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ABSTRACT
The Rainbow hydrothermal system at 36°N on the Mid-Atlantic Ridge vents
>360°C high temperature, acidic H2, CH4, Ca, Cl and Fe-enriched fluids that cannot
be explained by the interaction of seawater derived fluids with either a basalt or
ultramafic substrate.

Since most ultramafic-bearing environments also contain

significant proportions of gabbro, greater quantities of chlorite and tremolite form
than serpentinites at upper greenschist facies conditions.

To test whether the

alteration of a gabbro + ultramafic rock is capable of producing a fluid rich in H2
without forming serpentine, a suite of experiments were conducted at a fluid:rock
ratio of 4 at 420°C and 500bars. Two experiments were conducted with a natural
troctolitic rock, three experiments were conducted with plagioclase + either olivine,
enstatite, or serpentine to better determine mass transfer processes in more
compositionally restricted systems, and the final experiment was conducted with talc
+ chlorite + tremolite + magnetite + plagioclase to examine how alteration phases
might affect fluid chemistry. The only minerals to form in the experiments were
large quantities of chlorite and smectite and a little talc, and still the troctolite
experiments produced >22mmol/kg H2 by incorporating ~14% and <40%
Fe3+/∑Fetotal in chlorite and smectite, respectively. While the pH formed in all of the
experimental solutions was close to neutral, computer models containing Rainbowtype non-zero Mg concentrations matched the acidity of vent fluids and released high
major element concentrations to solution while forming chlorite and tremolite.
Computer modelling further illustrated that higher fluid:rock ratios than used in the
experiments were necessary to continue altering the rock while releasing high
concentrations of Fe, Ca and SiO2 to solution, which indicates that Rainbow fluid
chemistry likely formed in a high permeability zone created by gabbroic intrusions in
the subsurface and then flowed for short distances along a fault surface.

The

experiments conducted between plagioclase + serpentine and the mixture of alteration
phases all released the trace elements B and Li into solution which contrasts with
ii

trace element concentrations of Rainbow fluids, so it is unlikely that fluid chemistry
is controlled by alteration along a fault surface. Therefore, this study indicates that
non-serpentine producing alteration processes involving the flow of large quantities
of fluid near a magmatic intrusion should be considered to explain the high H2 and
major element concentrations measured at the Rainbow vent field.
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INTRODUCTION
Hydrothermal vent fluids at mid-ocean ridges develop a chemical signature that
contrasts sharply with that of seawater (Tivey, 2007). This provides critical insight into
mass transfer processes between seawater and the oceanic crust and upper mantle owing
to hydrothermal alteration.

While models developed for basalt-hosted hydrothermal

systems are robust (Haymon, 1991; Sinton, 1992; Fornari, 1998; Sohn et al., 1999;
MacLeod, 2000; Tolstoy, 2008), the same is not true for ultramafic hosted hydrothermal
systems, which may dominate portions for the slow spreading Mid-Atlantic Ridge and
the Southwest Indian Ridge (Rona, 1986; Detrick, 1986; Gamo, 2001; Douville, 2002;
Bach, 2002; Baker, 2004; Schmidt, 2007; German, 2008; Nakamura, 2009; Edmonds,
2010; Pederson, 2010; Sauter and Cannat, 2010).
The Rainbow hydrothermal system at 36°N on the Mid-Atlantic Ridge represents
a particularly good example of how ultramafic lithologies can influence the chemistry of
hydrothermal fluids. For example, vent fluids issuing from the Rainbow system are not
only characterized by high temperatures (in excess of 360°C), but these fluids are
unusually acidic and enriched in H2, CH4, Ca, Cl and Fe (Charlou, 2002; Douville, 2002;
Seyfried et al., 2011). In fact, the chemical and physical characteristics of these fluids
have contributed to a paradigm shift in our understanding of heat and mass transport in
hydrothermal systems associated with tectonically active sections of ocean crust (Karson
et al., 1990; German, 1998; Bach et al., 2004; Blackman et al., 2002, 2006; Boschi et al.,
2006; de Martin et al., 2007; McCaig et al., 2007; Crawford et al., 2010). Indeed, the
existence of deeply penetrating faults associated with these systems and a flux of dredge
samples of serpentinized ultramafic rocks has led many to conclude that serpentinization
of upper mantle rocks plays a key role in the chemical evolution of coexisting vent fluid
chemistry (Cannat et al., 1992; Fruh-Green et al., 2003, 2004; Bach et al., 2004; Kelley et
al., 2001, 2005; Schroeder et al., 2002; Cannat et al., 2010).
By concluding that alteration processes involving serpentine + magnetite control
fluid chemistry at Rainbow and in similar hydrothermal systems, early studies failed to
fully recognize constraints imposed by phase equilibria in the MgO-FeO-Fe2O3-CaOSiO2 system at elevated temperatures. The fact that very little magnetite and thus H2 is
1

formed during olivine reaction at elevated temperatures (Toft et al., 1990; Oufi et al.,
2002; Bach et al., 2004, 2006) suggests that the simple reaction of olivine to serpentine is
insufficient to account for the redox chemistry and compositional diversity of Rainbow
vent fluids. Instead, observations of hydrothermal alteration products formed between
ultramafic and gabbroic rocks at slow-spreading ridge environments indicate that
chlorite-tremolite-talc micro-fracture vein networks are significantly more pervasive than
serpentine in rocks altered at greenschist to amphibolite facies conditions (Blackman,
2006; Gillis et al., 1993; Mevel, 1988) and that serpentine only forms when Al-bearing
rocks are absent (Blackman, 2006). Therefore, analyzing the alteration products formed
at elevated temperatures in an alumino-silicate bearing rock will help clarify whether
non-serpentine containing alteration assemblages could control the fluid chemistry
venting from ultramafic-hosted hydrothermal systems. Both actinolite and chlorite are
capable of incorporating significant ferric iron into their mineral structures and generally
contain ~0.15 Fe3+/∑Fe and often forms in association with magnetite, indicating that the
relatively high dissolved H2 in Rainbow vent fluids might be better linked to a reaction
path involving chlorite ± actinolite ± magnetite.
To test the role of gabbro + ultramafic alteration on mass transfer reactions during
hydrothermal alteration, a series of closed system hydrothermal experiments were
conducted at 420
˚C and

500 bars. These conditions correlate with the conditions

normally studied for serpentine formation from pure ultramafic rocks in a shallow
reaction zone located 2-3km beneath the Rainbow vent orifices. Studying the time series
changes in fluid chemistry combined with observations of mineral alteration products
formed by the end of experiments places important constraints on mass transfer reactions
in Aluminous-ultramafic-bearing hydrothermal systems.
Two experiments were conducted with troctolite to assess the effect of bulk rock
alteration on chemical and mineralogical change. Three experiments were conducted with
plagioclase + olivine/enstatite/or serpentine) to better determine mass transfer processes
in more compositionally restricted chemical systems as a means of recognizing reaction
relations in the more complex troctolite experiments. The final experiment was conducted
with talc + chlorite + tremolite + magnetite + plagioclase to examine how alteration
2

phases might affect fluid chemistry. The experimental results have important implications
for alteration processes in ultramafic-hosted hydrothermal systems at mid-ocean ridges,
illustrating the absence of serpentine formation in fluids in contact with Al-bearing rocks
and ability of ultramafic-bearing gabbroic rocks to produce elevated H2 concentrations.
PREVIOUS STUDIES OF SERPENTINIZATION
The idea of a serpentinized peridotite-hosted alteration zone became the dominant
theory for the formation of vent fluid chemistry at slow-spreading ridges when dredge
samples (Karson et al., 1987; Mevel et al., 1991; Cannat, 1993; Cannat et al., 1995, 1997;
Blackman et al., 2002; Marques, 2006; Melchert et al., 2008; Fouquet et al., 2008) and
drill cores (Alt and Shanks, 2003; Bach et al., 2006; Boschi et al., 2006; Paulic et al.,
2006; Andreani, 2007; Klein et al., 2009; Petersen et al., 2009) repeatedly came across
serpentinized-peridotite at slow spreading-mid ocean ridge vent fields. Cannat et al.
(2004) determined that 65% of rocks dredged from the 23° and 15°N regions of the MAR
and 90% of the 61°-69°E region of the SWIR are mantle derived peridotites, while
analyses of Dick et al. (2008) found that only 40% of 23°N rocks originated in the
mantle. Yet the presence of peridotites at the seafloor does not directly indicate that
serpentinization processes are dominating or that large quantities of the peridotite are
even undergoing serpentinization.

Cannat et al. (1995) found that the exposure of

serpentinites represent only 20% of the seafloor outcrops, and only make up 5-15% of the
overall crust, which far outweighs the 5% maximum quantity of serpentinites predicted
using seismic data by Carlson (2001).

While these predictions for the quantity of

serpentinites present in the oceanic crust very depending on the vent site samples and the
researchers conducting the analysis, it is clear that the flux of serpentinites analyzed at
the surface of the ocean crust is unrepresentative of the lithology present beneath slowspreading ridge environments.
Vent sites hosted by variable mixtures of serpentinized peridotite and mafic
material were found to have vent fluid chemistries distinct from those in basaltic
environments (Krasnov et al., 1995; Donval et al., 1997;

Holm and Charlou,

2001; Kelley et al., 2001; Douville et al., 2002; German and Von Damm, 2003; Baker
3

and German, 2004; Kelley et al., 2005; Silantyev et al., 2009). This coupled with high
volatile contents (specifically H2) in vent fluids at slow-spreading ridges like Rainbow
(Charlou et al., 2002; Douville et al., 2002; Seyfried et al., 2011) led many researchers to
hypothesize that serpentinization (lizardite and chrysotile formation) of deep crustal-level
peridotites accounted for the distinct fluid chemistry.

This is because the H2

concentrations of basaltic fast-spreading systems which contain chlorite + actinolite +
epidote alteration assemblages are low, so the only obvious difference between the
alteration assemblages formed in fast and slow-spreading systems that vent similar high
temperature fluids was the presence of serpentine at slow-spreading systems. Since field
samples illustrate the coupled formation of Mg-rich serpentine with magnetite (Dunlop
and Prevot, 1982; Dyment et al., 1997; Fruh-Green et al., 2004; Bach et al., 2006; Klein
et al., 2009) and Dyment et al. (2005) reported magnetic anomalies at Rainbow which
they interpreted to indicate formation of magnetite during serpentinization, it was logical
to assume that H2 was produced via the hydrolysis of the Fe-component of both pyroxene
and olivine solid-solutions, as follows (Allen and Seyfried, 2002; Mevel, 2003):
Reaction 1: Fayalite

Magnetite
3Fe2SiO4 + 2H2O  2Fe3O4 + 3SiO2 + 2H2
Reaction 2: Ferrosilite  Magnetite
3FeSiO3 + H2O  Fe3O4 + 3SiO2 + H2
Yet more recently, the simplicity of these alteration reactions yielding H2 and the
prominent magnetization apparently measured at Rainbow has been called into question.
Tivey and Dyment (2010) reinterpreted their data and concluded that the magnetization
measured beneath Rainbow was more likely a result of magnetized sulfur-bearing
minerals, and not a reflection of large concentrations of magnetite. For serpentinized
rocks, magnetite was rarely observed in samples that were <60% altered which would
call into question the formation of magnetite producing the elevated concentrations of H2
measured at Rainbow. Most serpentinization of peridotite was found to have produced
Fe-rich serpentine and brucite, and it was not until 60-70% of the peridotite was altered
that magnetite was present. These conclusions are in keeping with previous studies (Toft
4

et al., 1990) where it was shown that magnetite was not present in serpentinites from
ophiolite outcrops in cases where there was only one stage of alteration. This suggests
that serpentinization processes might not produce the amounts of H2 predicted from
reactions 1 and 2 depicted above.
Instead, hydration of olivine and orthopyroxene to serpentine does produce H2,
but by a mechanism more complex than typically assumed. Studies by Klein et al. (2009)
on mid-ocean ridge serpentinites formed at 150-250°C have shown that Fe3+/∑Fe
increases with extent of serpentinization, although this occurs largely independent of the
quantity of magnetite produced. This observation is consistent with other studies that
have reported significant quantities of Fe3+ in serpentine from continental regions
(O’Hanley and Dyar, 1993; Gonzalez-Mancera et al., 2003). Uptake of ferric iron by
serpentine was confirmed by Seyfried et al. (2007) during peridotite alteration
experiments at 200°C and 500 bars. These experiments produced 77 mmol/kg H2 through
the incorporation of 0.42 Fe3+/∑Fe into the octahedral site of serpentine, while only
forming 0.014 weight % magnetite. While these studies focused on the incorporation of
Fe3+ into serpentine, the results indicate that oxidation of Fe with hydration of mafic
minerals causes the increase in H2 observed in vent fluids from ultramafic-bearing
systems, and reactions other than shown by equations 1 and 2 are likely involved. These
findings underscore the need for further research on the incorporation of Fe3+ into
hydrous phases coexisting with aqueous fluids at elevated temperatures and pressures.
Yet the extent to which serpentine can control dissolved H2 in high temperature
vent fluids is ultimately a function of serpentine stability, as fluids venting from Rainbow
develop at temperatures >400°C (Seyfried et al., 2011) and serpentinization of mantle
material in the oceanic crust occurs down to the maximum depth of <3kbar (Mevel,
2003). Therefore, the high-pressure experimental studies illustrating that the serpentine
mineral antigorite is stable up to ~720°C at 20kbar and ~690°C at 30kbar (Ulmer and
Trommsdorff, 1995) do not apply to Mid-Ocean Ridge crustal conditions. Instead, Ulmer
and Trommsdorff’s (1995) review of serpentine stability conditions illustrates that
serpentine cannot be stable above ~530°C at pressures <3kbar, which is just slightly
higher than the determination of O’Hanley (1996) who found that the hydrous alteration
5

of olivine and pyroxene to serpentine is only capable of occurring at temperatures
<500°C at lithospheric pressures (O’Hanley, 1996) (Figure 1). Yet even the formation of
serpentine at the high temperatures of 500-530°C for mid-ocean ridge environments is
questionable, as the serpentine phase that forms at higher temperatures and is studied by
Ulmer and Thommsdorff (1995) is antigorite (Figure 2), which is rarely found in MidOcean Ridge environments. Instead, the low-temperature phase, lizardite, is the most
commonly formed serpentine phase, with chrysotile occurring less frequently but still
occurring along with lizardite (Mevel, 2003) at slow-spreading ridge environments. This
makes sense for most of the Mid-Ocean Ridge serpentinites, as most temperatures of
formation from ODP samples have been determined to be less than 350°C (Agrinier et
al., 1995; Alt and Shanks, 1998, 2003; Bach et al., 2004, 2006). Similarly, the prevalence
of serpentine found in ophiolites that have been considered to form in intermediate to
slow-spreading ridge environments, for example the Josephine ophiolite (Harper, 1988,
Alexander and Harper, 1992), has been used as proof that serpentinization processes
dominate alteration processes at slow-spreading ridge environments.

