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Abstract—In a series of water-rock reaction simulations, we assess the processes of serpentinization of
harzburgite and related calcium metasomatism resulting in rodingite-type alteration, and seafloor carbonate
chimney precipitation. At temperatures from 25 to 300°C (P = 10 to 100 bar), using either fresh water or
seawater, serpentinization simulations produce an assemblage commonly observed in natural systems,
dominated by serpentine, magnetite, and brucite. The reacted waters in the simulations show similar trendsin
composition with decreasing water-rock ratios, becoming hyper-alkaline and strongly reducing, with increased
dissolved calcium. At 25°C and w/r less than ~32, conditions are sufficiently reducing to yield H, gas,
nickel-iron aloy and native copper. Hyperakalinity results from OH™ production by olivine and pyroxene
dissolution in the absence of counterbalancing OH™ consumption by alteration mineral precipitation except
at very high pH; at moderate pH there are no stable calcium minerals and only a small amount of chlorite
forms, limited by aluminum, thus allowing Mg®* and Ca?* to accumulate in the agueous phase in exchange
for H*. The reducing conditions result from oxidation of ferrous iron in olivine and pyroxene to ferric iron
in magnetite. Trace metals are computed to be nearly insoluble below 300°C, except for mercury, for which
high pH stabilizes aqueous and gaseous Hg®. In serpentinization by seawater at 300°C, Ag, Au, Pd, and Pt may
approach ore-forming concentrations in sulfide complexes. Simulated mixing of the fluid derived from
serpentinization with cold seawater produces a minera assemblage dominated by calcite, similar to recently
discovered submarine, ultramafic rock-hosted, carbonate mineral deposits precipitating at hydrothermal vents.
Simulated reaction of gabbroic or basaltic rocks with the hyperalkaline calcium- and aluminum-rich fluid
produced during serpentinization at 300°C yields rodingite-type mineral assemblages, including grossular,

clinozoisite, vesuvianite, prehnite, chlorite, and diopside. Copyright © 2004 Elsevier Ltd

1. INTRODUCTION

Hydrothermal alteration of peridotite produces serpentinites
in both submarine and terrestrial environments, and isastep in
the formation of rodingites. Serpentinization is an exothermic,
hydration reaction whereby water reacts with mafic minerals
such as olivine and pyroxene, to produce lizardite, antigorite,
and/or chrysotile. Rodingites are altered, calcium-enriched,
country rocks that are in contact with altered peridotites; pro-
toliths include basalt, gabbro, mafic cumulates, volcanic rocks,
granitic rocks, serpentinites, or sediments. Rodingites are
formed by the migration of calcium carried in serpentinizing
fluids from peridotite into country rock.

In this study we compute multicomponent equilibria to as-
sess some of the chemical effects of reacting peridotite with
meteoric water and seawater at 25 to 300°C (P = 10 to 100
bar). We identify the chemical reactions that lead to high fluid
pH and highly reducing conditions. Once these processes are
well defined, we address the response of minor and trace
elements, and the constraints upon their leaching from ultra-
mafic rock. Previous theoretical investigations of submarine
hydrothermal systems by Wetzel and Shock (2000) use various
rock compositions containing 12 major and minor elements, for
modeling separately serpentinization and basalt ateration by
seawater. Our investigation addresses 25 elements including
several trace metals of economic interest, including Ni, Cu, Ag,
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Au, Hg, Co, Pd, and Pt. Additional simulations address mixing
of the fluid product of serpentinization with cold seawater, and
rodingite alteration, both of which are related to serpentiniza-
tion.

2. MATERIAL AND METHODS
2.1. Overview of the Technique

Calculations are performed with the FORTRAN computer
programs SOLVEQ and CHILLER, and details of the tech-
nique are described by Reed (1997, 1998). SOLVEQ computes
the equilibrium distribution of thermodynamic components
among aqueous species in the aqueous phase alone, and is used
to reconstruct the composition of meteoric water used as an
initil fluid in some of the serpentinization simulations.
CHILLER computes the equilibrium distribution of compo-
nents among agueous species, minerals, and gases, using equi-
librium constants for aqueous, solid, and gas reactions at se-
lected temperature and pressure. CHILLER is used to compute
reaction paths in geologic systems by changing one of the
system variables incrementaly, e.g., composition, temperature,
pressure, or enthalpy, and re-computing equilibrium at each
step. CHILLER and SOLVEQ compute aqueous activity coef-
ficients using the extended Debye-Hiickel equation of Helge-
son, et a. (1981), as modified by Tanger and Helgeson (1988),
and gas fugacities as discussed by Spycher and Reed (1988).
The thermodynamic data used by these programs are identical
to those described by Palandri and Reed (2001), and are not
repeated here. To compute aqueous activity coefficients accu-
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Table 1. Mineral abbreviations and formulae.

Abbr Name Formula Abbr Name Formula
ab abite NaAlSi;Oq hd hedenbergite CaFeSi,0q
abd alabandite MnS hem hematite Fe,Oq
act actinolite Ca,Fes(SigO,,)0H, hes hessite Ag,Te
Ag silver Ag hz heazlewoodite NisS,
Au gold Au jpt jaipurite CoS
ams amesite Mg,Al,Si,0,0(0OH)g kt kotulskite PdTe
and andradite CagFey(SiO,)5 In linnaeite CosS,
anh anhydrite CasO, lizardite Mg5Si,O5(0OH),
asp arsenopyrite FeAsS mgs magnesite MgCOs4
atg antigorite M, 52451 ,05(0H) 5 647 mic microcline KAISi;Oq
atg antigorite M0,4gSi3,055(OH), minnesotaite Fe;Si,0,o(0OH),

awaruite y-NiFe (Nigs_g00) ml millerite NiS
bn bornite CugFeS, mng manganosite MnO
brc brucite Mg(OH), mt magnetite Fe;O,
ca cacite CaCOs Ni nickel Ni
cam caminite Mg, sS0, - (OH) nic niccolite NiAs
cc chalcocite Cu,S Na-nontronite Nag 33F€Al 33515 6770,0(OH),
chl-Fe daphnite FesAlLSi;0,0(0OH)g pn pentlandite FeySs
chl-Mg clinochlore MgsAl,Siz0,0(0OH)g Co - pn Co-pentlandite CosSy
chl-Mn Mn-chlorite MnsAILSi30,0(0OH)g Pd Palladium Pd
chy chrysotile Mg;Si,O5(0OH), PdS Pd sulfide PdS
clv calaverite AuTe, por portlandite Ca(OH),
cp chalcopyrite CuFeS, prh prehnite Ca,Al,Si;0,,(0OH),
ct cattierite CoS, Pt platinum Pt
Cu copper Cu py pyrite FeS,
czo clinozoisite Ca,Al5(SiO,)4(OH) po pyrrhotite FeS
di diopside MgCaSi,Og P spinel MgAlLO,
dol dolomite CaMg(COs), spr sperrylite PtAs,
dsp diaspore AIO(OH) taenite v'-NiFe (Nijo0_2000)
electrum Au-Ag (AU; 00.0.30) talc Mg5Si,O;0(0H),

en enstatite Mg,Si,Og tm tremolite Ca,Mg5(SigO,,)OH,
ep epidote Cay(FeAl,);(Si0,)5(OH) tv trevorite NiFe,0,
Fe iron Fe vsv vesuvianite Ca;oMg,Al ;S 1506(0OH)g
fo forsterite Mg,SiO, wollastonite aSiOg
ars grossular CaAl,(SiO,)5 wrk wairakite CaAl,Si 0,4 - (OH),

rately, the method requires that NaCl be the dominant solute at
ionic strength greater than ~1, and that the total salinity not
exceed ~3 mola. Thus we include 5.3 ppm NaCl in the initial
rock compositions, so that the former condition is met when
using fresh water as the serpentinizing fluid, and we terminate
the simulations at ~3.0 molal salinity, which is higher than
what is found in most natural waters.

Most of the simulations described herein are water-rock
titrations, which allow assessment of the equilibrium distribu-
tion of elements over a wide range of water-rock ratios (w/r);
we start with a fixed amount of initial fluid, and an arbitrary
large amount of fresh rock. Rock is added incrementally to the
fluid, and equilibrium is recomputed at each step. At the ter-
mination of a simulation, there exists an alteration assemblage
and any amount of unreacted fresh rock. In the context of fluid
infiltration into veins or fractures and the development of
ateration envelopes, results at large w/r show alteration assem-
blages proximal to a fracture, and at small w/r, distal from a
fracture, as explained by Reed (1997). Further, water-rock
titrations reveal at large w/r the evolution of fluid composition
that may be controlled by the dissolution of primary minerals,
as might occur in open fractures. The simulations begin at quite
large w/r that may not be attained in natural systems, where
alteration minerals are undersaturated and not present. The
results illustrate changes that may occur at smaller wir in
natural systems, that may be far from overall equilibrium dueto

kinetic effects as minerals slowly dissolve. Also recognize that
the w/r graphs may be read from right-to-left, for example, to
understand the evolution of a process that begins with a small
amount of water equilibrating with fresh rock.

