the alteration of
olivine and Opx. a. Type 1 vein shown in Fig 3a, 4a. Boxes with dashed outlines
show where oxides would plot if the average analysis contained 20% less brucite. b.
Type 2 veins shown in Fig. 3a, 4b. c. Type 2 vein shown in Fig. 3b, 4c. d. large
veins showing in Fig. 2, boxes with dashed outlines show where oxides would plot
if 2% magnetite were added. d. serpentine veins in Opx shown in Fig. 3c, 4d.
Dashed reference lines show line of conserved Al2O3. e. serpentine vein in Opx
shown in Fig. 3c. Srp1 in Fig. 4e . Dashed reference line shows line of conserved
Al2O3.
Figure 16: Phase diagrams showing the stability of assemblages in serpentinites. Pseudosection showing P-T relations for a rock with the composition of the New Caledonia
ophiolite (see inset for composition). Effect of the chemical potentials of silica and
oxygen on the stability of mineral assemblage in serpentinites at 200°C and 1 kbar
assuming that XMg of serpentine is 0.9. Light lines show the stabilities of the FMQ
and the IM buffer for an activity of Fe in the alloy = 0.25. Shaded ovals give the
relative stabilities of type 1, 2, and 3 veins in olivine and the veins cutting Opx.
Figure 17: phase diagram showing the mole fraction of hydrogen in water as a function of
oxygen fugacity relative to FMQ. Heavy line shows the IM buffer and shaded area
gives the conditions where iron-nickel alloys are likely to be stable.
Figure 18: Sketch showing the possible relation between type 1, 2, and 3 serpentine
veins. Type 1 veins being rock-dominate lie distal from any water source, whereas
type 2 and 3 are fluid-dominated and lie more proximal to the source. Colorless =
peridotites, gray = serpentine + brucite, black = magnetite.
Figure 19: density versus susceptibility of partially serpentinized peridotites compared to
the trend expected if the formation of serpentine and magnetite were coupled. Data
from Toft et al., 1990, Oufi, et al., 2002, Bach et al., 2006, and Beard et al., 2009.
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