Yet structural

studies of the ophiolite imply that most of the Josephine peridotite remains largely
unserpentinized, especially near its base, and that areas that preferentially experience
more widespread serpentinization are located along shear zones and are marked by the
lower temperature phases, lizardite and chrysotile. While antigorite, the high temperature
phase of serpentine, is found in the Josephine ophiolite, it occurs solely as sporadic
mylonitic ductile deformation fabrics in the mantle, which demonstrates its formation
from high pressure conditions and not from the influx of high temperature fluids. It was
thus concluded that serpentine formed along the fault surface of the Josephine ophiolite
occurred at temperatures <350°C (Coulton et al., 1995).
Nevertheless, it is still postulated that serpentinization reactions could control the
fluid chemistry venting from Rainbow, as a handful of articles have documented the
occurrence of serpentinites formed at ~500°C in subsurface environments of slowspreading ridges. Agrinier et al. (1997) analyzed serpentinites from the ODP site 920
core and found temperatures of formation between 430-490°C, while Fruh-Green et al.
(1996) reported serpentine temperatures of formation between 410-533°C for ODP Site
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895 at the Hess Deep, both using δ18O fractionation between serpentine and magnetite.
While these studies are readily quoted as proof that serpentinization occurs readily at
high temperatures, it is frequently dismissed that the temperatures determined using δ18O
fractionation has an error of ±50-120°C, and is for a limited quantity of samples.
Similarly, Grobety et al. (1997) used serpentine and FeNi-alloy co-existence with
gabbroic rocks altered to chlorite and actinolite in core samples from the Hess Deep and
Garrett Fracture zone to determine that serpentinization occurred at temperatures as high
as 450°C. Yet the temperatures at which serpentinization occurs in the oceanic crust is
not as definite as these articles convey, as petrographic evidence indicates that
equilibrium is rarely attained. Most alteration occurs at low water:rock ratios so hydrous
alteration processes are limited by an insufficient supply of water (Hemley et al.,
1977a,b; Moody, 1976b; Alt and Shanks, 1998), peridotites are commonly only partly
serpentinized or exhibit multiple serpentinization episodes (O’Hanley, 1991; FruhGreen et al., 2004; Beard et al., 2009) indicating that equilibrium was never attained, and
the phase assemblages found frequently appear to violate phase rule constraints
(i.e. an excessive number of phases at variable pressure and temperature) (Sanford,
1981; Bruton and Helgeson, 1983), which all contradicts the accuracy of the >450°C
serpentinization temperatures, and the ability of serpentine formation to control H2
production.
Instead of automatically rejecting the formation of serpentinites in high
temperature hydrothermal environments, Allen and Seyfried (2003) conducted a series of
experiments at 400°C and 500bars between an NaCl/MgCl2-bearing solution and
ultramafic rock powders to see which alteration products formed after 2.5 months.
Olivine remained almost completely unaltered and failed to produce elevated H2
concentrations for both the pure olivine and olivine + pyroxene mixture experiment,
which illustrated the limited reactivity of olivine, the dominant mineral in most
ultramafic rocks at higher temperatures even when in contact with low, but still
significant concentrations of dissolved silica. This contrasts with the high reactivity of the
orthopyroxene and clinopyroxene grains, which formed the hydrous alteration phases
serpentine, talc, tremolite and magnetite and succeeded in producing elevated aqueous H2
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concentrations in excess of the 13mmol/kg measured at Rainbow (Charlou et al., 2002;
Douville et al., 2002; Seyfried et al., 2011). While these experiments supported the
formation of serpentine, magnetite and H2 from pyroxene at 400°C, it also illustrated that
the alteration of ultramafic assemblages failed to produce acidic solutions with elevated
dissolved SiO2 concentrations that resemble the ~7mmol/kg measured from Rainbow
(Douville et al., 2002; Charlou et al., 2002; Seyfried et al., 2011). This can be explained
with a mineral-fluid phase diagram for the MgO-SiO2-H2O system as a function of
temperature and SiO2 at 500bars (Thermodynamic data from Helgeson et al. (1978))
which illustrates that aqueous SiO2 concentrations are buffered by the alteration minerals
present in the rock, and serpentine will only form in a solution that contains low
dissolved SiO2 (Figure 3). As the concentration of SiO2 increases in solution, it will
drive alteration reactions towards producing the more SiO2-rich alteration phase talc.
Therefore, a solution can only attain the elevated SiO2 concentrations measured at
Rainbow if the fluid is in contact with a rock dominated by talc instead of serpentine
minerals.

The formation of talc when SiO2 was released into solution by enstatite

dissolution and later retrograde alteration of rock assemblages to serpentine when SiO2
was no longer being released by the breakdown of enstatite has been observed previously
in experimental studies interacting NaCl-enriched aqueous solutions with ultramafic
assemblages at 300°C, 500bars (Seyfried and Dibble, 1980; Janecky and Seyfried, 1986)
and 200°C (Janecky and Seyfried, 1986) for water:rock ratios between 10-30. Similarly,
these experiments all illustrate that alteration of ultramafic rocks to talc are not only
characterized by high SiO2 concentrations but by the release of H+ ions into solution
which decreases the fluid pH. When talc production no longer dominates the alteration
process and serpentine minerals begin to form, H+ is consumed from the solution and the
fluid pH increases to >10 along with the decrease in dissolved SiO2 (Seyfried and Dibble,
1980; Janecky and Seyfried, 1986; Wetzel and Shock, 2000; Allen and Seyfried, 2003).
These studies illustrate that the alteration of ultramafic rocks to serpentine are unable to
produce both an acidic and SiO2-rich fluid, like that measured at Rainbow. Conversely,
experiments on basalt–seawater interactions at ~400°C produced a low pH fluid rich in
Fe, Ca and SiO2 (Seyfried et al. 1986; Bischoff and Rosenbauer 1989; Seewald and
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Seyfried 1990; Palandri and Reed, 2004). While these results are comparable to the
composition of vent fluids from modern basalt-hosted high temperature systems, they
also produce fluid chemistries that resemble Rainbow vent fluids with the exception of
the high H2 and Fe concentrations even more elevated than measured from basalt-hosted
systems (Douville et al. 2002; James et al. 1995; Seewald and Seyfried 1990).
PREVIOUS STUDIES OF GREENSCHIST FACIES ALTERATION PROCESSES
Studies involving heat and mass transport for the AMAR segment of the MidAtlantic Ridge which hosts the Rainbow hydrothermal system indicate that heat-flux, or
heat flowing across a unit area per second, from Rainbow is 2.3GW (Thurnherr and
Richards, 2001; Thurnherr et al., 2002), the highest quantity measured to date for a slowspreading ridge systems and equivalent to those calculated for the shallow-depth
magmatic chamber producing high temperature fluxes of the fast-spreading EPR
(German and Lin, 2004). This heat-flux, coupled with modern plume signals, sedimenttrap fluxes and sediment cores (Cave et al., 2002) concludes that the Rainbow vent site
has released approximately 7.8x1020 J heat over the last 10,000 years (Cave et al., 2002;
German and Lin, 2004). This very large and constant heat flux could not be produced at
the Rainbow vent field spreading rate for the duration of 10,000 years from a steady state
magmatic heat source at shallow depths.

Similarly, MacDonald and Fyfe (1985)

conducted experiments to measure the rate of olivine and enstatite serpentinization and
found that the rate of serpentinization is ~0.1kg/s, which is insufficient to generate
hydrothermal temperatures in excess of 100°C, as serpentinization rates need to be
>103kg/s for the high rate of fluid flow emerging from the Rainbow vent field which
negates the ability of mass serpentinization to produce enough exothermic heat to
produce the long-lived high temperature fluids venting from Rainbow (Bach et al., 2002;
Lowell and Rona, 2002; Allen and Seyfried, 2004). Therefore, neither serpentinization
reactions nor a fixed magmatic heat source are capable of providing sufficient heat to
drive hydrothermal circulation at the Rainbow vent field which leaves the only source of
heat for the Rainbow system to be the mining of magmatic heat from the intermittent
intrusion of gabbro bodies into the crust (Cannat et al., 1997; Cave et al. 2002; Lowell
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and Rona 2002; Mével 2003; Allen and Seyfried 2004) and/or from a deeper mantle
derived heat source (Bach et al., 2002; German and Lin, 2004).
While our understanding of the mineralogy at Rainbow is limited, depending
solely on analyses of serpentinized dredge samples, parallels between the Rainbow vent
field and other slow-spreading ridge ultramafic-bearing vent systems supports the
intrusion of gabbroic bodies into the subsurface environment of Rainbow.