In the balanced chemical reactions shown below, an arrow
(=) implies a process that is driven in the indicated direction
by an imposed change in system composition, such as titrating
rock into water, e.g., reaction (2), below. An equal sign (=) is
used to address a state of equilibrium between the reactants and
products, e.g., reaction (6). Some reactions are written to ad-
dress both a unidirectiona process and an equilibrium condi-
tion, for example chrysotile is both a reaction product and part
of apH buffer equilibrium asin reaction (4); for these cases, the
double right arrow symbol (=) is used. The phases containing
reactants and products are specified in reactions (using abbre-
viations in Table 1), except that agueous ionic species are not
so identified where it is clear from the context that they are
agueous.

2.1.1. Limitations of the method

Local chemical equilibrium between fluids and alteration
mineralsisavalid assumption in many volcanic-hosted hydro-
thermal systems (Arnorsson, 1983; Arnbrsson et a., 1983;
Giggenbach, 1980, 1981; Pang and Reed, 1998; Reed, 1982,
1997, 1998; Reed and Spycher, 1984), and in many sedimen-
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tary systems to temperatures as low as 75-80°C, if fluid flow
rates are sufficiently slow (Bazin et a., 19973, 1997b; Palandri
and Reed, 2001). However, it is important to recognize that
equilibrium between a fluid and primary minerals is commonly
lacking, and in some cases cannot be attained, e.g., forsterite at
T and P of H,O L-V saturation.

Alteration of primary minerals may proceed at different
rates, for example, relict pyroxene and spinel may persist in
peridotites where olivine has been thoroughly serpentinized
(Coleman, 1977). Alteration also commonly leads to precipi-
tation of metastable minerals, e.g., antigorite rather than more-
stable chrysotile, during serpentinization. Further, our simula-
tions assume equilibrium between sulfate and sulfide to specify
the overall redox state of the system, and this assumption may
not always be valid at low temperatures (Giggenbach, 1987,
1993), especidly in fluids with low salinity (Stefansson and
Arnorsson, 2002) or high pH (Ohmoto and Lasaga, 1982).
These issues are al related to chemical kinetics, and our cal-
culations do not account for absolute rates of mineral dissolu-
tion and precipitation, nor of aqueous speciation, which are of
increasing importance with decreasing temperature. Neverthe-
less, the ateration assemblages computed in the simulations,
even at temperatures as low as 25°C, show a remarkable
similarity to natural alteration assemblages observed in the
field. In some cases, relative reaction rates can be simulated by
suppressing a more-stable phase where a metastable mineral is
expected to precipitate (as for chrysotile and antigorite, dis-
cussed below).

Further limitations include: 1) thermodynamic data are ab-
sent for a few of the minerals of interest, and in these cases a
similar mineral isused as a proxy; 2) if thermodynamic datafor
endmembers of important solid solutions are present, and so-
lution model data are not, ideality is assumed (further discus-
sion of these first two issues below); 3) many thermodynamic
parameters for trace elements used in the simulations are based
on empirical correlations and experiments, for which there are
adegree of uncertainty, and therefore the results presented with
respect to trace elements are best regarded as approximations;
4) The equilibrium constants used are for conditions corre-
sponding to H,O L-V saturation (but our calculations do not
deviate significantly from these conditions); 5) the simulations
do not address mineral texture and geometry, such as the size
and distribution of ateration minerals grains relative to each
other, and relative to primary minerals in partly altered rock.

2.2. The Stability and Selection of Serpentine Phases

Serpentinites are most commonly dominated by lizardite
(Aumento and Loubat, 1971; Coulton et a., 1995; Frih-Green
et a., 1996; Hébert et al., 1990; Prichard, 1979; Wicks and
O'Hanley, 1988). However, thermodynamic data for lizardite
are not well constrained experimentally (O'Hanley et a.,
1989), and we must therefore select data for either antigorite or
chrysotile. O'Hanley et a. (1989) have shown that at near-
surface pressures, the reaction

chrysotile — brucite + antigorite 1)

occurs near 250°C, and Evans (1977) suggests the reactant
chrysotile forms and persists metastably below that tempera-

ture. Our calculations, which rely on thermodynamic data from
Holland and Powell (1998), indicate that antigorite is more
stable than chrysotile at temperatures from 25 to 350°C, in
agreement with Evans (1977). Apparently, chrysotile occurs
naturally below 350°C because it is kinetically preferred. To
reflect the composition of natural serpentinites, antigorite is
suppressed from the calculations at 25°C and chrysotile is
forced to precipitate as a proxy for lizardite; at 300°C antigorite
is not suppressed. In any case, because free energy change that
accompanies serpentinization is large, and because the differ-
ence in free energy and chemical composition between the
serpentine phases is small, the choice of serpentine phase used
in the calculations has only a small effect.

2.3. Initial Fluid and Rock Compositions

Composition data for fresh water and seawater are used for
theinitia fluid in the simulations (Table 2). The fresh water is
the average for rainwater from the West Coast of the United
States (Berner and Berner, 1996), and it is assumed to be at
equilibrium with atmospheric CO, and O,, with a pH of
5.65 and Eh of 0.88 V. The seawater composition used (Hem,
1985) contains a complete array of minor and trace elements; it
has a pH of 8.1, and an arbitrary Eh of —0.22 V. For the
rodingitization simulations we used the fluid produced in the
simulation of serpentinization with seawater at 300°C at log w/r
= 04.

An average of eight harzburgites (Coleman, 1977) was used
as the starting peridotite composition (Table 3). To reflect
accurately the oxidation state of sulfur in fresh harzburgite,
sulfur was recomputed as FeS. The amounts of Co, Cl, Cu, As,
Ag, Au, Hg, Pd, Pt, and Te in harzburgite are from Wedepohl
(1969-1978), and Cl is balanced with Na from Na,O. To
model the formation of rodingite we used two gabbroic rocks
with different Al content (Table 3, from Coleman, 1977). One
is a pyroxene-bearing gabbro with a composition typical of
ophiolite-hosted gabbroic cumulates, and the other is a norite
composed mostly of plagioclase and orthopyroxene.

3. SSMPLE MODELS OF SERPENTINIZATION BY FRESH
WATER AT 25°C

The chemistry of serpentinization is controlled primarily by
six componentsin the rock: MgO, Ca0, SiO,, Fe,05, FeO, and
S. To distinguish how these control various aspects of serpen-
tinization, we simulated three simplified systems at 25°C and
10 bar pressure, in which the rock composition islimited to the
six or fewer components. Considered first is a rock composed
solely of MgO and SiO,. Next, CaO is added, and in the third,
FeO, Fe,0;, and S are added. The initid fluid in all three
simulations is meteoric water (Table 2), with K omitted to
simplify the problem further.

3.1. The System MgO - SO, - H,0 - CO,

The fresh rock in this system contains only SiO, and MgO
(i.e., forsterite and enstatite) in harzburgite (Table 3). Interpre-
tation of the results is made with reference to the solid black
curves in Figure 1, and are expressed in terms of chemical
changes as a function of the amount of reactant rock added.
Figure 1A shows both the protolith and ateration mineral
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Table 2. Composition of fluids used in the models, ppm.

Meteoric
water bSeawater Seawater 9Na-Ca-Cl fluid ®Na-Ca-Cl fluid
T(°C) 25 25 25 300 160
pH 5.65 8.1 6.97 7.74 8.74
Cl 511 18876 18777 20081 20100
fSO‘f 245 2665 2665 2.0e-08 —1036
HCO3™ 0.80 140 112 81.0 81.0
HS™ — — — 125 549
H,ASO;~ — 0.0049 0.0049 0.017 5.1e-05
H.BO, — 20.9 20.9 2 2
SO, — 6.32 5.55 0.0035 0.00024
Na 3.68 10366 10365 11056 11066
K 0.24 385 385 413 413
Ca 0.58 405 396 1815 1817
Mg — 1333 1327 0.039 0.036
Al — 0.001 3.9e-07 40.3 19.8
Fe — 0.003 0.003 0.047 0.024
Mn — 0.002 0.002 55 —
Ni — 0.007 0.007 4.4e-07 —
Cu — 0.003 0.003 0.031 —
Co — 0.0004 0.0004 7.4e-06 —
Ag — 0.0003 0.00003 0.017 —
Au — 0.00001 7.7¢-16 0.00028 —
Pt — 0.000001 5.4e-13 1.5e-14 —
Pd — 0.000001 5.2e-18 0.0055 —
Hg — 0.0002 0.0002 0.0019 0.0019

#U.S. coastal, average, Berner and Berner, 1996; pH computed from equilibrium with atmospheric CO..

b Hem, 1985; pH, Berner and Berner, 1996.