It has been

determined that the subseafloor architecture at Rainbow is controlled by faults, as active
Rainbow vents are situated along the principle strike-slip and normal extension surface
structures observed at the Rainbow Ridge (Fouquet et al., 1998; Gracia et al. 2000;
Seyfried et al., 2011), which are similar to surface features that extend into the subsurface
as normal and detachment faults in other mid-ocean ridge vent sites. The occurrence of
fault rocks protruding from detachment shear zones have been reported from the slow
and ultra- slow spreading ridge systems of 15°45”N (Escartin et al., 2003), the Kane core
complex (23°30’N; Karsen and Lawrence, 1997; Dick et al., 2008), the MAR 5°S
(Reston et al., 2002), Dantes’s Dome (26°35’N Tucholke et al., 2001), the Atlantis Bank
(SWIR; Baines et al., 2008) and the Godzilla Mullion (Phillipine Sea; Harigane et al.,
2008) illustrating the likelihood that the detachment surface of Rainbow is aided by the
interaction of ultramafic and gabbroic protoliths, altering to an assemblage of talc,
amphibole and chlorite-bearing assemblages (Tucholke et al., 2001; Miranda et al., 2010;
Reston et al., 2002; Escartin et al., 2003; Schroeder and John, 2004). The presence of
these faults at Rainbow could mine heat via two different methods similar to other vent
fields studied along the MAR. Faults could penetrate to deep depths in the lithosphere
similar to the TAG (26°N, MAR) system (Canales et al. 2007; DeMartin et al. 2007)
which has been shown using tomographic studies to exploit a detachment fault to extract
heat from a magmatic source located beneath the neovolcanic zone at ~7 kmbsf depth for
lengths of time in excess of 60,000 years (Lalou et al., 1995; Tivey et al., 2003). Gabbros
crystallizing from the magma reservoir at depth intrude the ultramafic-bearing footwall
creating a mixed ultramafic-gabbroic environment that could control hydrothermal vent
fluid chemistry (deMartin et al., 2007). Alternatively, the faults at Rainbow could serve
as a conduit moving ultramafic material from depths into shallow environments, only to
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be crosscut by the input of gabbroic material into the footwall with continued fault
propagation similar to that observed at the Atlantis Massif (Blackman et al., 2006; Boschi
et al., 2006; Ildefonse et al., 2007). Escartin et al. (2003) proposed that the detachment
fault root of the Atlantis Massif is located in the shallow lithosphere because mineralogic
evidence for localized deformation over extended intervals of time representative of a
fault originating at mantle depths is lacking. The observation of Escartin et al. (2003)
negate the postulation of McCaig et al. (2007) that all fault-driven vent systems delve to
lower crust/upper mantle depths (Harper, 1985; Toomey et al., 1985; Solomon and
Toomey, 1992) like the TAG system and that variations between the slow-spreading fault
controlled systems result from maturation differences of the diverse vent environments.
While mineralogic evidence proves the model of McCaig et al. (2007) to be deficient, it
is just further proof that most theorists support a heterogeneous crustal lithology in faultdominated ridge environments, and that there are still many approaches to explaining the
development of detachment fault hosted hydrothermal systems that need to be explored.
All slow-spreading systems presently studied indicate a mixture of gabbroic and
ultramafic rocks similar to those analyzed at TAG and the Atlantis Massif, and while the
depth that hydrothermal fluids penetrate cannot be determined with the present research
for the Rainbow system, the consistency of fault controlled hydrothermal systems at
slow-spreading ridges to contain gabbroic lithologies in conjunction with ultramafic
lithologies supports the presence of a mixed ultramafic-gabbroic rock assemblage at the
Rainbow vent system.
In 2005, an IODP cruise to the Atlantis Massif took drill cores down to 1415mbsf
(Shipboard Scientific Party, 2005), and instead of finding a homogeneous ultramafic-rock
sequence that would support their seafloor observations (Blackman et al., 1998, 2002;
Kelly et al., 2001), the research team discovered that the core complex is composed of
over 80% gabbroic lithologies (Blackman et al., 2006; Ildefonse et al., 2007). This is
supported by a flux of mineralogic studies from other OCCs that contain larger quantities
of gabbro than ultramafic assemblages (Dick et al., 1991, 2000; Reston et al., 2002;
Escartin et al., 2003; Schroeder and John, 2004; Cheadle et al., 2005; Tucholke et al.,
2005). Amphibole and chlorite bearing rocks and extensive micro-fracture vein networks
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dominated by these minerals were found to be significantly more pervasive than
serpentine in rocks altered at greenschist to amphibolite facies conditions (Blackman,
2006; Boschi et al., 2006; Frost et al., 2008), which supports previous analysis from
ophiolites (Mevel, 1988; Gillis et al., 1993; Schroeder and John, 2004). In regions where
serpentinized peridotites were recovered, gabbroic veins composed of chlorite, talc, and
tremolite were also found in association with primary plagioclase and olivine. Of the
alteration phases observed, actinolite, chlorite and hornblende are the most prominent,
and have been determined to form at temperatures of 250-550°C (Kristmannsdottir, 1975,
1982; Manning, 1996) for actinolite and chlorite, and temperatures higher than 550°C
(Manning, 1996) for hornblende, which is shown in dredge and core samples from field
sites (Bosch, 2004).
Yet the transition between greenschist (chlorite + actinolite bearing) and
amphibolite facies (hornblende bearing + lack of chlorite + lack of epidote) conditions for
field and experimental studies have shown a slight deviation from one another, as shown
by the variety of stability curves illustrated in Figure 4. Maruyama et al. (1983) analyzed
a large suite of basaltic rocks and determined the P/T conditions under which greenschist
facies transitioned to amphibolite facies between 1-9 kbars pressure. The most left
oriented solid line marks the conditions at which chlorite begins to decrease in percentage
of minerals and when oligoclase begins to form in system, resulting in a mineral
assemblage containing two plagioclase minerals. The second solid line further right
marks the conditions when only one plagioclase mineral is present in the transition from
greenschist to amphibolite facies, and the line on the right marked by a solid line at lower
pressures and a cut line at higher pressures represents the transition boundary where
epidote or chlorite is no longer present in the rock and amphibolite facies conditions
prevail. Yet the transition boundaries determined experimentally do not correlate with
the findings of Maruyama et al. (1983). For example, Liou et al. (1974) conducted
experiments at 1 and 2 kbar on basaltic rocks altered to either greenschist or amphibolite
facies mineral assemblages, and determined the conditions at which chlorite becomes
unstable and when it is no longer present in the alteration assemblage. The temperature
and pressure at which the chlorite quantity began to decrease in their experiments is
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marked in Figure 4 by a dotted line, and then the right curve indicates the temperature
and pressure conditions at which chlorite ceased to exist in the rock assemblage, marking
the transition to amphibolite facies conditions. The region between these two curves
marked by angled lines is the transition zone between the greenschist and amphibolite
facies, as determined experimentally by Liou et al. (1974). A later study by Apted and
Liou (1983) was then conducted at 5 and 7 kbar to extend the stability lines denoting the
greenschist to transition zone line, and the transition zone to amphibolite facies line
previously determined by Liou et al. (1974) to higher pressure conditions, though their
results do not simulate the transition boundaries determined from field samples
(Maruyama et al., 1983). Instead, the curve determined to mark the transition from
chlorite decreasing to chlorite-out/amphibolite facies conditions is ~100°C higher than
that determined from field analyses, which results from the fine grain-size of the
experimental starting minerals and slow reactions rates. It is thus important to note that
while the phase boundaries between the greenschist and amphibolite facies are difficult to
constrain, the minerals chlorite, actinolite and hornblende have been shown in both field
and experimental samples to form readily at temperatures >400°C and pressures between
500bars and 3kbar. Therefore, there aren’t any limitations to the formation of these
minerals by hydrothermal fluids.
The most limiting variable in transforming olivine and plagioclase to chlorite and
amphibole-rich coronas is the supply of sea-water derived fluids to grain contacts.
Regions where plagioclase and olivine are in contact result in a corona alteration texture,
with chlorite rimming plagioclase and actinolite replacing olivine with a linear
correlation between the two reactions (Ito et al., 1983; Stakes et al., 1991; Gillis et al.,
1993; Fletcher et al., 1997; Boschi et al., 2004; Blackman et al., 2006). In zones where
fluid penetration is abundant, the reaction of plagioclase and olivine tends to completion
or until either olivine or plagioclase has been completely replaced by alteration phases.
When one of the reactant minerals is in excess, it will continue reacting independently.
In the case of plagioclase, it is replaced by amphibole, and serpentine will only form
when there is no plagioclase nearby (Blackman, 2006). In situations where both reactant
phases are present, a strong linear correlation exists between the molecular abundances of
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feldspar and olivine and of chlorite and actinolite, which indicates that the two reactions
are occurring simultaneously. Similarly, alteration of olivine and plagioclase to chlorite
and tremolite produce magnetite during the alteration process. Fluorescence analyses of
an altered troctolitic rock from the 1309D Atlantis Massif drill core illustrate that
magnetite sometimes forms as a rim along with the alteration assemblage between olivine
and plagioclase (Figure 5) and thus is just as likely to produce H2 as the alteration
products serpentine + magnetite. This is not documented in the literature to specific
weight percentage of rock altered to magnetite like it is for serpentinization reactions, yet
is has been readily observed from drill cores at slow-spreading ridge environments and
thus deserves more consideration.
To understand the effects these mineral assemblages pose on fluid chemistry,
Seyfried et al. (2010) modeled the interaction of plagioclase and olivine solid solutions
with the incremental addition of fluid at 400°C and 425°C, 500bars. After the fluid
equilibrated with the rock, the fluid was removed from the system and a new batch of
fluid introduced. This process simulated the interaction of an olivine gabbro, a rock with
composition similar to that recovered at the Atlantis Massif IODP hole 1309D (Ildefonse
et al., 2007), with an open system flow of fluid that has not equilibrated with the rock to
determine the capability of this assemblage to produce the fluid chemistry measured at
systems like Rainbow. These models determined that the pH only decreased sufficiently
when olivine ceased to incorporate Si released from plagioclase dissolution into chlorite
and tremolite alteration phases and built up in the aqueous solution along with Ca.
Therefore, fluid chemistry buffered by an excess of olivine failed to achieve a sufficiently
high concentration of Si in solution, and thus had an uncharacteristically high pH
compared with values measured at Rainbow-type systems. This model illustrated how a
hydrothermal system composed of peridotite would result in low dissolved silica and a
high pH, emphasizing the importance of plagioclase as a source of silica and Ca to lower
the fluid pH.
These results highlight the importance of plagioclase existing in an ultramaficbearing system, where quartz minerals are absent and unable to supply silica to solution if
Rainbow-type vent fluids are to be produced. Since magmatic plagioclase and chlorite
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are only stable up to 550°C, amphibolite facies conditions representative of the cracking
front surrounding magmatic bodies observed in ophiolites is an unlikely source region for
fluid chemistry development. Furthermore, Seyfried et al. (2011) modeled the alteration
mineralogy that would co-exist with a hydrothermal fluid at 400-425°C, 500bars and
determined that neither tremolite nor serpentine would co-exist with a fluid at the low pH
of 4.95, though talc and chlorite would be saturated in a solution with the Rainbow vent
chemistry.

This indicates that for the hydrothermal reaction zone at 500bars, it is

improbable for tremolite or serpentine to control the fluid chemistry and thus unlikely
that the Rainbow fluids formed in a serpentinized-peritotite dominated system or at
amphibolite facies conditions for a gabbro-ultramafic mixed system.
These models were all performed at 500bars, a pressure equivalent to a subseafloor depth of ~3 km. While it is difficult to image a magmatic body beneath slowspreading ridges due to rough seafloor topography (Detrick et al., 1990; Calvert, 1997)
and associated seafloor scattering (Calvert, 1997; Navin et al., 1998), a crustal magma
chamber was measured 3 km beneath the seafloor at the MAR Lucky Strike vent field
(Singh et al., 2006). Yet the depths at which magmatic bodies are measured beneath the
seafloor for slow spreading systems are not consistently located at shallow depths like
Lucky strike. Wetzel and Shock (2000) combined analyses on the depth of seawater
circulation into oceanic crust with the observed depths of high-temperature hydrothermal
venting, to determine that hydrothermal fluids form at depths between 2.8-7.1 km
beneath the seafloor for magmatically-limited ridge segments.

This coincides with

observations of MOHO depths at slow-spreading ridges, which can be as shallow as 3km,
generally does not reach depths in excess of 6km, and can infrequently attain a maximum
crustal depth of 10km in rare cases (Mevel et al., 2003). This translates into a maximum
pressure on the order of 3kbar and more generally <2kbar, indicating that the reaction
zone would be between 500bars and 3kbars.
This is supported by seismic reflection studies of the TAG vent field which
illustrates that hydrothermal vent fluid can be produced in an environment lacking a
magma chamber in the upper 7 km of oceanic crust (Karson and Rona, 1990; Tivey et al.,
1993; deMartin et al., 2007). This indicates that while alteration could occur at 500 bars,
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alteration could just as easily occur at the depths of ~7km predicted for systems like TAG
or other lithospheric mantle controlled slow-spreading systems where the pressure would
be much greater than analyzed for the flux of experiments conducted by Seyfried et al.
(2010, 2011) on ultramafic-gabbro mixed rocks, and by (Janecky and Seyfried, 1986;
Allen and Seyfried, 2003) on pure ultramafic rocks.

Therefore, it is important to

understand the effects pressure has on element solubility, to determine whether or not it
would be feasible to apply the studies of Seyfried et al. (2010, 2011) for 400-425°C to
higher pressure environments. Hemley et al. (1986) conducted a suite of experiments on
a silicate mineral assemblage in contact with a chloride solution at 400-700°C and a total
pressure range of 0.5-2kbar pressure to determine the effect pressure has on ore metal
solubilities. They determined that at lower pressures ion association or complexing
increases leading to an increase in HCl and a resultant higher acidity than occurs at
higher pressures. This results in a higher dissolution of minerals in the rock assemblage
and thus higher concentrations of elements like Fe into the aqueous solution at lower
pressures. Yet another experimental study conducted by Jenkins (1988) illustrates that
higher yields of tremolite alteration minerals formed in experiments conducted at higher
pressures, which would indicate that more reactivity would occur at deeper depths in the
lithosphere. The conclusions of these two studies contrast, as the study by Hemley et al.
(1988) stipulates that larger element concentrations will be released into solutions at
lower pressures which coincides with a higher reactivity at lower pressures, while Jenkins
(1988) found that higher reactivity occurs at higher pressures. While this calls into
question whether experimental results from one pressure environment can be applied to a
different pressure environment, simulations by Wetzel and Shock (2000) found that
calculations conducted at both 250bars and 500 bars yield only a slight difference in the
model results, indicating that geochemical modeling is not greatly affected by the
pressure conditions simulated.

Therefore, while it remains uncertain whether

experiments conducted at 500 bars would yield similar results if they were conducted at
higher pressures, it is clear that models performed at 500 bars would yield similar results
for higher pressure environments, and are thus applicable to a suite of different
environments.
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Likewise, Hemley et al. (1986) found that temperature plays a major role in
mineral solubility, resulting in an increase in the solubility of elements like Fe with an
increase in temperature.

This is important for determining the conditions at which

alteration processes are occurring, as higher temperature regions at shallower depths
would promote stabilization of metals in solution in excess of concentrations that would
be produced at lower temperatures and higher pressures. Therefore, studies conducted at
500 bars are not unfounded, as they are more likely to produce elevated Fe concentrations
similar to those observed at the Rainbow vent field (Douville et al, 2002; Charlou et al.,
2004; Seyfried et al., 2011). These observations are important, as they stipulate that
observations made for greenschist facies alteration at 400°C and 500bars can not be
extrapolated to higher pressures or temperatures and assume similar chemical changes to
occur.

Accordingly, it is necessary to investigate more thoroughly hydrothermal

alteration of olivine and gabbroic rock at upper greenschist facies conditions. While
subsurface alteration of Rainbow could occur in nature at a broad range of conditions of
temperature and pressure, experiments conducted at 420°C and 500 bars are in keeping
with phase equilibria constraints and mineralogical data derived from ocean crustal
drilling into the footwall of detachment faults on the Mid-Atlantic Ridge (Blackman et al.
2008; Boschi et al. 2006).
PROCEDURES
Experimental
Fluid-rock interaction experiments can be conducted under closed or open system
conditions.

Open system experiments are usually carried out in

flow through

hydrothermal apparatus, and are especially well suited for modeling fluid dominated
alteration processes where fluid chemistry imposes compositional changes on a
coexisting mineral or mineral assemblage. In contrast, a closed system experimental
approach demonstrates better equilibrium phase relations as the fluid-mineral system
approaches equilibrium with stable minerals buffering fluid chemistry at a given
temperature and pressure. Though natural systems undergo both closed and open system
alteration at some stage with reaction progress, our interest here is not to simulate a
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particular stage of reaction in nature, but to derive information on mass transfer reactions
as unstable primary minerals are replace by secondary phases under well controlled or
determinable chemical and physical conditions. As noted earlier, an overarching
objective of the experiments is to obtain data bearing on redox processes that occur in
ultramafic-hosted hydrothermal systems. We strongly believe that these processes include
minerals more complex than Fe-bearing serpentine and brucite, but this has yet to be
experimentally confirmed. Earlier experiments tended to explore restricted temperature
and compositional space, in particular, non-aluminum bearing systems (Janecky and
Seyfried, 1986; Seyfried et al., 1986; Berndt and Seyfried, 1993; Allen et Seyfried,
2003), and therefore, cannot address whether or not a mineral such as chlorite can form
and buffer redox at temperatures and pressures in keeping with conditions inferred for the
hydrothermal reaction zone at slow spreading ridges.
The experimental apparatus used for the present study includes the flexible
reaction cell which is composed of gold and coupled to a rigid closure made of titanium
(Figure 6) (Seyfried et al., 1987). The volume of the gold reaction cell is approximately
75 cm3. The gold cell and closure are enclosed in a steel pressure vessel, which in turn is
contained in a cylindrical rocking furnace that can rotate 180° ten times per minute.
Rocking ensures temperature homogenization by continually agitating the hydrothermal
fluid and enhances reaction kinetics by mixing the reaction cell contents. This chemically
inert apparatus was designed to allow pressure to be regulated independently of
temperature, which permits sampling of the fluid in the reaction cell at experimental
conditions.