¢ Composition of seawater after fractionation of supersaturated clinochlore, dolomite, gold, silver, palladium, quartz and sperrylite.
9 Fluid product of serpentinization of harzburgite with seawater at 300°C at log wir = 0.4.

¢ Fluid product of serpentinization of harzburgite with seawater at 300°C at log w/r = 0.4, cooled to 160°C.

" Redox state is defined by relative total amounts of HS™ and SO,2~, and therefore negative values are allowed.

assemblages. The protolith minerals forsterite and enstatite are
not alteration minerals, and are shown to illustrate their use in
a water-rock titration; the amount is arbitrary (~6.0 kg) and
slightly in excess of that which can react with 1.0 kg of fluid.
Figure 1B shows the fluid composition in terms of components
that define the system. Figures 1C-E show the concentrations
of important, dominant agueous species over which the com-
ponents are distributed, and are useful for examining the dis-
tribution of a particular element among agueous species. For
example, the total concentration of Mg is given by the Mg
curve, and is made up entirely of Mg®*, MgOH*, MgCl™*, and
MgHSIO;™; only the first two are shown, as the latter two are
less than the ordinate axis minimum in the figure, and Mg?* is
dominant at all w/r in the simulation.

Addition of rock to water causesthe pH and Mg and 2SO,
(i.e, H,SIO,) toincrease (Figs. 1B,D,E) in accordance with the
following forsterite and enstatite dissolution reactions (see Ta-
ble 1 for mineral name abbreviations):

Mg,SiO, (fo) + 2 H,O — 2 Mg*" + SIO, (ag) + 4 OH™
2
MgSIO; (en) + H,0 — Mg?* + SiO, (ag) + 2 OH"
€

The inflection in the pH curve near log w/r = 6.3 results from
the titration end point for dissociation of H,CO; to H* and
HCO;™ (Fig. 1C). Chrysotile precipitates near log w/r = 5.7
(Fig. 1A), buffering the pH at 9.4. The pH mirrors the total

concentration of Mg®* in accordance with the following equi-
librium, wherein pH and SiO,, are weakly buffered by chryso-
tile:

3Mg** + 2 SiO, (ag) + 5 H,0 = Mg,;Si, 05 (OH), (chy)
+6H" (4)

The chrysotile buffer beginsto fail near logw/r = 5in response
to decreasing aqueous SiO, consumed in chrysotile precipita-
tion, and the pH resumes increasing; Mg?* increases because
Mg/Si in the protolith is greater than in chrysotile. Brucite
precipitates near log w/r = 3.6, buffering the pH at 10.3 and the
concentration of Mg®*, by the combined constraints of equi-
libria (4), (5), and (6). Further OH~ and Mg>* produced by
dissolution of fresh rock in excess of that removed by chryso-
tile precipitation, is removed by brucite precipitation:

Mg*" + 2 OH™ = Mg(OH), (brc) (5)

Chrysotile and brucite then precipitate in amounts directly
proportional to the rock added, and the two minerals buffer the
SiO, at alow concentration:

MgsSi,Os(0OH), (chy) + H,O = 3 Mg(OH), (brc)
+ 2S00, (aq) (6)

After brucite-in, the fluid composition is nearly constant, af-
fected only by the continuing removal of water by reactions (2),
(3), and (4). At the lowest wi/r, the dissolved components
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Table 3. Compositions of rocks used in the models, weight percent.

PGabbro 1 “Gabbro 2
®Harzburgite  (cpx-opx gabbro)  (Eucrite)

olivine 72.6 0.8 4.7
orthopyroxene 239 — —
clinopyroxene 17 — —
spinel 23 — —
plagioclase — — —
orthoclase — 0.1 0.6
abite — 39 17.0
anorthite — 52.4 64.0
nepheline — — 24
diopside — 229 10.9
hypersthene — 19.6 —
ilmenite — 0.19 0.2
apatite — 0.05 —
MgO/(MgO+FeO) — 0.69 0.56
SO, 439 48.40 47.40
Al,Oq4 0.94 19.70 27.20
Fe,0; 134 0.63 0.60
FeO 6.49 3.70 1.80
MgO 45.90 9.40 3.00
Ca0 0.60 16.10 15.30
Na,0 0.0092 0.46 2.50
K,0 0.0010 0.02 0.10
MnO 0.120 0.10 —
FeS 0.0685 — —
NiO 0.32 — —
CoO 0.0130 — —
NaCl 0.0053 0.0053 0.0053
CuO 0.0059 — —
As,04 0.00037 — —
Ag 0.000005 — —
Au 0.0000007 — —
Hg 0.0000004 — —
Pd 0.0000013 — —
Pt 0.00000032 — —
Te 0.0000002 — —
Tota 99.71 98.52 97.91

Analyses from, Coleman, 1977.

2Burro Mountain, California. Average of 8 samples, analysis #1,
page 33; Co, Cl, Cu, As, Ag, Au, Hg, Pd, Pt, Te from the Wedepohl,
1969-1978.

b Cyprus, analysis #16, page 43.

¢ Semail Ophiolite, Oman, analysis #14, page 43.

9 Solid product of serpentinization model with fresh water at 25°C
and log w/r = 0.8.

increase sharply, a phenomenon that has been referred to as
alteration dry-up (Reed, 1997); at dry-up, >99% of the water
has been consumed. The pH is akaline because there are no
magnesium minerals such as chlorite in this auminum-absent
system that are insoluble at neutral pH, thus reactions such as
(2) and (3) proceed to produce OH™.

3.2. The System MgO - SiO, - CaO - H,O - CO,

The fresh rock in this system contains only SiO,, MgO, and
Ca0 (Table 3). Interpretation of the results are made with
reference to the dashed gray curves in Figure 1. The concen-
trations of Mg®*, SiO,, and the pH (Figs. 1B,D,E) are nearly
identical to the Cafree system (above), at w/r larger than
brucite precipitation (Fig. 1A). The dissolution of CaO in
protolith minerals provides an additional source of OH™:

CaO(ol, px) + 2 H,0 — Ca&* + 2 OH~ @

driving the fluid to higher pH, and brucite buffers the pH (Fig.
1B) only over a narrow range of w/r. The higher pH displaces
brucite equilibrium toward precipitation, decreasing Mg and
increasing 2Si0,. Calcite precipitates near log w/r = 2.1, a
result of the small amount of initial bicarbonate in the fluid. The
build-up of Ca?" and OH™ at constant SiO, concentration
(Figs. 1B,D,E) causes wollastonite to precipitate near log w/r =
13:

Cé* + SiO;, (ag) + 2 OH™ = CaSiO; (wo) + H,0
®)

buffering the pH at 12.0; thereafter Mg®* is buffered by brucite
equilibrium at constant pH. In natural serpentiniteswollastonite
is not observed, and Ca must either reside in another mineral,
or be removed with the serpentinizing fluid. In terrestrial set-
tings at surface conditions, portlandite is likely to precipitate
only as the result of evaporation of Ca®*—OH ™ spring water;
metastable amorphous Ca(OH), gel may also form, later crys-
tallizing into portlandite (Neal and Stanger, 1984). Under con-
ditions of high pH and Ca®" concentration, calcite is quite
insoluble and will precipitate if bicarbonate exceeds 1075 m.
Ca may be removed with the serpentinizing fluid, and in sub-
marine settings may mix with seawater that provides an ample
source of bicarbonate, leading to calcite precipitation in chim-
neys (Kelley et a., 2001), as explored below. Increased pH
may also lead to calcite, magnesite, or dolomite precipitation in
tectonically brecciated serpentinites commonly identified as
ophicarbonates (Bernoulli and Weissert, 1985; Bonatti et a.,
1974; Knipper, 1978; Trommsdorff and Evans, 1977), where
the akaline earth metals may be derived from seawater or
seafloor calcareous ooze, in addition to the fluid product of
serpentinization.