A thermocouple extending into the pressure vessel directly above the

reaction cell allows direct measurement of the reaction cell temperature. Pressure is
monitored by a Heise gauge connected to the pressure vessel via a high-pressure capillary
tube.
One modification made to the experimental apparatus described by Seyfried et al.
(1987) involves replacement of a titanium “exit tube” with a functionally similar device
made of hastelloy-C276 (nickel-alloy steel). The exit tube links the contents of the gold
reaction cell with a titanium valve external to the pressure vessel, and is essential for fluid
sampling. Hastelloy-C is used here because it is unusually corrosion resistant, but more
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importantly, can better sustain the relatively high temperatures and pressures emphasized
in the experiments.
Prior to initialization of an experimental run, all titanium components are heated
to 400°C for four hours to form a chemically inert titanium oxide layer. Subsequently,
these components are rinsed in concentrated 1N HCl to remove potential contaminants.
Fluid and solid reactants are then carefully weighted and placed in the reaction cell,
which in turn is sealed in the pressure vessel. Initial pressurization is made gradually with
the sampling valve in the open position. This allows the gold cell to collapse, while also
excluding head-space air. In effect, this procedure is required to accommodate the
expansion of the fluid in the cell as the pressure vessel is heated to operating conditions.
The heat up to experimental conditions requires approximately 14 hours. During
this time the pressure of the fluid (H2O) surrounding the gold cell is maintained between
490 and 510 bars by a pressure control valve, which is closed when the desired operating
temperature (420°C) is attained. These initialization procedures went smoothly with the
exception of experiment 4, which was heated to 410°C, and then 30 hours latter achieved
the desired temperature of 420°C. The unfortunate delay was caused by a control
thermocouple that had not been accurately calibrated prior to the experiment. No fluid
samples were taken until temperature stabilization at 420°C.
Experiments were conducted for time intervals of 4-12 weeks. The different
reaction times were always predicated on the fluid reacting steady state conditions,
which, in turn, reflected constraints imposed by the composition of the mineral and fluid
reactants.
Rock and Mineral Reactants
Unaltered troctolite used for experiments 1 and 2 was obtained from the Duluth
Complex, Northern Minnesota. Specifically, samples were collected from the Spirit
Mountain ski hill area, since this region contained the ideal cotectic troctolite
composition (Table 1) composed of ~66% plagioclase, 25% olivine, 6% augite, with
minor quantities of 1% biotite, 1% hypersthenes, and <1% magnetite.

Troctolite from

the Duluth complex was used instead of rock recovered from the ocean crust, because the
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rocks from ocean crustal localities tend to be highly altered from exposure to seawater.
The troctolite samples used for the experiments did contain an oxidized outer rind, which
was removed prior to crushing in a tungsten-carbide ball mill (see below).

Using

samples of a bulk rock (troctolite) for hydrothermal experiments, however, comes with
the disadvantage inherent to multi-component and heterogeneous systems, in that the
rock may include small amounts of accessory minerals that might not be apparent from
chemical or mineralogical analysis, but which may influence reaction processes in
uncertain ways. It is for this reason, that other experiments were conducted with mixtures
of pure mineral separates, as described below.
Pure minerals with homogeneous compositions that were used for the experiments
were obtained from a variety of locations (Table 1). Bytownite (An80) (experiments 3, 4,
and 5) was obtained from an exposure of anorthite in the Duluth Complex. Olivine (Fo89)
from San Carlos Arizona, used for experiment 3 and alteration was avoided by
handpicking translucent grains following a tumbling procedure that effectively removed
surface contamination. Serpentine with a Mg/(Mg+Fe) ratio of 0.90 used for experiment
4 was purchased from Wards Natural Science, as was the talc used for experiment 6.
Enstatite used for experiment 5 was from San Carlos, Arizona, and has an Mg/(Fe+Mg)
ratio of 0.86. Chlorite used for experiment 6 was obtained from the University of
Minnesota Rock and Mineral collections and had an Mg/(Mg+Fe) ratio of 0.67. This
sample was quantitatively analyzed in 1955 by Mr. Neil Young. Lastly, tremolite with an
Mg/(Mg+Fe) ratio of 0.99 used for experiment 6 was purchased from Wards Natural
Science.
All rock and mineral samples used for the experiments, with the exception of
chlorite, talc and tremolite were ground in a boron carbide mill. Rock/mineral powders
were then repeatedly filtered through nylon sieves (80 and 150 µm) using deionized
water, ultrasonically agitated in a solution of isopropyl alcohol, and then rinsed with
deionized water before drying at 50°C. This technique ensures that all grains present in
the experiment have a diameter of between 80-150 µm. In addition to efforts described
above, all mineral separates were finally microscopically examined to avoid any
remaining alteration phases.

Short term experiments rely on micro-scale rock and
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mineral powders to enhance reactivity, since fine particles are exponentially more soluble
than coarse particles (Hochella, 1990), while rough mineral edges promote mineral
dissolution

(Lasaga,

1990).

Enhanced

reaction

rates

help

induce

mineral

dissolution/precipitation processes on timescales of several months. Indeed, fluids
sampled from basalt and diabase alteration experiments result in chemical signatures
comparable to their natural counterparts (Allen et al., 2003; Berndt et al., 1989, 1993).
Yet it should be noted that in the short interval of time available to conduct experiments,
the texture of the disaggregated minerals and rock components can affect fluid chemistry
in still uncertain ways (Berndt, 1989), and leads to the formation of metastable minerals
like smectite. Spear (1981) found that smectite forms in experiments as a metastable
phase that later transforms into either amphibole or chlorite with continued experimental
alteration.

Thus, efforts were made to avoid unusually fine mineral fragments, as

emphasized above. The lack of sub-micron sized minerals and rock fragments hopefully
allow us to avoid high degrees of supersaturation and formation of unstable minerals,
which would obfuscate comparisons with natural hydrothermal systems at mid-ocean
ridges.
Chlorite and talc samples used for the experiments were not powdered to the same
size as other minerals, since the acquisition of these minerals involved separation and
disaggregation procedures. Sieving at the University of Minnesota, however, allowed us
to separate particular size fractions broadly in keeping with the other minerals. Thus,
experiment 6 was performed using chlorite and talc with grain sizes of approximately 150
µm and 75 µm, respectively. The sheet silicates, however, likely have high surface
charge with the potential to include even finer fractions. This could not be avoided
entirely rendering direct comparison of size separates between experiments uncertain.
Starting Fluid Chemistry
The fluid chemistry used for all experiments involved mixtures of alkali chlorides
that either have been implicated in hydrothermal alteration processes in natural systems,
or allow testing of key variables (Table 2). For example, the solution used for experiment
1 was a mixture of NaCl, CaCl2, and KBr in quantities roughly equivalent to the
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concentrations of these components reported for the Rainbow hydrothermal system
(Douville et al., 2002).

In this case, the fluid is intended to represent an evolved

composition, where seawater chemistry is modified by recharge reactions and phase
separation effects. As with all experiments, however, compositional changes from the
starting condition provide important clues to mass transfer reaction processes as primary
minerals are transformed to more stable alteration minerals. Following experiment 1,
modifications were made to the solution for all further experiments to incorporate other
aspects of Rainbow vent chemistry into the solution.
Specifically, all subsequent experiments were conducted using a solution
containing NaCl, CaCl2, KBr, MgCl2, LiCl and B. All of the components included in the
solution were again modeled after concentrations observed for Rainbow vent fluids, with
the exception of Mg. Rainbow vent fluids have been shown to contain ~1.6 mmol/kg Mg
(Seyfried et al., 2011), which has a drastic effect on the pH of the solution and reaction
processes. Since fresh-unaltered rock will readily incorporate Mg into its structure, the
Mg composition was changed to reflect the potential for Mg removal from solution.
Accordingly, these so-called “evolved fluid” experiments initially contained about half
the Mg concentration typical of seawater. The concentration of Mg in the experimental
fluid was arrived at by assuming Mg exchange for Ca with low temperature alteration
(Seyfried and Bischoff, 1979) thus depleting the fluid in Mg, while enriching it in Ca.
The Ca can be anticipated to react with seawater sulfate and precipitate anhydrite,
accounting for the 25mmol/kg of Mg in the solution used for these experiments. While
the concentration of Mg in Rainbow vent fluid is not 25mmol/kg, as noted above,
unaltered minerals incorporate large quantities of Mg into their structure (Bischoff and
Dickson, 1975; Mottl and Holland, 1978), so having sufficient Mg in the initial solution
to account for this could help explain the small, but significant concentrations of Mg
Rainbow hydrothermal fluid. The other cations added to the solution are B and Li, as
large changes in the concentrations of B and Li are documented for hydrothermally
altered rock material (Seyfried et al., 1979; Thompson and Melson, 1970). Like the
depletion in Mg, the concentrations of these components in fluids used for the
experiments simulates recharge reactions as seawater penetrates the increasing thermal
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gradient imposed by magmatic and tectonic processes at slow spreading mid-ocean
ridges.
Solids
All of the rock and mineral samples, with the exception of the chlorite, talc and
tremolite/actinolite minerals, were ground in a boron carbide mill. Rock powder was
than repeatedly filtered through nylon sieves of 80 and 150 µm with DI water, agitated
with an ultrasonic bath in a solution of isopropyl alcohol, the powder was re-rinsed
through the 80 µm sieve and then dried at 50°C. This technique ensures that all grains
present in the experiment have diameters between 80-150 µm, and that reactions are
occurring between courser particles. Contaminant minerals were then removed with
tweezers and the aid of a binocular microscope to obtain a more pure sample.
Experiments rely on micro-scale rock and mineral powders to enhance the surface
reactivity of rocks since fine particles are exponentially more soluble than coarse
particles (Hochella, 1990), and rough mineral edges promote mineral dissolution (Lasaga,
1990). Enhanced reaction rates help supply chemical solubility data on timescales of
several months, and the fluids sampled from basalt and diabase experiments result in
chemical signatures comparable to fast-spreading mid-ocean ridge vent chemistries
(Allen et al., 2003; Berndt et al., 1989, 1993). Yet it should be noted that in the short
interval of time available to conduct experiments, the texture of the ground up rock has
an affect on fluid chemistry, as experimental fluids reacting with basalt had higher Ca, K,
Fe, Mn and SiO2 and lower pH and Na concentrations than fluids interacting with diabase
(Berndt, 1989). For this reason, using larger grained minerals is more representative of
how grains interact in nature, yet it limits the reactivity of the minerals. This means that
less alteration is able to form in the contained environment of the hydrothermal cell by
using larger grains, though the advantage is that the alteration that forms should be a
more accurate representation of natural alteration processes.
The chlorite and talc minerals were not ground to the same size fraction or with
the same process as the other minerals. As these minerals were obtained in a prepowdered state, and procurement of these minerals in a pure state is a difficult process,
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experiment 6 was performed using chlorite of 150 µm and talc of >75 µm. Therefore,
while the grain size used for experiment 6 is not comparable to the grain size used for the
other experiments, these minerals are more likely to exist as an aggregate mesh texture
and therefore smaller grains are representative of their presence in nature.
ANALYTICAL PROCEDURE
Fluids
The sampling procedure involved the removal of 3-4 g aliquots of fluid from the
reaction cell. The interval required for fluid sampling was approximately 1 hour.

The

removal of fluid from within the gold reaction cell elicited an overall pressure decrease,
which required addition of pressure fluid (H2O) to the pressure vessel surrounding the
reaction cell (Refs).
The first sample aliquot (~0.5 ml) was discarded, since this volume of fluid
accounts reasonably well for the fluid in the exit tube external to the reaction cell, and
thus, not in direct contact with mineral reactants at experimental conditions. Subsequent
additional aliquots were sequentially drawn into gas-tight plastic syringes.

While

previous studies have used glass gas-tight syringes, repeated analysis of the same fluid
using both glass and plastic gas-tight syringes indicate that no gas is lost from the sample
in the plastic syringes provided sampling is conducted expeditiously, as was the case
here. The mass of fluid removed during sampling was carefully recorded and the ratio of
fluid: rock remaining in the gold bag was note.
The first true sample aliquot was used to measure fluid pH at 25°C. This required
a fluid volume of about 0.5 ml. pH measurement was conducted using a Thermo-Ross
combination pH glass micro-electrode. Prior to pH measurement, the electrode and
supporting pH meter was calibrated with three NIS buffer fluids 4, 7 and 10. H2S was
determined by electrochemical titration using a sulfide specific electrode. In practice,
H2S bearing fluid sub-samples were mixed with a high pH anti-oxidant buffer and titrated
with previously standardized Pb(NO3)2 solutions. The third sample aliquot was analyzed
for dissolved H2 using an Agilent 5973 gas chromatograph following a modified nitrogen
head space extraction. Residual fluid from the gas extraction for H2 analysis was then
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divided into two plastic bottles for dilution; cations were mixed in a solution of dilute,
Optima grade, hydrochloric acid, while the anions were diluted with deionized water.
These mixtures were then analyzed for ion concentrations in a Thermo Scientific iCAP
6500 duo ICP-OES (inductively coupled plasma optical emission spectrometer). The
combination of analytical instrumentation provided quantitative determination of the
following: Al, B, Ba, Br, Ca, Cl, Cd, Co, Cr, Cu, F, Fe, K, Li, Mg, Mn, Na, Ni, Pb, Rb,
Si, Sr, V, Zn, and SO4.
Solids
XRD, ICP-MS,

and ICP-OES, as well as optical microscopy were used to

determine the composition of the original troctolite and talc powders, while the chlorite
powder was analyzed by XRD. The chlorite sample had previously been analyzed by wet
chemical treatments, as previously noted.
Alteration minerals were visually observable at the end of the experiments. To
better constrain the composition of alteration products, however, XRD, electron
microprobe, optical microscopy, low vacuum SEM, Mossbauer and synchrotron studies
were conducted.
Chemical analyses of alteration products formed in experiments were performed
using an Electron Microprobe. Alteration minerals formed in rims surrounding original
grains, as alteration zones between original grains, and as replacement minerals infilling
grains that have broken down. Analyses of the alteration products formed were
performed by taking spot analysis of all the different types of environments alteration
minerals formed. Mineral identification was performed as analyses were collected by
writing down the expected mineral analyzed at each location, and then later rechecked by
normalizing the weight percent analyses. Normalizing the measured composition to
seven, fourteen, twenty-two, twenty-three, four and eight oxygen units determined
whether analyses could be serpentine, chlorite, smectite, amphibole, olivine or
plagioclase.