3.3. The System MgO - SiO, - CaO - FeO - Fe,05 - S -
H,O - CO,

In this system containing SiO,, MgO, CaO, FeO, Fe,05, and
FeS in the reactant rock (Table 3), we examine redox effects
that are driven by the oxidation of ferrous iron in the protolith.
Sulfur is included to reveal sulfide mineral reactions, that are
obscured in more complete simulations (below) that include
trace elements. There are small amounts of SO,?~ and HCO,™~
intheinitial meteoric water (Table 2); they have asmall rolein
this system, compared to seawater (below) which containslarge
amounts of both species.

The progression of pH and concentrations of Ca, Mg, and
SiO, (Fig. 2B), are nearly identical to those in the Fe-S-free
system (Section 3.2), at w/r greater than that of andradite
precipitation (Fig. 2A). Redox issues aside and considering
only pH, the primary difference is that the dissolution of FeO
in the protolith provides yet another sink for H™:

FeO (ol, px) + H,0 — Fe?* + 2 OH~ 9)

alowing the pH to attain larger values, that exceed 14 at
ateration dry-up; the initial, final, and buffered pH values are
compared in Table 5. The fluid evolves from highly oxidizing



1120 J. L. Paandri and M. H. Reed

H»

20

o N

enstatite
forsterite

)
T

5 &
>

T T T T LA ™
Fresh Water + Simple Peridotite, 25°C

e
e
e
o

& &
!
i
1
!

Log total molality Log moles/kg H.
0
T

ﬁ

'
-
N

N
Iaaad |
©
3
O

o & b

Log molality

[
- -
N ©

)

A

]
(-]

Log molality
&

[
— b
N ©

)

1
£

Log molality
&

4 3 2
Log Water/Rock

1 0 -1

Fig. 1. Serpentinization at 25°C in the systems MgO-SiO,-H,0-CO, (solid black lines) and CaO-MgO-SiO,-H,0-CO,
(dashed gray lines), equilibrium composition vs. log water/rock (log w/r). A key to the mineral abbreviations is given in
Table 1. @) Minerds, log moles per kg of initial fluid. The primary minerals forsterite and enstetite are not part of the
equilibrium assemblage. b) Total concentration of agueous components, molality. c), d), €) Concentration of selected

species, moldity.

with f(O,) at an atmospheric level, to highly reducing, domi-
nated by H, produced by the reaction:

2 FeO (al, px) + H,O — 2 Fe,0; (mt, hem) + H, (10

The progression of redox reactions begins with hematite,
which forms at the largest w/r considered (off scale left, Fig.
2A). Where pyrite precipitates, hematite, HS™, and H, in-
crease, and Fe*" decreases (Figs. 2C,D), resulting from deple-
tion of H*, which aso drives an increase in hematite:

Fe’" + H,0 + 0.125 SO — 0.5 Fe,0; (hem)
+ 1.875 H" + 0.125 HS™ (11)

Sulfide from the reactant rock and from sulfate reduction drive
initial pyrite precipitation:

Fe* + 0.25 S0,2 + 1.75HS + 0.25 H" — FeS, (py)
+H,0 (12)

Iron oxidation to form hematite, then magnetite, evolves from
balance by reduction of SO,?~ producing HS™ and pyrite, to
reduction of HCO3;™~ producing CH,,, and finally to reduction of
H,0O producing H, (Figs. 2C,D,E). In the short w/r interval that
hematite and magnetite coexist, the redox potential is buffered
at constant pH (buffered by brucite):

0.5 Fe,0, (hem) + 0.125 HS = Fe,0, (mt)
+0.125S0,2 + 0.125 H* (13)

where hematite dissolves out, the redox buffer fails, and sulfur
in the fluid changes from sulfate- to sulfide-dominated. Mag-
netite precipitation drives an increase in H, (Egn. 10), which,
with reactant FeO, drives the replacement of pyrite by pyrrho-
tite:

FeS, (py) + FeO (ol, px) + H, — 2 FeS (po) + H,0
(14)
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Fig. 2. Serpentinization at 25°C in the system CaO-MgO-SiO,-FeO-Fe,0;-FeS-H,0(-CO,), equilibrium composition vs.
log wir. A key to the mineral abbreviations is given in Table 1. a) Minerals, log moles per kg of initial fluid. b) Total
concentration of aqueous components, molality. ¢), d) Concentration of selected species, molality. €) Gas phase compo-

sition, log moles per kg of initial fluid.

Andradite precipitates near log w/r = 1.7 and, together with
magnetite, large concentrations of Ca?™ and H., and buffered
SiO, (Egn. 6), buffers the pH at 11.6:

0.667 Fe,0, (mt) + 3 Ca* + 3 SIO, (ag) + 3.667 H,0 =
CaFe,Si;0,, (and) + 0.667 H, (g) + H* (15)

The pH buffer fails as Ca?" is depleted by andradite precipi-
tation, and further increase in pH drives a decrease in Mg®"
and Ca®*, as necessary to maintain equilibrium with brucite
and andradite; here the Fe€*" concentration reaches a level
sufficient to balance additional OH™.

The production of a gas phase a P = 10 bar (Fig. 2E), is
another feature absent in the simpler systems. The gas is more
than 99.5 mol. % H,, with minor H,O and CH,, and results
from reduction of H in water and C in bicarbonate, driven by
oxidation of ferrous Fe:

3 FeO (al, px) + H,O0 — Fe;0, (mt) + Hx(g)  (16)
12 FeO (ol, px) + HCO;  + H* + H,0 — 4 Fe,0, (mt)
+ CH, (9) (17)

Thefraction of CH,, decreases with decreasing w/r becauseit is
limited by the amount of HCO3 ™ in the initial fluid. The redox
potential in volts is initially 0.88, —0.26 at pyrite-in, then
—0.36 at chrysotile-in, —0.45 at magnetite-in, —0.56 at pyr-
rhotite-in, —0.71 at andradite-in, and —0.87 near alteration
dry-up.

In summary, serpentinization is driven by the instability of
olivine and pyroxene in water. Mafic mineral dissolution drives
the fluid to hyperalkalinity, and oxidation of ferrous Fe drives
the system to be highly reducing. In Ca- and Fe-free systems,
serpentine weakly buffersthe pH at 9.4. The pH is higher if Ca
(or Fe) is present, displacing Mg to brucite precipitation, lead-
ing to Ca?*-OH~ dominated fluid. At large w/r the system is
oxidizing and hematite is stable; with decreasing w/r the system
isreduced, and hematite is replaced by magnetite. Oxidation of
Fe reduces H in water, producing H,, and reduces C in HCO,™
producing CH,. This process produces the H, and light hydro-
carbon gases observed in someterrestrial hyperalkaline springs
(Abrgjano et al., 1990; Coveney et al., 1987; Neal and Stanger,
1983), and in submarine serpentinization (Bougault et al ., 1993;
Charlou et al., 1991; Charlou and Donval, 1993; Holm and
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Charlou, 2001; Rona et al., 1992). An essential feature of this
system is that the brucite-chrysotile pair buffers agueous SiO,
at such asmall activity that no ferrous iron silicates precipitate,
leaving magnetite as the most stable alternative repository for
Fe.

4. SERPENTINIZATION OF HARZBURGITE

The following addresses a more complete chemical system,
including minor NiO, MnO, and Al,O5, and trace Na,0, K,0,
Co0O, CuO, As,05, Ag, Au, Hg, Pd, Pt, and Te in peridotite
(Table 3). These elements allow for computation of several
solid solutions, native nickel or taenite (Ni, Fe), chlorite (Mg,
Fe'', Mn), garnet (CaFe'"!, CaAl), and magnetite (Fe'', Ni), all
assumed to be ideal, and electrum (Ag, Au). Because thermo-
dynamic data for some mineral endmembers are absent, some
solid solutions which may be significant in natural systems
cannot be computed; these include Fe, Mn, and Al in brucite,
and Ni, Al, Fe, and Mn in serpentine. The high-temperature
(>350°C) phase taenite (NiFe) is used as a proxy for awaruite
(NigFe) because awaruite thermodynamic data is absent.

The dominant rock components impose a similarity between
these systems and the simplified simulations, with respect to the
pH buffers and the strong reduction effect. The following
discussion therefore focuses on differences resulting from in-
cluding minor and trace elements, and further reference herein
to “the simple system” refers to the system MgO-CaO-SiO,-
FeO-Fe,05-S-H,0 (Section 3.3).