Also, any analyses containing over 30% water were eliminated from

calculations.
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Alteration products were separated from the original mineral powders for XRD
analysis using ultrasonic agitation. The water-solid solution was then sieved through a
75µm filter to separate rock powder grains from the typically smaller alteration products.
The clay-sized alteration products settled to different layers in the water column, and on
the bottom of the graduated cylinder, in which the mineral separation was conducted.
This allowed samples >2µm to be analyzed separately from minerals smaller than 2µm.
Different concentrations of the fluid-particle mixtures were air-dried on thin sections and
then analyzed by XRD, before being placed in a glycolation chamber (sealed Tupperware
with ethylene-glycol vapor

saturating thin sections for >8 hour intervals of time).

Subsequently the treated samples were re-analyzed by XRD to observe changes in the
degrees 2-theta peaks that may help to distinguish clay minerals (e.g., smectite) from
chlorite minerals.
Samples were step scanned from 2-40° 2-theta using a step increment of 0.04° 2theta and a count time of 2 sec. Sample mineralogy was interpreted using Jade+ software,
which searches both the International Powder Diffraction data base and user-generated
files for matching XRD peaks. Semi-quantitative interpretation of clay mineral
abundance was accomplished by comparing sample patterns with the computer XRD
database. Since the XRD peak intensities are affected by many factors (mineral
abundance, elemental composition, particle thickness, sample orientation, presence of
amorphous material, atmospheric humidity, etc.), it is difficult to confidently interpret
quantitative relations within and between different samples; however, in cases where
XRD patterns from different samples appear similar, greater confidence can be obtained
involving both qualitative and quantitative criteria.
RESULTS
Fluid Chemistry
All experiments were performed with a fluid to rock mass ratio of 4, which
decreased to a fluid to rock weight ratio of approximately 2.5 by the time the final fluid
aliquot was removed. Chemical exchange between the fluid and rock powders occurred
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at very rapid rates during the initial stages of all experiments, with subsequent fluid
samples indicating decreasing reaction rates and the stabilization of fluid chemistries
before the end of each experiment (Table 3). There was not a fixed interval of time over
which fluid chemistries would change in each of the separate experiments and all rates
and reaction processes were dependant on the initial mineral phases. It is important to
note, however, that it is not possible to determine the final fluid composition that would
result from thermodynamic equilibrium between the fluid and all rock components.
Instead, the ability of the rock to produce aqueous gaseous phases and release key ions
into the fluid over the short intervals of time observed in these experiments helps us
constrain if specific alteration processes could control the formation of hydrothermal
fluids at vents issuing from slow spreading mid-ocean ridges.
Only the first 2 experiments can be used to compare how the magnitude and
direction of chemical exchange is affected by altering the starting fluid chemistry, as both
experiments were conducted using a rock powder with the same grain size and mineral
composition, and the only variable between these experiments was the starting fluid
chemistry (Table 2). Experiment 1 was conducted with a fluid containing CaCl2, KBr,
and NaCl in concentrations similar to those sampled from the Rainbow vent field, while
the fluid chemistry from experiment 2 has additional B and Li added in concentrations
similar to Rainbow type-fluids and 24 mmol/kg Mg, as discussed previously. High
concentrations of Mg in solution decreases the fluid pH (Seyfried and Bischoff, 1981;
Janecky and Seyfried, 1986; Seyfried et al., 2011; Luce et al., 1985), so Mg was added to
solution to lower the initial fluid pH, with the expectation of initiating mineral dissolution
which could continue to lower the fluid pH to the values measured at Rainbow.
Troctolite experiment 1 (zero-Mg starting fluid) experienced a small increase in
the quantity of Mg present over the experimental duration of the experiment of 2016
hours, gradually increasing from zero to 35 µmol/kg Mg.

In contrast, the Mg

concentration in solution decreased drastically in experiment 2 (Mg-bearing starting
fluid), decreasing from 24 mmol/kg Mg to 59 µmol/kg Mg after 774 hrs (the duration of
the experiment). Most of the Mg was taken up by mineral phases within the first 99
hours of the experiment (prior to the first fluid sampling). Therefore, the attempt to
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acidify the fluid with Mg was unsuccessful, as it was immediately incorporated into the
mineral structures, and all of the experiments, both troctolite and mafic + plagioclase
alike, resulted in Mg concentrations <500 µmol/kg.
pHs ranged from 3.9-6.0 for the suite of experiments over the experimental
duration (Table 3), though experiments 1 and 2 produced final fluid pHs of 4.0 and 4.3,
respectively, while experiments 3, 4, 5 and 6 all produced higher pHs of 5.7, 5.3, 5.5, and
4.9, respectively.
Fe concentrations varied between the experiments (Figures 7 and 8). Experiment
4 released 8.35mmol/kg Fe into solution (Figure 7d), which is much greater than was
released for all the other experiments even though experiment 4 only lasted 968 hours.
Experiment 6 released the second highest concentration of Fe into solution
(6.49mmol/kg), with experiments 1 and 2 releasing similar Fe concentrations, though
slightly less than produced in experiment 6 (Figure 7a,b,f). Fe concentrations from
experiments 1 and 2 were only slightly affected by the presence of an initial-Mg
component in the fluid, as experiment 2 released a slightly higher Fe concentration than
experiment 1 (Figure 7a,b) producing 3.68 mmol/kg and 5.37mmol/kg Fe in experiments
1 and 2, respectively. Experiments 3 and 5 both released nearly negligible quantities of
Fe into solution (Figure 7c,e).
SiO2 concentrations ranging between 5.29-18.05 mmol/kg were released into
solution for the suite of experiments (Figure 8). Experiment 4 produced 18.05 mmol/kg
SiO2 in 968hours (Figure 7d), the highest concentration of SiO2 produced in any of the
experiments, while experiments 1, 2 and 6 released similar concentrations of SiO2 into
solution with concentrations between 11.20-14.72 mmol/kg (Figure 7a,b,f). Experiments
3 and 5 released the least SiO2 into solution (Figure 7c,e).
Ca and Na exhibit the least consistent trends of all the major elements (Figure 8).
Ca was removed from solution, while Na was released from primary minerals for
experiments 1, 2 and 3 (Figure 7a,b,c). Experiments 1 and 2 progressed over different
time intervals, so the difference between the concentrations of Na and Ca exchanged
during these experiments reflects this. Experiment 1 was conducted for the longest
interval of time (2016 hours) and 76.12mmol/kg Na were released into solution from
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primary minerals, while 29.42mmol/kg of Ca were removed from solution. These Ca and
Na concentration changes represent the greatest concentration change that occurred for
any of the experiments.

Yet there are no consistent trends to how Ca and Na

concentrations evolve in experiments 4-6 (Figure 7d,e,f).

Ca and Na increase and

decrease, respectively in experiment 4, while both Ca and Na increase in solution for
experiment 5, and Ca increases while Na remained nearly unchanged for experiment 6.
Small concentrations of K were released into solution for experiments 1 and 2
(<10.08mmo/kg), while negligible quantities of K were removed from solution for
experiments 3-6 (Figures 7 and 8).
H2 increased in solution during experiments 1 and 2 (Table 3, Fig 6a,b).
Specifically, H2 increased to 20.5 mmol/kg within the first 648 hours during experiment
1, and then decreased to 7.7 mmol/kg by the end of the experiment. H2 produced in
experiment 2 (Figure 7b) did not decrease as significantly as in experiment 1. Indeed,
over the first 604 hours the H2 increased to 24 mmol/kg and then decreased to 22
mmol/kg after 774 hours. Conversely, experiments 3-6 failed to produce significant H2
concentrations, with experiment 3 producing the largest concentration, and experiments
3-6 produced <2mmol/kg H2 (Figure 7c,d,e,f and Figure 8).
Mn, Sr, and Zn concentrations increased during all of the experiments (Figure 9).
Experiments 1 and 2 released the highest concentration of Mn, with the concentration of
Mn increasing to 1.1mmol/kg in experiment 2. Of the mafic + plagioclase experiments,
experiment 4 produced the highest concentration of Mn, followed by experiment 3, and
experiments 5 and 6 released similarly low concentrations of 0.2mmol/kg Mn.
Experiments 1-3 and experiment 5 produced ~0.2mmol/kg Sr, while experiment 4 and 6
produced only 0.01mmo/kg. Zn was released into solution for all of the experiments,
with 0.1mmol/kg of Zn released for both experiments 1 and 2, and less than half this
concentration produced in experiments 3-6.
No coherent trends exist for concentration changes of B and Li (Figure 9). B was
released into solution during experiments 1, 5 and 6, with experiment 5 releasing
0.3mmol/kg B into solution, experiment 2 consumed 0.2mmol/kg B, and all of the other
experiments produced or consumed <0.01mmol/kg of B. Li increased significantly in
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experiments 1, 2 and 6 to concentrations between 0.2-0.3mmol/kg Li, while negligible
changes in Li concentration occurred for experiments 3-5.
No significant concentrations of Cu or Rb were released to solution (Figure 9).
Solid Alteration Products
The SEM Images 1-8 illustrate what the individual minerals look like prior to
experiments 3-6. These SEM Images provide a baseline with which to compare the SEM
pictures from Experiments 3-6 which display the different alteration textures that form on
the surfaces of the mineral grains. Original rock powders were only partially reacted in
all experiments making quantitative analysis of secondary minerals difficult. Hydrous
alteration phases occur as coatings on the surfaces of primary mineral reactants which
makes it difficult to determine the portion of rock altered. This is best illustrated by
looking at SEM Images 9-18, which show how extensive the coatings of alteration phases
are on the surfaces of minerals following each of the experiments.
Another problem with attempting to quantify the alteration products is that not all
of the rock powder present in the gold bag comes in contact with fluid, so some grains
come out of the gold cell unaltered, while other regions contain grains that have
experienced large quantities of alteration.

This makes it difficult to determine the

quantity of rock that is unaltered due to diffusion or kinetic constraints instead of just
inaccessibility to fluid.
Plagioclase is the dominant mineral breaking down, with the Na-component of
plagioclase breaking down more readily than the Ca-component in all experiments except
one. Zones that have experienced large quantities of dissolution have high concentrations
of Ca, with compositions up to An98 in some areas. This is consistent for all of the
experiments except the enstatite + plagioclase experiment, though the An content ranges
from high Ca concentrations down to the initial An concentrations of An62 for the
troctolite experiments, and down to An80 for the olivine or serpentine + plagioclase
experiments.

This results from Na being released into solution and the Anorthite

component of plagioclase concentrating in the solid phase. This does not mean that none
of the Ca-component of plagioclase is breaking down, it supports stability of Na in the
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fluid over Ca.

The exception to this trend occurred for the enstatite + plagioclase

experiment, with the Anorthite content of the plagioclase decreasing to An66, resulting
from the release of Ca into solution and the incorporation of Na into the plagioclase
structure. The enstatite + plagioclase experiment was the only experiment where laths of
plagioclase were altered, instead of the plagioclase mineral breaking down in a kernel
texture like the other experiments.
There are numerous regions where almost the entire original mineral has been
replaced by alteration products (Images 19-21). For all of the experiments, plagioclase is
breaking down along mineral cleavage planes and is surrounded by a corona of chlorite
and smectite (Images 22-25). The aggregates of alteration product grains mimic the
original mineral structure, filling in where the edges of the plagioclase have been
completely destroyed and the original shape of the plagioclase grains is marked by the
rims of chlorite/smectite (Images 26-27). While it is not easy to quantify, areas with very
large aggregates of alteration products amassed separate from the edges of grains are
smectite. Conversely, whenever microprobe analyses indicated the presence of chlorite, a
relict plagioclase grain was directly associated with the chlorite analyses. This indicates
that chlorite was forming on the edge of grains, potentially aided by the decreased
nucleation energy that results from a solid mineral surface upon which to form, while
smectite minerals formed without the aid of nucleation sites and grow both at grain
surfaces, in the space between grains and in isolation from grains within the solution.
Chlorite did not form in the serpentine + plagioclase and enstatite + plagioclase
experiments, so chlorite was not found rimming plagioclase in these experiments.
Clinopyroxene, orthopyroxene and olivine are all breaking down, though not as
readily as plagioclase. Clinopyroxene breaks down more rapidly than the other two
mafic minerals, with some grains forming a popcorn structure of clinopyroxene
intermixed with smectite minerals, similar to how plagioclase breaks down (Image 28).
Yet for the majority of grains, clinopyroxene and orthopyroxene break down along
cleavage planes at the same rate as the grain edges break down (Images 29-30), while
olivine breaks down from the edges inwards (Images 31-37). While dissolution of all
three of the mafic minerals does occur, alteration rims/coronas surrounding the mafic
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minerals is more common than completely broken down mafic minerals compared with
dissolution of plagioclase minerals.
Chlorite and Al/Ca/Na-smectite were identified with XRD and electron
microprobe analysis from both of the troctolite experiments and the olivine-plagioclase
experiment (Table 4). XRD determined that the larger alteration grains were either
clinochlore, chamosite or gonyerite minerals from the chlorite group containing Mg and
Fe2+ and Fe3+, while alteration grains slightly smaller in size were determined to be
Al/Ca/Na-smectite. Chlorite and Al/Ca/Na-smectite composition determined by
microprobe from experiment 1 is 0.66±0.04 Mg/(Mg+Fe) (Figure 10a) while
compositions for experiment 2 is 0.68±0.03 Mg/(Mg+Fe) (Figure 10b) and the chlorite
composition from experiment 3 is 0.88±0.01 Mg/(Mg+Fe) (Figure 10c). The troctolite
alteration phases deviate from the chlorite compositions measured at IODP Hole U1309D
(Beard et al., 2009) which have much higher Mg concentrations, at Mg/(Mg+Fe)>0.85,
though the chlorite formed in experiment 3 is very similar to the composition measured
from field samples. The difference between alteration phases that formed in each of the
3 experiments is that experiment 3 was dominated by chlorite minerals, while
experiments 1 and 2 had a larger portion of smectite with large quantities of both chlorite
and smectite mixtures throughout the slides.
Experiment 4 reacted enstatite and plagioclase grains, resulting in the formation
of alteration products around the edges of the original grains (Images 38 and 39).
Alteration products from experiment 4 were identified via XRD and microprobe, and
yielded slightly contrasting results.