4.1. Serpentinization of Harzburgite by Fresh Water at
25°C

Presence of Al results in the precipitation of two aluminous
phases (Fig. 3A). Diaspore precipitates near log w/r = 8.1, that
is replaced by chlorite which persists until alteration dry-up.
The composition of chlorite (Fig. 3B) is strongly dominated by
the magnesian endmember chlinochlore, and chlorite is the
only Mn-bearing mineral that occurs. Aluminum in natura
serpentinites may also reside serpentine, and in relict pyroxene
and spinel (Coleman, 1977).

The dominant metal in sulfide mineralsis nickel, rather than
iron as in the simple system. Nickel occurs in millerite, pent-
|landite, heazlewoodite, niccolite, and taenite, and astrevoritein
solid solution with magnetite (Fig. 3A; see Table 1 for minera
formulae). There is a general trend with decreasing w/r such
that the dominant sulfide mineral is replaced by another with a
larger ratio of metal to sulfide. In the simple system pyrite is
replaced by pyrrhotite; here, pyrite and millerite are replaced by
heazlewoodite. Where hematite dissolves (log w/r = 3.4, Fig.
3A), aqueous H,, increases sharply (Fig. 3D), driving the Ni-
sulfide replacement reaction analogous to that for iron in reac-
tion (14):

NiS, (mil) + 2NiO (ol, tv) + 2 H, — NisS; (hz) + 2 H,0O
(18)
The sequence of Fe- and Ni-sulfides starts with pyrite and
millerite; pentlandite replaces pyrite shortly after hematite dis-
solves out, followed by the replacement of millerite by heazle-

woodite. The composition of magnetite varies, but never exceeds
2.5 wt % trevorite. Despite the absence of thermodynamic data

for awaruite and its consequent exclusion from the cal culations,
it is clear that conditions attained are sufficiently reducing to
precipitate native nickel-iron alloy.

Dissolved arsenic increases (Figs. 31,J until niccolite precip-
itates (Fig. 3G), and at smaller w/r arsenic is exceedingly
insoluble. Mercury does not occur in minerals, and exists in
solution primarily as Hg®° (Fig. 3J); at dteration dry-up its
concentration is 0.017 ppm. The elements Co, Cu, Ag, Au, Te,
Pt, and Pd reside only in minerals containing these native
metals, sulfur, and arsenic. The replacement sequence of cobalt
minerasis ct-In-Co - pn (Fig. 3G). Thereisatrend of increas-
ing Co/S, caused by decreasing redox potential and production
of H,, driving reactions analogous to (14) and (18). For copper,
the sequence is Cu-cc-cp-bn-Cu (Fig. 3G). There is an initial
trend of decreasing Cu/S until bornite-in, driven by the in-
creased availability of sulfur from the fresh rock. The trend
reverses at bornite-out, driven by decreasing redox potential
and H, as for the Ni- and Co-sulfides.

Gold, silver and tellurium are chemically linked because they
form compounds only with each other (electrum and hessite,
Fig. 3H), and their agueous concentrations are small. Platinum
and palladium also show low solubility (Figs. 31,J), and both
form as native metals with the first increment of added fresh
rock; they dissolve out before precipitation of sperrylite (PtAs,)
and PdS (Fig. 3H), the latter replaced by native Pd near log w/r
= 3.2. Low solubility of Ag, Au, Te, Pd and Pt and their
precipitation at large w/r show that they are not mobilized, and
therefore their spatial re-distribution upon rock alteration is
likely to be small. There is a decrease in the solubility of trace
metals at 25°C with increasingly reducing conditions, except
for Hg, Te, and Co. Serpentinization by fresh water at 100°C
(not shown in figures) is not substantially different from that at
25°C.

4.2. Serpentinization of Harzburgite by Seawater at
300°C

Seawater-harzburgite simulations were computed at 25, 100
(P = 10 bar; not shown in figures) and 300°C (P = 100 bar).
At small w/r the mineral products at 25 and 100°C in seawater
and meteoric water are all quite similar. Differences include:
substantial HCO,~ and SO,*~ present in the initial seawater
buffer and shift the pH increase and the strong reduction effect
to much smaller w/r than for meteoric water, and result in
carbonate and sulfate mineral precipitation at relatively large
w/r; at small w/r the carbonate is reduced, leading to larger
amounts of CH,. Less significant differences result from the
presence of Na™, Mg®*, and SiO, in seawater, which precip-
itate in Na-nontronite and talc at large w/r. At small w/r, the
differences fade because the chemistry of both systems is
dominated by rock.

Serpentinization by seawater at 300°C is substantialy dif-
ferent from the lower temperature simulations, in part because
the serpentine phase is antigorite (Fig. 4A) rather than chryso-
tile, as antigorite is not suppressed as explained above. How-
ever, most of the differences result from the higher temperature
rather than the choice of serpentine phase. Caminite precipi-
tates with the first increment of rock added (off scale left, Fig.
4B), and with high concentrations of Mg?* and SO,?~ (Figs.
4C,E), buffers the pH at 5.2:
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1.5 M@*" + H,0 + SO = Mg, S0, (OH)(cam) + H*
(19)

Dissolution of fresh rock drives the reaction by consuming H™,
until the increasing pH leads to brucite precipitation (Fig. 4A),
buffering the pH near 5.4 asin reaction (5). Anhydrite replaces
caminite (Fig. 4B) because Mg®™ is displaced to brucite, and
Ca®* increases from the added fresh rock. Anhydrite dissolves
out because sulfate is consumed in reduction to sulfide (Fig.
4E). Aqueous Mg?" is depleted near log wir = 1 (Fig. 4C) in
response to antigorite and brucite precipitation, and the brucite
pH buffer fails. Where portlandite precipitates the pH is buff-
ered at 7.8 in a reaction analogous to brucite (Egn. 5).

There are four redox buffers at 300°C. First is the hematite-
magnetite buffer (Egn. 13), that operates until hematite dis-
solves out, but only after magnetite activity in solid solution
becomes large relative to trevorite. Second is the magnetite-
pyrite-pyrrhotite buffer that exists over the short interval of
coexisting pyrite and pyrrhotite:

3 FeS, (py) + 4 H, + Fe;O, (mt) = 6 FeS(po) + 4 H,O
(20)

The third redox buffer is the magnetite-pyrrhotite buffer that
operates in conjunction with pH buffered by portlandite, be-
tween portlandite-in and pyrrhotite-out:

FeS (po) + 3H,0 + 0.25 SO = Fe,0, (mt) + 2.75 H*
+3.25HS  (21)

Finally, coexistence of aabandite and manganosite (Figs.
4A,B), with pH buffered by portlandite, buffers redox from
manganosite-in near log w/r = —0.2 to ateration dry-up:

MnO (mng) + H* + HS™ = MnS(abd) + H,O (22)

Computed precipitation of manganese phases may reflect the
lack of thermodynamic data for solid solution of manganese in
serpentine and brucite.

The initial seawater radically changes composition (Figs.
4C—E,H-J), and results a 300°C sharply depart from those a
lower temperature. Most prominent is that the Al concentration
increases by more than six orders of magnitude (Fig. 4D), exceed-
ing 30 ppm at wir <0.5, because agueous NaAIO, forms at high
pH and high temperature. Caand HS™ increase by three orders of
magnitude, and Mg decreases by four orders of magnitude.

Most transition metals are held in ateration minerals, but
Au, Ag, Pd, and Pt (Fig. 4H) are enriched in the agueous phase.
Fe and Ni reside mostly in hematite and magnetite-trevorite.
With decreasing w/r, the sequence of Co-bearing minerals is
ct-In-jpt (Fig. 4G), and for Cu-bearing minerals, bn-cp-bn (Fig.
4G). Tota aqueous Co and Cu reach maxima in the range of
105 m (Fig. 4H,]) before they are limited by sulfide precipi-
tation (Fig. 4G); these concentrations are small relative to the
total amount available, and relative to the concentrations nec-
essary for forming ore deposits. In contrast, Au, Ag, Pd and Pt
reach maxima at much smaller w/r than Co and Cu, meaning a
larger mass of harzburgite is|leached before the precious metals
are fixed in the atered rock as native elements, arsenides, or
tellurides (Fig. 4G). Their concentration maxima are in the
range that produces ore deposits: Ag, 1.86 ppm; Au, 1.7 ppb;

Pd, 22 ppb; Pt, 6.4 ppb (Fig. 4H). These metas are held in
bisulfide complexes (Fig. 4J), as bisulfide concentrations are
large because of the complete reduction of sulfate to sulfide.
The sulfide depresses Cu and Co, which form sulfide minerals,
but it enhances precious metal concentrations. The dissolved
amounts of precious metals depend on pH and the availability
of sulfideto form complexes, but pH isamore significant factor
in the solubilities of Au and Pt than in the solubilities of Ag and
Pd. No mercury minerals precipitate, and the smaller amount of
dissolved Hg (1.5 ppb, Figs. 4H,1) than at 25°C can be attrib-
uted a larger amount of mercury escaping into the gas phase
(off-scale low, Fig. 4F) at higher temperature.

4.3. Comparison of Computed Results to Natural Systems

Computed serpentinization mineral assemblages at small w/r
are similar to natural assemblages, despite large differences in
the initial fluid compositions. In the simulations at all temper-
atures considered, serpentine is dominant, making up over 80
wt. % of the mineral assemblage at log w/r <5.0 in fresh water,
and at log w/r <3.5 in seawater. At smaller w/r, the computed
assemblages al contain magnetite and brucite, and as the
aluminous phase either chlorite or amesite, all between 4.0 and
10.0 wt. %. Either magnetite or hematite occurs at log w/r
<4.0, with magnetite always replacing hematite with decreas-
ing w/r as the systems become more reducing; the replacement
isdelayed to lower w/r in seawater because of buffering against
reduction by bicarbonate and sulfate. Serpentine = magnetite
has been reported by many authors, in both submarine (Au-
mento and Loubat, 1971; Friih-Green et al., 1996; Hébert et al.,
1990; Mével and Stamoudi, 1996; Rona et al., 1987; Schandl
and Gorton, 1995), and terrestrial systems (Coleman, 1977;
O'Hanley, 1996; O'Hanley and Dyar, 1993), some of which
may have been serpentinized in marine environments. In stud-
ies that include many samples, presence of brucite (Aumento
and Loubat, 1971; Frih-Green et a., 1996; O'Hanley, 1996;
O'Hanley and Dyar, 1993; Rona et a., 1987) and talc (Au-
mento and Loubat, 1971; Frih-Green et d., 1996; Hébert et al.,
1990; Schandl and Gorton, 1995) are variable. Absence of
brucite and presence of talc may be attributed to removal of Mg
by the fluid, or to protoliths with more pyroxene relative to
olivine, or to silica addition from some other source, eg.,
seawater at high w/r. Brucite may also result from metamorphic
processes such as reaction (1) (Evans, 1977; O'Hanley et a.,
1989). Hematite with and without magnetite, are aso reported
(Aumento and Loubat, 1971; Schandl and Gorton, 1995). The
occurrence of hematite and magnetite together may be indica-
tive of late oxidation of magnetite, high temperature ateration,
or a lower temperature equilibrium over the narrow range of
w/r indicated in the smulations. Chlorite is reported as alter-
ation rinds on spinel (Frih-Green et al., 1996; Hébert et a.,
1990), in accordance with the low solubility and mobility of
auminum.

Differences from natural serpentinites include the precipita-
tion of the Ca- and Al-bearing minerals portlandite and amesite
at 300°C, and andradite at the lower temperatures. Given that
antigorite may contain on the order of 1.0 wt. % Al,O;, (e.g.,
Deer et al., 1992; Ulmer and Trommsdorff, 1995), and that
solid solution extends from lizardite to amesite (Chernosky et
al., 1988; Wicks and O’ Hanley, 1988), natural serpentinization
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at 300°C likely results in precipitation of chlorite or aluminous
antigorite or lizardite, rather than in amesite. It is unclear why
portlandite is computed at 300°C, instead of andradite that
precipitates at lower temperatures, especialy considering the
occurrence of andradite in josephinites (Botto and Morrison,
1976; Frost, 1985). A possible explanation is that the portland-
ite thermodynamic data (Wolery, 1992) are at the limit of their
valid temperature range, and may be inconsistent with the
andradite data of Holland and Powell (1998).

Various combinations of many native metals and sulfide
minerals have been reported in natural serpentinites, including
awaruite, taenite, marcasite, pyrite, pyrrhotite, copper, chal-
copyrite, bornite, covellite, heazlewoodite, millerite, pentland-
ite, valeriite, and violarite (Abrgjano and Pasteris, 1989; Alt
and Shanks, 1998; Botto and Morrison, 1976; Eckstrand, 1975;
Frost, 1985; Lorand, 1987; O'Hanley and Dyar, 1993), of
which pyrrhotite, pentlandite, and chalcopyrite may occur as
primary mineras (Alt and Shanks, 1998; O'Hanley, 1996).
Filippidis (1985) has shown experimentally that serpentiniza-

4 3 2
Log Water/Rock
Fig. 3. (Continued)
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tion of Mg-Fe-Ni olivine at 350°C produces awaruite, magne-
tite, and heazlewoodite. Alt and Shanks (1998) suggest that low
f(O,), low sulfur assemblages containing Ni-Fe alloys, pent-
landite, and heazlewoodite are the result of oxidation of ferrous
iron to magnetite at small w/r, and that high f(O,), high sulfur
assembl ages containing hematite, pyrite, millerite, valleriite, =
magnetite, result from nearly complete oxidation of iron at high
w/r. These assemblages are in good agreement with those we
have computed: magnetite, native metals and alloys, and either
pyrrhotite or heazlewoodite at low w/r, compared with hema-
tite, pyrite, and millerite at high w/r. Although sulfide in some
natural assemblages is depleted in **S as a result of microbial
sulfate reduction (Alt and Shanks, 1998), the simulations indi-
cate that biologic activity may not be required to produce the
observed minerals.

Computed and natural fluid compositions also show a high
degree of similarity with respect to major elements. Table 4
shows compositions of some waters produced by serpentiniza-
tion computed herein, compared with natural spring waters
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from serpentinites (Barnes and O'Neil, 1969, 1971; Barnes et Serpentinization commonly leads to conditions sufficiently
al., 1978). All show high pH and are enriched in Ca, and show reducing to produce H, and CH,. In submarine environments
low concentrations of Mg, Fe, silica, bicarbonate, sulfate, and CH, occurs in hydrothermal plumes, some examples of which

sulfide. have been attributed to serpentinization (Bougault et al., 1993;
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Charlou et al., 1991; Charlou and Donval, 1993; Holm and
Charlou, 2001; Rona et al., 1992). In continental settings,
mixtures of H,, CH,, and light hydrocarbons issue from hyper-
alkaline springs (Neal and Stanger, 1983), or from seeps and
drill holes in ultramafic bodies (Abrajano et al., 1988; Coveney
et a., 1987; Neal and Stanger, 1983). It is generally agreed that
H, is produced by reduction of water by oxidation of ferrous
iron (Eqn. 16) during serpentinization (Abrajano et al., 1988,
1990; Berndt et a., 1996; Coveney et al., 1987; Holm and
Charlou, 2001; McCollom and Seewald, 2001; Nea and
Stanger, 1983). Less certain is the source of carbon that com-
bines with H, to produce CH, and other hydrocarbons. One
hypothesis is that the carbon is derived from seawater bicar-
bonate (Abragjano et al., 1988, 1990; Berndt et al., 1996; Char-
lou et al., 1998; Charlou and Donval, 1993; Kelley and Frih-
Green, 1999). Alternatively, CH, may be derived from mantle
Cinfresh olivine (McCollom and Seewald, 2001). In any case,
ferrous Fe in primary silicates is the strong reducing agent
necessary to produce H,, and serpentinized rocks contain sig-

3 2
Log Water/Rock
Fig. 4. (Continued)

nificantly greater amounts of ferric Fe (in magnetite) and |esser
amounts of ferrous Fe than the fresh ultramafic rock, clearly
showing that Feis oxidized in serpentinization (Abrgjano et a.,
1988, 1990; Alt and Shanks, 1998; Berndt et a., 1996;
Coleman, 1977; Coveney et a., 1987; McCollom and Seewald,
2001; Nea and Stanger, 1983).

The computed serpentinite density is ~2.7 g/lcm® at w/r less
than that at which magnetite precipitates. Using an assumed
fresh rock density of 3.3 g/cm®, the volume increase is ~40%.
The volume change depends critically upon the relative
amounts of olivine and pyroxene, and the amount of Fe in the
fresh rock. Our results agree with those of Hostetler et al.
(1966), who calculated volume increases between 26 and 50%,
for serpentinites of various compositions. The large volume
increase immediately raises the question of how strain in the
rock is accommodated, especialy in consideration of the
pseudomorphism and preservation of protolith textures com-
monly observed in serpentinites. This issue has been addressed
by a number of workers, and their work is summarized by
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Table 4. Comparison of Ca?*-OH™ spring waters to fluid product of serpentinization by meteoric water, mg/L.