XRD analyses determined that homogeneous

alteration phases of Al/Ca/Na-smectite were the only alteration phases to form in the
experiment, though this could result from grain separation processes eliminating nonsmectite grains from the analyzed powders. Microprobe analyses proved a heterogeneous
nature to the alteration phases, as normalization of microprobe analyses indicates the
presence of both amphibole and smectite minerals (Images 40 and 41). These alteration
phases are extremely metastable, and getting conclusive microprobe analyses was
difficult as water weight percent values frequently rose above that contained within the
structure of both amphibole and smectite minerals (Table 4). None of the microprobe
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analyses matched mineral chemistry for hornblende, smectite, chlorite or serpentine,
which indicates that highly metastable minerals formed (Figure 10d).
The large quantity of alteration products observed in experiment 3 contrasts
greatly with the lack of alteration products observed in experiments conducted reacting
both olivine (Allen and Seyfried, 2003), and olivine + quartz (Seyfried et al., 2010) with
a similar hydrothermal solution at 400°C, 500 bars illustrating that the presence of
Aluminous minerals in the solution drastically affects the ability of olivine to break down
and form alteration phases.
It is problematic that smectite formed in experiments 1-4 since it is a metastable
phase that is not observed in nature at the conditions studied in the fluid-rock
experiments. If an experiment produces alteration phases that are not comparable with
phases found in nature, it is difficult to draw accurate conclusions from the experimental
data. This occurred because closed system reaction cells allow a stationary fluid
boundary layer to form around the mineral grains, resulting in equilibration early in the
experiment. These conditions allow complexes to adsorb to the mineral surfaces,
inhibiting crystal growth (Hochella, 1990) a limiting the availability of ions for the
growth of other alteration phases (i.e. actinolite, talc and a larger quantity of chlorite than
observed in the experimental products).
One of the primary smectite phases measured with XRD is stevensite (Ca0.5,
Na)0.33(Mg,Fe2+)3Si4O10(OH)2•n(H2O), a mineral lacking Al. It has been shown that
stevensite will form talc with the continued interaction with a Mg-bearing solution at
temperatures above 275°C (DeRudder and Beck, 1962) so some of the smectite minerals
could be metastable for talc instead of chlorite. Other smectite analyses contain Al and
are therefore the metastable phases of chlorite. Smectite, in the present experiments may
represent an intermediate stage in either chlorite or talc formation, and would have been
converted to these minerals had the experiments continued for infinitely longer periods of
time at 42O°C and 500 bars.
Electron microprobe analysis of chlorite and smectite reveal compositional
heterogeneity. Owing to the undetermined presence of structural water (equivalent to
approximately 13%) as well as electron channeling between atomic layers and polishing
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difficulties imposed by the physical properties of the grain mounts, the measured
composition failed to achieve 100%.
Actinolite and tremolite were not formed in any of the experiments, even though
the final fluid chemistries are saturated with tremolite for all experiments.
The only experiment that produced different alteration mineral chemistries is the
serpentine-plagioclase experiment 5 (Table 5). Talc and serpentine were identified by
XRD analysis, though the presence of serpentine is more likely an original mineral and
not an alteration product. Very few of the microprobe analyses were good enough to use,
as most of the analysis contained too much water to yield accurate results. Of the
microprobe analyses that did not contain too much water, the alteration phases
surrounding the original minerals normalize to a serpentine mineral structure, while the
microprobe analyses contained aluminum.

Therefore, all attempts to identify the

alteration phases were inconclusive.
Ilmenite is the dominant oxide mineral formed in both of the troctolite
experiments (Image 31 and Table 4).

This supports analyses of the vibrating

magnetometer measurements for both of the troctolite experiments which indicate that
the magnetization of the solids decreased.
DISCUSSION
It is now generally accepted that slow-spreading ridge environments are
composed of a heterogeneous distribution of ultramafic and gabbroic rocks in varying
proportions. For ultramafic-bearing gabbroic systems, the presence of serpentine on the
seafloor led some to conclude that serpentinization of olivine and orthopyroxene in
peridotite results in the high dissolved H2 concentrations observed at Rainbow and
similar vent fluids associated with Mid-Atlantic Ridge and Central Indian Ridge
environments (Charlou et al., 2002; Kumagai et al., 2008; Melchert et al., 2008; Schmidt
et al., 2007). Yet, the high temperatures of Rainbow-type systems limits the reactivity of
olivine and pyroxene to serpentine minerals which calls into question the ability of
serpentine to control fluid H2 concentrations. Instead, the presence of plagioclase in
contact with ultramafic rocks is more likely to control the alteration processes in
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hydrothermal upflow zones, and thus it is crucial to determine whether H2 could be
produced by the alteration of plagioclase, olivine, and pyroxene to chlorite and tremolite
dominated alteration assemblages.
Rocks of troctolite composition were used in experiments 1 and 2 because large
quantities of troctolite were observed in drill core samples from the IODP 1309D, which
penetrated more than 1 km into the Atlantis Massif (30°N, MAR) (Blackman et al., 2006)
and the Kairei hydrothermal field (Nakamura et al., 2009). It is for this reason that
mixtures of plagioclase and mafic mineral separates were used in this study to constrain
the alteration phases controlling H2 formation. In effect, the present study extends in
compositional space results of experiments involving only olivine and pyroxene minerals
as reported by Allen and Seyfried (2003), at largely similar pressure and temperature
conditions. There can be no question that Al-bearing plagioclase has an enormous effect
on mass transfer and secondary mineral formation. In particular, all of the experiments
illustrated that serpentine will not be produced in an environment containing plagioclase,
an observation supported by studies of MAR ultramafic-bearing rocks (Blackman et al.,
2006).
Instead, the primary alteration phases that formed in the experiments were chlorite
± talc.

The troctolite experiments as well as the olivine + plagioclase experiment

produced chlorite, talc was produced in the serpentine + plagioclase experiment, and only
metastable smectite was identified in the enstatite + plagioclase experiment.

The

abundant formation of smectite in the latter experiment likely accounts for the
conspicuous lack of chlorite and other minerals more typical of upper greenschist facies
environments, and results from the inability of actinolite/tremolite, the mineral generally
forming from the alteration of enstatite, to form from crystalline rock at the temperature
and pressure conditions used in the experiments. One interpretation for this involves the
relatively high dissolved silica that characterizes fluid from the experiment. It is well
known that dissolved silica facilitates smectite formation at conditions where chlorite
minerals are stable (Spears, 1982; Hajash, 1974). In the experiments in which chlorite
did form, such as the troctolite experiments and the olivine + plagioclase experiment,
results suggest an inverse correlation between chlorite and magnetite. This contrasts
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sharply with field interpretations where it is often concluded that magnetite formation
after olivine accounts best for the relatively high dissolved hydrogen concentrations in
vent fluids issuing from ultramafic-hosted hydrothermal systems, as emphasized
previously. Redox reactions, however, are complex. For example, the increase in H2
during both of the troctolite experiments clearly reflects the oxidation of the FeO
component of the rock, although the subsequent decrease in H2 measured in the first
troctolite experiment suggests conversion of the ferric iron in magnetite to ferrous iron,
causing H2 to decrease. This should not be interpreted to indicate that magnetite never
formed over the course of the experiment, as alteration phases can only be viewed after
the experiment is complete, but it does demonstrate that the concentration of magnetite in
the troctolitic rock decreased, as there was a small initial quantity of magnetite in the rock
which decreased by the end of the experiments, while the quantity of H2 accumulated in
solution. Instead, this indicates that H2 concentrations are produced by the incorporation
of Fe3+ into the alteration phases (chlorite, smectite or talc) and not necessarily by the
formation of magnetite or serpentine. Mossbauer measurements of the alteration phases
produced in the 2 troctolite experiments and the plagioclase + olivine experiment indicate
that Fe3+ was incorporated into the chlorite + smectite alteration phases. It is not possible
to say for this study how much of the Fe3+ was incorporated into the chlorite structure,
and how much into the smectite when studying the troctolite alteration assemblages, as
Mossbauer was conducted on bulk alteration products and not on pure chlorite or pure
smectite which formed in equal quantities in the troctolite experiments, but it was
determined that 38%, 42%, and 14% of the Fe present in alteration phases for troctolite
experiment 1, troctolite experiment 2, and the plagioclase + olivine experiment,
respectively, is octahedrally bound Fe3+. Since chlorite dominated the alteration products
of the plagioclase + olivine experiment, the 14% Fe3+/∑Fetotal present in the plagioclase +
olivine alteration phases is a fair representation of the proportion of ferric-Fe bound in
chlorite at 420°C, 500bars. The Mossbauer analyses indicate that the troctolite
experiments will produce the higher concentrations of H2 for all the experiments, with
troctolite experiment 2 yielding the highest concentrations of all which correlates to
troctolite experiment 2 incorporating the most ferric Fe into the chlorite and smectite
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minerals. This is exactly what occurred in the experiments, as troctolite experiment 2
produced 22mmol/kg H2, and troctolite experiment 1 produced almost the same
concentration before decreasing. Since the H2 concentration did not decrease by the end
of the troctolite experiment 2, buffering the solution by magnetite from the start to end of
the experiment likely occurred. H2 decrease in the solution of experiment 1 likely
reflects a significant decrease in the quantity of magnetite present in the rock, as slight
variations exist between the mineral concentrations that are incorporated into each
mineral mixture for each of the troctolite experiments, and thus less initial magnetite
could have been present in the rock mixture used in experiment 1 than for experiment 2.
Overall, the Mossbauer analyses prove that ferric-Fe inclusion in alteration phases other
than serpentine and magnetite are capable of producing the elevated H2 concentrations
measured at Rainbow.
Conversely, the plagioclase + mafic mineral experiments did not yield significant
quantities of H2 like the troctolite experiments. This does not challenge the capacity of
the alteration phases produced by the interaction of plagioclase + olivine, serpentine or
enstatite to produce H2 but instead demonstrates the importance of ferric iron formation in
H2 production. The troctolitic rocks contained significantly higher Fe concentrations than
the plagioclase + olivine, enstatite, and serpentine rock mixtures, resulting from the
higher Fe-contents of the starting olivine and enstatite in the troctolitic rock. Clearly,
reducing conditions characterized by high concentrations of dissolved hydrogen result
from the oxidation of ferrous silicates by water followed by precipitation of ferric-rich
secondary alteration minerals or magnetite, as it is a reflection of the quantity of Fe
released from primary minerals with dissolution, and peridotite-bearing systems are
capable of producing elevated H2 concentrations because there are higher concentrations
of Fe present in the starting minerals, olivine and enstatite, than used in the mineral
separate experiments. It would be important to conduct these experiments with two slight
changes to the experimental conditions. Using a higher fluid:rock ratio of 50:1 to see
how this effects the production of H2 from troctolitic rocks, and rocks containing a
mixture of olivine + plagioclase, enstatite + plagioclase, serpentine + plagioclase and a
mixture of alteration phases, as high water:rock experiments producing serpentine
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generated higher H2 than experiments conducted with low water:rock ratios (Berndt et al.,
1996). The other change would be to conduct these experiments with starting minerals
containing a large portion of ferrous Fe.
While both amphibole and chlorite minerals can incorporate Fe3+ into their
structures, chlorite generally incorporates more Fe into its structure than the amphibole
minerals formed in MOR environments and fluid chemistry controlled by chlorite
minerals has the potential to form fluids with a pH similar to those measured at Rainbow
(Seyfried et al. 2011), so we consider whether the concentrations of H2 measured at
Rainbow could be produced by the formation of chlorite minerals alone. 174 mossbauer
and wet chemical analyses (Foster et al., 1962; Zane et al., 1998), and even more accurate
XANES analysis of chlorite (Dyar et al., 2002; Munoz et al., 2006; Vidal et al., 2006)
indicate that the quantity of ferric iron incorporated into chlorite is primarily controlled
by crystallochemical constraints, while the bulk rock and temperature determine the
Fe/(Fe+Mn+Mg) of chlorite (Zane et al., 1998), and higher fO2 results in more highly
oxidized mineral assemblages (Beaufort et al., 1992; Dyar et al., 1992; Munoz et al.,
2006). Therefore, the overall quantity of Fe present in the chlorite structure is determined
by temperature and original bulk rock composition, while the proportion of that Fe that is
oxidized is affected by the fO2 in the hydrothermal fluid (Beaufort et al., 1992). Chlorite
can hold up to 0.40 Fe3+/∑Fe (Beaufort et al., 1992; Foster et al., 1992; Zane et al., 1998;
Munoz et al., 2006; Vidal et al., 2006) while Fe3+ content is generally limited to 15% of
Fetotal (Dyar et al., 1992). More specifically, chlorites formed in mid-ocean ridge
environments have Fe/(Mg+Fe) ratios between 0.06-0.25, with pure chlorite samples
containing 0.11-0.16 Fe/(Mg+Fe) (Boschi et al., 2006), indicating that chlorite formed in
a MOR environment will generally contain between 0.02-0.06 Fe3+/(Fe3++Fe2++Mg).
These values correlate with the quantities of Fe3+ incorporated into the chlorite minerals
formed in the experiments. Similarly, actinolite sampled in greenschist facies rock from
slow-spreading ridge environments generally contains up to ~0.40 Fe/(Mg+Fe) (Ito and
Anderson, 1983; Gillis and Thompson, 1993; Boschi et al., 2006) of which ~0.18 is
Fe3+/(Fe3++Fe2++Mg) (Boschi et al., 2006).

Therefore, if Fe3+ was only being

incorporated into chlorite and actinolite minerals, and each mole contains 0.05
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Fe3+/(Fe3++Fe2++Mg) and there are 5 cations per mineral, then each mole of chlorite or
actinolite contains ~0.25 moles Fe3+, and thus 8 moles of either chlorite or actinolite will
produce one mole of H2. If chlorite and actinolite formation occurs along with the
formation of magnetite which produces a mole of H2 for every mole of magnetite formed,
then even fewer alteration phases containing Fe3+ would form to produce H2. If no
magnetite were to form, to produce the ~16mmol/kg H2 measured at Rainbow,
~128mmol of actinolite or chlorite need to be formed for every kg of fluid that flows
through the rock. Considering 20 moles of plagioclase alter to form 17 moles of chlorite
(Table 5, reaction 4), then ~150mmol, or 42 grams of plagioclase need to interact with a
kg of solution to produce the H2 concentration measured at Rainbow. This would occur
at a fluid:rock ratio of ~20:1 and could occur without the formation of magnetite or
serpentine. Therefore, observing the quantity of Fe3+ that is incorporated into chlorite
and actinolite alteration minerals from both natural and experimental samples illustrates
that the elevated concentrations of H2 measured at Rainbow reflects the incorporation of
Fe3+ into alteration minerals, with or without the formation of magnetite.
None of the experiments produced sufficiently high Fe concentrations, paling in
comparison with the 24 mmol/kg of Fe vented from Rainbow (Charlou et al., 2002;
Douville et al., 2002). This likely results from two factors, the quantity of metastable
alteration phases formed, and the high pH’s produced in the experiments. The only
experiment that produced significant Fe was the plagioclase + enstatite experiment,
which released 8.35mmol/kg Fe into solution after 968 hours, while the troctolite
experiments released half this concentration over an even longer interval of time. When
the low Fe concentrations released in the plagioclase + enstatite experiment are compared
with the high concentrations of ~25mmol/kg Fe released over 1824 hours in the enstatiteonly experiment conducted by Allen and Seyfried (2003) at 400°C and 500bars, it is
apparent that the presence of plagioclase in the rock mixture plays a large role in the
amount of Fe released to solution. Since the plagioclase + enstatite experiment produced
large quantities of Fe-bearing alteration minerals, it is likely that Fe was incorporated into
alteration phases, thus depleting the solution of Fe, while the serpentine minerals formed
in Allen and Seyfrieds (2003) study incorporated less Fe into the mineral structure. The
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second reason Fe concentrations were significantly lower than measured at Rainbow
results from the elevated pH values measured in all of the experiments.

pH was

measured for experiments at 25°C, and then extrapolated up to 420°C in GWB by
suppressing mineral precipitation and observing complexing changes that occur in
solution with increase in temperature. While the Rainbow pH was measured at ~365°C
instead of 420°C, and could potentially be unrepresentatively lowered by the
precipitation of sulfide minerals in the black smoker fluid and at the vent orifice, the pH
in-situ

determined using GWB at 400°C, 500bars is 4.9 (Seyfried et al., 2011), which is

significantly lower than the pHin-situ of 5.5-5.9 measured from any of the experiments.
Therefore, these experiments illustrate that the rate of alumino-silicate dissolution and reprecipitation processes affects the rate at which stable pH values are obtained. One could
conclude that a rock dominated by non-alteration alumina, calcic, ferric and magnesium
silicate phases could not create the low pH’s measured at the Rainbow hydrothermal field
when quartz is not part of the mineral assemblage since both olivine and plagioclase
buffered the fluid pH at higher values. Yet this is not supported by the higher pHin-situ
measured in the alteration experiment, an experiment that contained minority
concentrations of plagioclase and magnetite in addition to the alteration phases tremolite
+ chlorite + talc. GWB simulations for fluid chemistry resulting from alteration of
plagioclase to produce tremolite + chlorite + talc indicate that the solution should have a
lower pH (Seyfried et al., 2011). Instead, the presence and formation of smectite in all of
the experiments, a metastable mineral at 420°C, controlled the acidity of the experimental
fluids. Since pH plays a key role in mineral dissolution processes, the significantly
higher pH of the experiments when compared with the pH of Rainbow vent fluids is
problematic to all element concentrations released into the experimental fluids.
Hydrothermal-basalt alteration experiments conducted by Mottl et al. (1979), Rosenbauer
and Bischoff (1983), and Janecky and Seyfried (1983) all illustrate a linear relationship
between log(Fe) and log(Mn) mobility to the fluid pH, resulting from the enhanced
solubility of Fe and Mn minerals in H+-rich fluids. Therefore, even a small decrease of
pH in hydrothermal fluids could drastically increase the Fe concentration (Ding and
Seyfried, 1992) measured for all the experiments conducted in this study, indicating that
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troctolitic rocks are capable of producing Fe concentrations similar to that measured at
Rainbow, even if that is not illustrated by the experimental results.
Since the fluid pH for the experiments does not match the acidic fluids venting
from Rainbow, coupling GWB simulations with observations of field samples helps
illustrate that chlorite and tremolite-bearing assemblages are capable of creating low-pH
solutions with the slightly elevated SiO2 concentrations measured at Rainbow. Fletcher
et al. (1997) and Blackman et al. (2006) determined that hydration of plagioclase,
enstatite, clinopyroxene and olivine to chlorite, talc and amphibole minerals released H+
to solution, with chlorite producing reactions forming the largest quantity of H+ (Table 5).
Plots modeling loga(Ca2+/(H+)2) vs. loga(SiO2) at 400 and 420°C (Figure 11a-d) indicate
that the aqueous major element activities measured at Rainbow in contact with a
plagioclase and olivine bearing rock would produce the alteration phases chlorite +
actinolite/tremolite ± talc (Figures 11a-d). Two of the simulations illustrate the stability
fields of minerals when talc is suppressed, and the other two simulations illustrate the
alteration phases that are stable when no minerals are suppressed from forming. These
plots illustrate that the stability field of tremolite is expanded when talc is suppressed as
talc exists at the same conditions as tremolite, yet the formation of other alteration phases
is not affected by whether or not talc is present in the system. GWB simulations were
conducted at both 400 and 420°C to illustrate that the alteration phases that form at both
of these temperatures and 500bars are nearly identical. It helps to clarify that the
alteration phases formed at 420°C are not specific to that temperature, but match the
conditions analyzed by Allen and Seyfried (2003) on serpentine formation from pure
ultramafic rocks.
Natural field samples would plot at the joins between tremolite and chlorite, or
tremolite and actinolite, but fluids produced in these experiments were too great due to
the high pH values produced. This probably results from the hydrolysis of the Albite
component of plagioclase in all of the experiments and formation of metastable clay
minerals. Analyses show that relict plagioclase grains are depleted in Na+ compared with
starting minerals, while fluid analyses indicate that Na+ was concentrated in solution for
all experiments but one. Ca was removed from solutions while Na was released for
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experiments containing olivine, while Ca and Na increased and decreased in solution in
the enstatite + plagioclase experiment, respectively. Ca was being released by both the
plagioclase and enstatite grains, instead of solely by the plagioclase, allowing Ca to build
up in solution. An environment containing both enstatite and plagioclase would be
capable of producing the high concentration of 67mmol/kg Ca measured in the Rainbow
vent fluids (Douville et al., 2002). For the olivine containing experiments, dissolution of
Albite released SiO2 and Na+ into solution, yet the changes to fluid pH depends on the
alteration phases that form.

Formation of chlorite minerals produces H+ (Table 4,

reactions 3 and 4), while formation of clay alteration phases can consume H+ which
explains the elevated pH produced in all of the reactions.
By the end of the troctolite, enstatite + plagioclase and serpentine + plagioclase
experiments, 11.20-14.72 mmol/kg, 18.05mmol/kg, and 9.87mmol/kg of SiO2 were
released into the experimental solutions, respectively, which is greater than the
~7mmol/kg SiO2 present in Rainbow vent fluids (Douville et al., 2002). There are three
different reasons the SiO2 concentration deviates from the concentration measured at
Rainbow. One, the short duration of the experiments negates our ability to see how
alteration minerals will incorporate the SiO2 released into fluid, and thus is not
representative of the final equilibrium assemblage. Two, the fluid chemistry is not
controlled by a predominantly unaltered rock. Or three, the high pH present in the
experimental fluid impedes our ability to properly observe dissolution/precipitation
processes and as a result, the troctolite experiments do not provide a proper model for
observing processes occurring at Rainbow. Yet the high values of SiO2 result from the
breakdown of plagioclase, and illustrate that environments containing plagioclase will
release SiO2 into solution which will impede the formation of serpentine minerals. An
environment that contains higher proportions of ultramafics intermixed with plagioclasebearing rocks would produce lower SiO2 concentrations more representative of those
measured at Rainbow.
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Computer Simulations
Since experiments often react at non-equilibrium conditions, it is important to
compare experimental results with equilibrium-based computer models which can
explain why certain minerals precipitate or dissolve in the experiments and what was
driving the reactions.

Numerous mineral/rock alteration studies under hydrothermal

conditions have been performed over the years that have entailed explicit account of the
distribution of aqueous species (Janecky and Seyfried, 1986; Seyfried, 1987; Berndt et
al., 1989; Wetzel and Shock, 2000; Allen and Seyfried, 2003). In a manner similar to the
approach outlined in these earlier studies, phase equilibria calculations were performed
during the present study from computer modeling of time series changes in fluid
chemistry. These data provide insight on the solubility of primary and secondary minerals
with reaction progress. The relatively high pH that ensued during all experiments,
however, results in high degrees of mineral saturation. For example, calculations indicate
that both tremolite/actinolite and diopside are saturated in all solutions by several orders
of magnitude. Yet, while actinolite is a mineral often observed in natural hydrothermal
systems dominated by hydrothermal alteration of ultramafic lithologies, this phase was
not observed by electron microprobe or XRD analyses. This likely results from the
sluggish kinetics of amphibole formation at the chemical and physical conditions of the
experiments. Indeed numerous studies have shown that amphibole formation is
particularly sensitive to pressure with an apparent increase in rate of formation with
pressures, especially at pressures in excess of 700 bars (Liou et al., 1974; Mottl and
Holland, 1978; Hajash, 1981; Apted et al., 1983). Thus, in the absence of the requisite
formation of significant amounts of tremolite/actinolite a decrease in fluid pH was not
possible in the time for which the experiments were conducted, accounting for the high
degrees of mineral supersaturation observed.
Theoretical reaction path models were prepared with the GWB computer code
(Bethke, 1994) and thermodynamic data for minerals using a modified version of
SUPCRT92 (Johnson et al., 1992) at 420°C and 500bars, utilizing all the modifications
detailed by Seyfried et al. (2010) to tie the experimental results to Rainbow fluid
chemistry. The experiments provide information on how fluid and rock interact in a
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closed system, yet field conditions occur in an open system where fluids have penetrated
a new rock surface after already traveling for long distances through another region of the
subsurface. For this reason, the ability of computer models to control certain variables of
the fluid chemistry or rock allows us to observe reaction processes that may not be
attainable with the limited mineralogy over the limited time duration of experiments.
Model 1 (Figures 12 and 13) simulates how a fluid and rock in equilibrium with
one another interact at both high and low water:rock ratios, by incrementally adding a
rock of 65% plagioclase (An80) and 35% olivine (Fo90), proportions used in experiment 3
and similar to that measured in many troctolitic rocks from the Atlantis Massif IODP
hole 1309D (Blackman et al., 2006; Ildefonse et al., 2007), to an NaCl-bearing fluid until
unity was attained. High fluid:rock ratios represent the alteration environment present
along a fault surface, while low water/rock ratios represent crack-dominated propogation
of fluid in the subsurface. The initial fluid used for the simulations contained elevated Ca,
Cl, Na and Mg (Seyfried et al., 2011), similar to that measured venting from Rainbow,
with trace concentrations of Al, Fe and Si to promote the development of these species in
solution with reaction progress. This simulation illustrates how alteration assemblages
and fluid chemistry are expected to form at the low water:rock ratios used in our
experiments and then compare this with the alteration products that would occur if we
had used higher fluid:rock ratios. The second reaction path model, Model 2, utilizes a
similar initial fluid chemistry, but illustrates how mineral formation proceeds and how
major dissolved element concentrations are affected by increased fixed quantities of Mg
in the starting fluid chemistry, instead of illustrating the affects of different fluid:rock
ratios of alteration processes like shown in Model 1. The different Mg concentrations
used for Model 2 represent lower Mg concentrations, similar to that measured in the
experimental fluids, and grade up to Mg concentrations similar to that measured venting
from the Rainbow vent field (Seyfried et al., 2011). Controlling the activity of Mg
present in the solution is something that cannot be observed in a closed system
experimental vessel, and thus allows us to compare how a fluid similar to that used in our
experiments deviates in its reactivity to a fluid containing an activity of Mg similar to that
measured at the Rainbow vent field.
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Model 1 helps illustrate that the fluid chemistry and alteration phases expected to
form at equilibrium in an open system like Rainbow, are similar to the results obtained
from experiment 3 which was conducted in a closed-system apparatus that failed to reach
equilibrium conditions. The primary alteration phase formed in the model (Figure 12) is
clinochlore-90 with lesser quantities of tremolite, pure Mg-clinochlore and epidote
forming when the fluid:rock ratio was between infinity and had decreased to 2:1. As
increased quantities of rock were added to the NaCl solution and pure clinochlore was no
longer being produced, diopside and anorthite-70 minerals were formed in concentrations
equivalent to that of clinochlore-90, indicating that instead of forming the hydrous
alteration phases of clinochlore and tremolite, rock dominated alteration environments
would preferentially convert the Ca-component of plagioclase and olivine into diopside.
The alteration phases expected to form in both high and low fluid:rock environments, as
illustrated by Model 1, resembles what was formed at the end of the olivine + plagioclase
experiment. Clinochlore-90 was produced, and the fluid chemistry measured at the end
of the olivine + plagioclase experiment was saturated with diopside and tremolite phases
which resemble what was expected to form from the model at medium to low water:rock
conditions. The fact that olivine never appeared as a stable mineral from Model 1
illustrates the instability of olivine and the direct conversion of olivine to tremolite in a
system dominated by plagioclase, leaving no-residual olivine in the rock.
It is generally accepted that low fluid:rock ratios control fluid chemistry in
systems like Rainbow because of the high temperatures of the Rainbow vent fluids
(Charlou et al., 2002; Douville et al., 2002) and the trace alkali element concentrations
measured from the vent fluids (in trace element section below). Yet Model 1 provides
striking proof that higher concentrations of major elements and H+ ions are released into
solution at higher fluid:rock ratios, while major elements and H+ are removed from
solution by the precipitation of alteration phases at lower fluid:rock ratios.