Sample John Day Cazadero A Hahwalah La Coulée 2 Computed reacted meteoric
Warm Spring waters at 25°C

Location Grant Co., Sonoma Co., Weadi Jizi, New

Oregon, U.SA. Cadlifornia, U.S.A. Oman Caledonia log wir = 3 logw/ir = 1
pH 11.25 11.77 115 10.7 10.52 11.58
T°C 31 18 25 23 25 25
ca?t 35 53 60 10.8 4.7 78.6
Mg** 0.1 0.3 0.1 5.9 0.76 0.011
Na* 33 50 230 26.1 38 12.7
K* 23 12 8 33 0.24 1.09
Cl~ 19 55 280 16.3 51 84
SO, 0 0 9 58 1.0e-26 1.8e-33
HCO;™ 0 0 0 0 0.80 0.43
Fe?t — 0.01 — — 0.014 0.64
Mn2* 0.01 0.05 — — 0.92 6.36
AR 0.7 0 — — 2.6e-08 20
H,S 04 NA — — 3.8e-07 1.7e-07
SO, 59 0.3 0.4 2.8 0.0016 0.032
OH™ 50.5 62.3 6.0 714
NH; 0.2 01 — — — —
B 0.1 0.01 0.02 — — —

O'Hanley (1996): Differential strain between fresh protolith
and serpentinite is accommodated by fracturing at scales from
microscopic to macroscopic. In brittle material, differential
strain requires open fractures, but in serpentine that can deform
plastically, the cracks are closed by lithostatic pressure. Ulti-
mately, the textures are preserved, athough mineral pseudo-
morphs are larger than fresh mineral grains in the protolith. At
the largest scales, fractures are manifested as cataclastites and
shear zones, and the protolith textures are not preserved.

It has been shown experimentally that serpentinite has per-
mesbility comparable to shale, so that serpentinizing fluids
move primarily by diffusion at the scale of serpentine mineral
grains, and fractures are not required for serpentinization to
proceed (Macdonald and Fyfe, 1985). Apparently, volume ex-
pansion can inhibit serpentinization by sealing fractures and
inhibiting fluid flow (Schroeder et al., 2002), or by increasing
the free energy of the reaction due to increasing pressure, but
volume expansion cannot completely inhibit fluid influx.

It is instructive to compare the results of seawater reaction
with peridotite to reaction with basalt at 300°C (e.g., Reed,
1983). The most conspicuous difference is that whereas pH
increasesfrom nearly neutral in the peridotite reaction, pH
decreases$rom neutral (5.5, 300°C) to quite acidic values (e.g.,
3.8) in the basalt reaction. The pH decrease in the basalt
reaction results from precipitation of chlorite, drawing Al from
the basalt and Mg?* from the seawater (Reed, 1983; Seyfried
and Mottl, 1982). In the peridotite reaction, the lack of alumi-
num precludes forming a stable Mg-Al-silicate that would
produce sufficient H to overwhelm the caminite and brucite
buffers. This difference in pH leads to the difference between
the basalt and peridotite systems in transport of base metals at
large w/r. The acidic basaltic-derived fluid leaches and mobi-
lizes base metals despite substantial concentration of aqueous
sulfide. In contrast, the neutral to akaline, peridotite-derived
fluid alows sulfide minerals to form, removing base metals
from solution.

5. SEA FLOOR CARBONATE CHIMNEY PRECIPITATION

Submarine hydrothermal vents discharging fluid products of
serpentinization on the Mid-Atlantic Ridge precipitate calcite,
aragonite, and brucite, upon mixing with seawater (Kelley et
a., 2001). The vent fluids are akaline, enriched in Ca, and
depleted of Mg and sulfate relative to seawater (Kelley et a.,
2001), as we have computed above. When mixed with cold
seawater, the alkaline vent fluid drives the calcite precipitation
reaction (Kelley et al., 2001):

Ca* + HCO, + OH™ — CaCO4(s) + H,0  (23)

Concentrated hydroxide also drives brucite precipitation, reac-
tion (5), with Mg derived from seawater.

The computed reaction begins with cooling of serpentiniza-
tion fluid obtained at log w/r = 0.4 at 300°C (Table 2). The
fluid is cooled, as might occur in the conduit as the fluid
ascends from its source rocks, to 160°C. This temperature is
significantly higher than the 40 to 70°C reported by Kelley et
a. (2001), and was selected because mixing with only a small
amount of cold seawater leads to the observed temperatures
(Fig. 5C). Pressure is constant at 100 bar, and trace elements
are omitted for simplicity. In this system, heat is likely derived
from exothermic serpentinization, rather than a volcanic source
(Kelley et al., 2001). The hot spring fluid is mixed with cold
seawater at 4°C, in ratios (cold seawater to hot spring fluid,
referred to as c/h, below) from O to 50 by weight.

Brucite precipitates with the first 0.001 kg increment of
added seawater (Fig. 5A), with lesser amounts of diaspore,
amesite and pyrrhotite. The pH decreases sharply and Mg
increases (Fig. 5B) until the brucite buffer, reaction (5), takes
effect near c/h = 0.1. The buffer persists until brucite-out near
c/h = 6.6; the pH increase in thisinterval is due to cooling, in
combination with the temperature dependence of the brucite
stability constant. With further mixing, the pH resumes de-
creasing, approaching that of cold seawater at the largest c/h.
Calcite precipitates near c/h = 0.3, and magnesite precipitates
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near ¢/h = 1.3. Magnesite is the dominant mineral precipitate
between c¢/h = 3 to 5, and c/h greater than ~40; calcite
dominates from c¢/h = 5 to 38. The Ca in calcite is derived
primarily from the vent fluid, because the cold seawater serves
only to dilute the high concentration of Cain theinitial hot fluid
(Fig. 5B); Mg in magnesite is derived primarily from cold
seawater, as the initial vent fluid contains negligible Mg. Bi-
carbonate is derived mostly from cold seawater, with a small
amount initially derived from oxidation of CH, in the vent
fluid. In this calculation, both calcite and magnesite are meta-
stable with respect to dolomite, which is disallowed because we
expect it to precipitate more slowly, owing to the higher degree
of ordering in its structure (Helgeson et al., 1978).

An additional mixing reaction simulation (not shown in
figures) using the 300°C fluid without first cooling it, resultsin
a carbonate assemblage dominated by magnesite; calcite exists
only over a short interval between c¢/h = 0.2 and 0.4, and is
replaced by magnesite that persists to ¢/h >50. Cooling is
assumed to have a conductive component as the fluid ascends
through a conduit, and as it flows and diffuses though the
carbonate pile. The two mixing reactions simulate mixing, and
acombination of cooling and mixing, and the relative amounts
of calcite and magnesite may depend critically upon the relative
amounts of cooling by conduction and mixing, as well as the
kinetics of precipitation of those minerals. In either case, bru-
cite may precipitate at low c/h within or near the spring vents,
because of Mg addition from cold seawater.

The submarine carbonate minerals appear to form by pro-
cesses similar to those that form vein carbonates and carbonate-
cemented conglomerates within or downstream from ultramafic
bodies (Barnes and O'Neil, 1969, 1971; Barnes et a., 1978).
Such carbonates include aragonite, calcite, magnesian calcite,
dolomite, proto-dolomite, hydromagnesite, and magnesite
(Barnes and O’'Neil, 1969; Nea and Stanger, 1984). These
deposits form by mixing of the calcium hydroxide fluids with
magnesium bicarbonate surface and shallow groundwater com-
mon in apine ultramafic bodies (Barnes and O'Neil, 1969;
Neal and Stanger, 1984), possibly in combination with uptake
of atmospheric CO, (Clark and Fontes, 1990; Clark et al., 1992;
Neal and Stanger, 1984). The temperatures of vein deposit
formation are uncertain (Barnes and O’ Neil, 1969; Nea and
Stanger, 1984), but the presence of magnesite may indicate
elevated temperature (Barnes and O’ Neil, 1969). In any case,
the common process in the genesis of these deposits is the
introduction of bicarbonate, derived from seawater, groundwa-
ter, or the atmosphere, into Ca?*-OH™ fluid products of ser-
pentinization.

6. THE RODINGITE ASSEMBLAGE AT 300°C

Two simulations assess the reaction of gabbroic/basaltic
rockswith the Ca- and Al-rich serpentinization fluid obtained at
log w/r = 0.4 at 300°C and P = 100 bar (Table 2). First, a
pyroxene-bearing gabbro (Table 3) is added to the fluid at
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300°C. Vesuvianite, pyrrhotite, and amesite precipitate with the
first increment of added rock (off scale left, Fig. 6A). Amesite
is replaced by chlorite that persists to dry-up. With decreasing
w/r, the three dominant minerals evolve from vsv—chl—grs,
through grs—chl—prh, prh—grs—di, prh—di—chl, and prh—di—
wrk. Prehnite, diopside and wairakite quantities are subequal
over awide range of w/r. At the smallest w/r diopside dissolves
out, and the assemblage is dominated by prehnite, wairakite,
chlorite, with lesser albite, grossular, microcline and pyrite.
Garnet, pyroxene, amphibole, and chlorite solid solutions are
dominated by the endmembers grossular, diopside, tremolite,
and Mg-chlorite, respectively (Fig. 6B). The minerals are char-
acteristic of rodingites except wairakite, which may occur
because of the absence of thermodynamic data for more-stable
hydrogrossular. However, wairakite occurs in mafic rocks that
have undergone zeolite facies metamorphism, and most of the
other minerals are characteristic of either prehnite-pumpellyite

or abite-epidote hornfels facies (Yardley, 1989); the assem-
blage, pressure, and temperature are consistent with transition
between the three facies. Further, the fluid becomes much less
akaline and is depleted in Ca at small w/r (Figs. 6C,D), losing
its potential to form rodingite, and typical metamorphic min-
erals might be expected.

With decreasing w/r, the fluid evolves to lower pH and
higher concentrations of SiO, and Al (Figs. 6C,D). Ca de-
creases until albite-in, then increases until ateration dry-up;
however, total Ca mass in the remaining fluid islessthan in the
initia fluid, indicating a net transfer of Ca into the ateration
assemblage. Most of the decrease in Al occurs around log wi/r
3.0, crudely mirroring the pH curve, and results from precipi-
tation of vesuvianite, clinochlore, and grossular. The concen-
tration of SiO, increases by almost five orders of magnitude,
becoming near-constant at wairakite-in near log w/r = 2.0. The
ateration reactions neutralize alkalinity, and the pH is ~5.6 at
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Table 5. Initial pH, final pH, and pH resulting from mineral buffers in serpentinization models.

initial caminite serpentine brucite calcic phase final
tsimplified model, 25°C 57 9.4 10.3 11.6 14.0
Imeteoric, 25°C 5.7 94 10.3 11.6 14.0
1seawater, 25°C 7.0 8.0 9.2 10.8 112
Imeteoric, 100°C 5.7 79 84 9.6 121
seawater, 100°C 6.2 6.5 74 8.9 9.2
2seawater, 300°C 52 5.2 54 7.8 8.2

1. Serpentine phase is chrysotile, calcic phase is andradite-grossular solid solution.

2. Serpentine phase is antigorite, calcic phase is portlandite.

dry-up, amost two units less than in the initia fluid, and
producing an assemblage characteristic of the metamorphic
facies described above.

A second simulation (not shown in figures) uses an Al-rich
norite (Table 3), to examine the alteration effects upon a
protolith with greater alumina content; at log w/r less than ~1,
the three dominant minerals are clinozoisite, albite, and waira-
kite, in contrast to prehnite, wairakite, and diopside described
above. At higher w/r, the assemblage contains diaspore instead
of amesite, and clinozoisite, in addition to grs, vsv, chl, and po
that are common to both models. The changes in fluid compo-
sition resemble closely those for the model of rodingitization of
the pyroxene gabbro.

The computed mineral assemblages show some significant
differences from those in natural rodingites. Natural rodingites
are generaly dominated by Carich garnet (hydrogrossular,
grossular, andradite), with lesser diopside, epidote, tremolite,
vesuvianite, prehnite, chlorite (Coleman, 1967; Rice, 1983;
Schandl et a., 1989; Wares and Martin, 1980), xonotlite (Frost,
1975; Rice, 1983), clintonite (Rice, 1983), titanite, phlogopite
(Schandl et a., 1989), and microcline (Wares and Martin,
1980). In a submarine setting (Ocean Drilling Program, site
895), incipient rodingitization yields prehnite, tremolite, chlo-
rite, hydrogrossular, thomsonite, kaolinite, boehmite, diopside,
chlorite, mixed layer chlorite/smectite, and iron hydroxides
(Frih-Green et al., 1996). In general, epidote-clinozoisite forms
a the earliest stages of dteration, and is replaced by hydro-
grossular and prehnite (Schandl et al., 1989). In contrast, the
computed assemblages are dominated by prehnite, wairakite,
and diopside in the first system, and by clinozoisite and waira-
kite in the more aluminous system. Likely reasons for the
differences are the lack thermodynamic data for hydrogrossu-
lar, and that natural fluid products of serpentinization are likely
less aluminous than the fluid used here, both limiting the degree
to which the models approach observed assemblages. Also, the
simulations are simplified in that they use a fixed amount of
fluid, into which increasing amounts of rock are added. In
contrast, natural rodingites may form by a process in which
many pore volumes of fluid diffuse through a fixed volume of
rock. Nevertheless, the models show the evolution of mineral
assemblages depleted in SIO, and enriched in calcium, as for
natural rodingites.

7. SUMMARY AND CONCLUSIONS

All of the serpentinization simulations with either meteoric
water or seawater at sufficiently small w/r, yield an alteration
assemblage dominated by serpentine, brucite, and magnetite,

similar to serpentinites commonly observed in submarine en-
vironments (Aumento and Loubat, 1971; Friih-Green et al.,
1996; Hébert et ., 1990; Mével and Stamoudi, 1996; Rona et
al., 1987; Schandl and Gorton, 1995), and in terrestrial systems
(Coleman, 1977; O'Hanley, 1996; O’'Hanley and Dyar, 1993).
The agueous phase evolves with decreasing w/r to increased
concentrations of calcium and hydroxide, and becomes hyper-
akaline and highly reducing. The fundamental reason that
reaction of water with ultramafic rock produces hyperalkaline
fluid is that OH™ produced by dissolution of olivine and
pyroxene is not counterbalanced by OH™ consumption by
precipitation of serpentine minerals until the OH™ concentra-
tion becomes quite large—hyperalkaline; i.e., in the ultramafic
composition system, there are no insoluble alteration minerals
that form in the neutral pH range. In contrast, rocks that contain
sufficient aluminum will form chlorite or aluminous lizardite,
for example, which consumes the OH™ produced by olivine
dissolution and holds pH in the neutral range. System reduction
with consequent H, production results from oxidation of fer-
rous iron in olivine and pyroxene to ferric iron in magnetite.
The chemica changes occur in seawater at lower w/r than in
fresh water, because large initial amounts of bicarbonate and
sulfate in seawater buffer against increase in pH and decrease
in redox potential, respectively. The computed altered seawater
at 300°C contains Ag, Au, Cu, Co, Ni, Pt, and Pd in small
amounts, but sufficient to precipitate ore minerals bearing those
elements when the fluid is cooled or if agueous sulfide is
removed or oxidized.

Simulations of submarine mixing of cold seawater with
hyperalkaline hydrothermal vent fluid produced by serpentini-
zation yield carbonate-dominated mineral assemblages. Brucite
is a significant product at ratios of seawater to vent fluid up to
5.0, and brucite precipitation may be preferred at higher tem-
peratures near the vents. With progressive mixing, the com-
puted mineral assemblage evolves from brucite-dominated to
calcite-dominated, similar to that reported for submarine, ul-
tramafic rock-hosted, carbonate deposits precipitating at hydro-
thermal vents near the mid-Atlantic ridge (Kelley et al., 2001).

The mineral assemblages generated in the rodingite simula-
tions are similar to observations of rodingitesin both terrestrial
(Coleman, 1967; Frost, 1975; Rice, 1983; Schandl et al., 1989)
and marine environments (Friih-Green et a., 1996). Gabbroic
or basaltic precursors are atered to assemblages enriched in
calcium and depleted in silica, and dominated by Ca-Al-(OH)-
silicates. The computed alteration assemblages, depending on
w/r, are dominated by grossular or prehnite in alteration of
pyroxene gabbro, and epidote-clinozoisite, prehnite or waira-
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kite in alteration of highly aluminous norite. A significant
difference from natural assemblages is that hydrogrossular is
absent, because it is absent from the mineral thermodynamic
data. These simulations support the hypothesis that rodingite
mineral assemblages form as result of calcium metasomatism,
and that cal cium moves from ultramafic rock into country rock,
carried by serpentinizing fluids.
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