This

illustrates that if the experiments conducted in this study were conducted at a higher
fluid:rock ratio, the pH of the solution would decrease, which would promote dissolution
of minerals and increase the concentration of elements in solution.

Previous

experimental and theoretical studies corroborate a decrease in the fluid pH with increased
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fluid:rock ratio for pure ultramafic systems. The computer simulations of Wetzel and
Shock (2000) found that the reaction of peridotite and seawater at 400°C, 500bars and a
fluid:rock ratio between 1:4 to 5:1 produced a fluid with pHin-situ of 6.3, while a higher
fluid:rock ratio between 10:1 and 50:1 produced a pHin-situ value between 5.4 and 5.2.
Comparison with pHin-situ values measured in experiments at 300°C, 500bars between an
NaCl-fluid and peridotite found a similar pH of 4.7 for fluid:rock ratios between 10:1 and
30:1 (Seyfried and Dibble, 1980; Janecky and Seyfried, 1986), while similar experiments
at 400°C, 500bars and fluid:rock ratios of 4:1 were ~1 pH unit higher than measured in
experiments conducted at higher fluid:rock ratios. This observation is significant because
many MAR vent sites are located along fault scarps, which increases the permeability of
the rock and allows a fluid pathway along which fluids can flow more readily, and
therefore the low pHs measured at Rainbow could partially result from the higher
fluid:rock ratios. This does not negate the development of fluid chemistry at depth in a
low permeability region, but instead explains the later migration of hydrothermal fluids
from depth to the seafloor along tectonically active high permeability fault zones This
does not mean low permeability everywhere, as fluid with composition fixed at depth
migrate to the seafloor along tectonically active fault zones of high permeability (Boschi
et al., 2006; Jons et al., 2008).
Model 2 then concentrated on how the precipitation of alteration phases would be
affected by increasing the concentration of Mg in the starting fluid.

While it was

originally believed that hydrothermal vent fluids always contained zero Mg, it has
recently been illustrated that ultramafic-bearing systems like Rainbow can contain
~1.6mmol/kg Mg, which alters the pH of the hydrothermal fluid significantly (Seyfried et
al., 2011). In model 2, increasing the activity of Mg in the starting solution from 1x10-7
to 1x10-6 decreased the pH of solution from 6 to 5.2 as the Mg concentration increased
from 0.08 to ~1.2mmol/kg, and drastically affected the quantities and types of alteration
minerals that formed in the model (Figure 14). While clinochlore-90 and tremolite
remained the primary alteration phases formed in model 2, the minerals formed at lower
Mg concentrations in model 1, diopside and epidote were not stable at higher Mg
concentrations and lower pHs. This illustrates that hydrothermal fluids containing Mg in
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concentrations similar to that measured venting from the Rainbow field would be in
contact with rock containing chlorite, tremolite and illustrates the striking affect pH has
on the alteration phases that form. Likewise, magnetite was found to remain stable in the
more acidic solutions containing Mg (Model 2) and was only formed in Model 1 when
the pH decreased. Yet the pH controls on magnetite formation only partly controlled the
formation of magnetite along with Fe concentrations in solution.

Dissolved

concentrations of Fe in Model 1 were consistently decreased with decreasing fluid:rock
ratios, and magnetite only formed in the solution that had the low end pH of ~5.2 and
contained <4mmol/kg Fe, though it formed in increasing quantities in the acidic solutions
from Model 2 when the pH had decreased to 5.5 and the Fe concentrations had elevated
to >6.5mmol/kg. Therefore, a mixture of increasing concentrations of Fe in solution with
acidic solutions supports the production of ferric-Fe and formation of magnetite. This
illustrates that the formation of magnetite is not dependant on the presence of pure
ultramafic rocks, but on the presence of Fe-bearing minerals and acidic solutions.
The different concentrations of H2 produced in Models 1 and 2 bring up
interesting observations concerning the formation of ferric Fe. The production of H2 was
independent of magnetite formation, as ~11mmol/kg H2 was released into solution while
magnetite was being formed at the start of Model 1 (Figure 13), and continued to increase
up to ~59mmol/kg by the end of the simulation, even though all magnetite had been
removed from the rock. H2 was produced more rapidly at higher fluid:rock ratios and
occurred independent of the formation of magnetite, which indicates that ferric Fe was
formed and incorporated into alteration phases like clinochlore and tremolite for all of the
different fluid:rock ratios of model 1.

This supports findings from the troctolite

experiments, which formed H2 while the concentrations of magnetite decreased by the
end of the experiment. This does not stipulate that magnetite does not contribute to the
formation of H2, as Model 2 produced increasing quantities of magnetite with decreasing
pH (Figure 14), and H2 was produced with increased quantities of magnetite (Figure 15).
Yet less H2 was produced in Model 2, only rising to ~19mmol/kg by the end of model 2
(Figure 15). This is further support that magnetite formation is not the only explanation
for increased production of H2. These models, therefore, support experimental findings
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that H2 is produced not only by the formation of magnetite but by the incorporation of
ferric Fe into Fe-containing alteration phases, and further illustrates that H2 is produced
more rapidly at high fluid:rock ratios.
Major dissolved species fluid chemistry development from Model 1 occurred in a
similar fashion to the olivine + plagioclase experiment, and model 2 further supports the
effect Mg and lower pH has on increasing dissolved element concentrations. For model 1
(Figure 13), silica increased in solution to 8.6mmol/kg at the very start of the simulation,
and remained at elevated concentrations only decreasing by ~2.6mmol/kg as fluid/rock
reaction progressed.

Si was originally released to solution as plagioclase began to

dissolve, which correlates with an immediate decrease in the pH, but decreased in
solution as silicification of olivine to both tremolite and clinochlore progressed. This
indicates that dissolution occurred more rapidly than precipitation when the fluid/rock
ratio was infinite, but decreased to a level where precipitation occurred more quickly than
dissolution as the fluid/rock ratio decreased. Similarly, <4mmol/kg Fe was released to
solution at high fluid:rock ratios for model 1, before the Fe concentrations were removed
from solution with increasing reaction at lower fluid:rock ratios (Figure 13).

No

immediate increase was observed for Ca in model 1 because the initial Ca concentration
in solution was already elevated, but Ca was removed from solution as it was
incorporated into clinochlore-90 with continued reaction progress. The fact that the Ca
concentration in solution decreases while chlorite and tremolite are forming (Figure 12)
indicates that precipitation of these minerals occurs more rapidly than plagioclase is able
to dissolve with decreased fluid/rock ratios, which contradicts the high Ca concentrations
measured in Rainbow vent fluids. While Al is a necessary component of clinochlore and
can only be obtained by the continued dissolution of plagioclase, a direct alteration of
plagioclase to clinochlore was dependant on an increased influx of fluid into the system,
and not vice-versa. This supports higher fluid:rock ratios for a Rainbow type vent
chemistry that has elevated Ca concentrations likely resulting from the dissolution of
plagioclase and clinopyroxene in high fluid flow zones, like along a fault surface. The
removal of Ca from solution along with low dissolved silica concentrations explains the
high pH, as H+ was released into solution at higher fluid:rock ratios at the beginning of
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the simulation, and the solution later became buffered by the presence of increasingly
large portions of An80 as the fluid:rock ratio decreased with incremental addition of rock
to the model source fluid. This model illustrates that lower pHs are obtained when more
fluid is available to alter plagioclase to chlorite and olivine to tremolite, releasing H+, Ca
and Si into solution.
This contrasts with the behavior of dissolved species in Model 2, as increased
concentrations of Mg were added to solution resulting in a decrease in the fluid pH
(Figure 15). Large quantities of Ca, Fe and Si were released into the fluid with decreased
pH that was not removed by precipitation of alteration phases. This indicates that with
decreased pH dissolution of minerals occurred more rapidly than precipitation, and fluids
were able to concentrate dissolved species like Ca, Fe and Si in solution. This is an
important observation, as Rainbow vent fluids are characterized by the highest Fe
concentrations ever measured from a hydrothermal vent system (Douville et al., 2002;
Charlou et al., 2002). This illustrates that the alteration of olivine and plagioclase to
clinochlore-90, tremolite and magnetite is capable of producing the high concentrations
of Fe measured from the Rainbow vent field, and that a pure ultramafic-lithology is not
necessary. It is important to note though that the concentrations of Ca produced in Model
2 far exceeded that ever measured from a vent field, which calls into question the ability
of thermodynamic databases like GWB to simulate CaCl complexing from natural
hydrothermal systems at the elevated temperatures analyzed in this study. Overall, the
two models illustrate that higher fluid:rock ratios support the development of chlorite +
tremolite alteration assemblages and while still releasing significant major elements into
the hydrothermal solution. Similarly, while it cannot be shown experimentally how a
fluid containing elevated Mg activities interacts with a rock, the fluid pH will decrease
and major element concentrations will increase significantly.

Results from the two

models support findings from the experiment, and illustrate that higher fluid:rock ratios
containing Mg-bearing fluids is highly capable of producing Rainbow type vent fluids.
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Trace Elements
Trace elements can often be used to explain the fluid flow path of a hydrothermal
solution prior to venting.

The trace element concentrations measured in final

experimental solutions supports the ability of a troctolitic rock to control the fluid
chemistry in slow-spreading ridge environments. The trace element B is considered a
soluble element at high temperatures and pressures, being preferentially retained in the
liquid phase (Seyfried et al., 1984; Berndt et al., 1988; Berndt and Seyfried, 1990; Smith
et al., 1995), making the discovery of high temperature fluids venting from Rainbow
depleted in B relative to seawater confounding. Ophiolite samples illustrated that rocks
with basaltic composition absorbed less B with increasing depth and temperature
(Levinson and Ludwick, 1966; Thompson and Melson, 1970; Ellis and Mahon, 1964,
1967), so the discovery that serpentine minerals contained between 10-30 times more
boron than their unserpentinized counterparts (Thompson and Melson, 1970; Boschi et
al., 2008; Fruh-Green et al., 2004; Savov et al., 2005) and the fact that samples altered to
serpentine at 150-250°C had higher B contents than talc and amphibole-rich rocks at
similar temperatures (Boschi et al., 2008) supported serpentinization processes
contributing to the confounding fluid chemistries measured at Rainbow. Yet, Bonatti et
al. (1984) conducted O-isotope analyses to determine the temperature of formation of a
suite of serpentine samples and correlate these temperatures to the B contents measured
and found an inverse relationship between the temperature of serpentinization and boron
content, indicating that the samples quoted for having high B concentrations were
serpentinites formed at low temperatures. Experiments reacting ultramafic rock with Clbearing fluids at 300°C, 500bars further indicated that B was not removed from solution
at high temperatures, but only transferred from solution to serpentine minerals upon
cooling and decreasing the pressure at the end of the experiment (Seyfried and Dibble,
1980). Similarly, experiments conducted by Tenthorey and Hermann (2004) found that B
was leached from serpentine at higher pressures and incorporates into the surrounding
alteration and mafic minerals, supporting the incorporation of B into other alteration
phases over serpentine at high pressures. This study supports all the previous findings,
while providing an alteration assemblage that is capable of removing B from solution at
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high temperatures and pressures. The solution used for the serpentine + plagioclase
experiment began with 384 µmol/kg B, and increased to 658 µmol/kg after 1647 days
(Table 3; Figure 8).

This illustrates that serpentine minerals formed at lower

temperatures release B when they are subjected to elevated temperatures, eliminating the
possibility that serpentine minerals formed prior to mass hydrothermal alteration
processes depleted high temperature hydrothermal solutions of B. This observation is
extremely significant because Marques et al. (2006) determined that gabbroic bodies
were intruded into a previously serpentinized peridotitic body at the Rainbow field, in
which case the interaction of plagioclase and serpentine would control fluid chemistry.
Instead, the alteration of plagioclase + serpentine at high temperatures released B into
solution, which illustrates that a previously serpentinized lithology would not decrease
the B content of hydrothermal fluids like observed at Rainbow, and thus could not be the
rock involved in the dominant zone of alteration. This is supported by observations of
Boschi et al. (2008) of the alteration phases formed at the Atlantis Massif, which found
that talc formed from serpentine minerals were depleted in B and actually released B into
solution. Since Rainbow fluids vent at >360°C, it is unlikely that serpentinites are
involved in the fluid flow path, unless seawater derived fluids flow through the
serpentinites at shallow depths and great distances from the vent field prior to nearing the
subsurface high temperature alteration environment.

Conversely, B concentrations

decreased from 384µmol/kg to 179µmol/kg after 774 days (Table 3; Figure 8) in fluids
interacting with the troctolitic rock (experiment 2). Therefore, the chlorite and smectite
minerals formed in this experiment could provide a sink for B in high pressure and
temperature environments. It is important to note that prior experiments conducted by
Seyfried and Dibble (1980) and Janeckey and Seyfried (1980) indicated that B was
removed from solutions at 300°C when the solution had a neutral to slightly acidic pH,
similar to that produced in these experiments, which could play a larger role in the
removal of B by the troctolite than the rock type. If this was the case, further studies
would need to be conducted to determine how B concentrations were affected by reacting
an acidic hydrothermal solution with a troctolitic rock at 420°C and 500bars.

51

Similarly, Li is an extremely soluble element at temperatures higher than 150°C,
though unlike B, small but significant concentrations of Li are retained in hydrous
alteration phases (Ryan et al., 1987). Li concentrations also not only reflect the quantity
of rock it has come in contact with, but also the pressure, temperature, and compositional
constraints of its alteration environment, and the water/rock ratio at which alteration
occurs with low water/rock producing lower concentrations of Li in solution (Donnelly et
al., 1980; Seyfried et al., 1983). Therefore, if the removal of Li by alteration phase
formation is considered constant for all systems, the concentrations of vent fluids can be
used to estimate the total amount of rock encountered by fluid (Berndt et al., 1988). For
example, the Rainbow and Logatchev vents produce lower Li concentrations than the
nearby basalt-hosted slow-spreading Broken Spur, TAG and Snake-pit fluids, which has
been interpreted to indicate a lower fluid/rock ratio for the ultramafic-bearing vents
(Schmidt et al., 2007). The Li concentrations for this suite of experiments follow the
expected trends. Li is released into solution in higher concentrations for experiments that
contain unstable phases, like the troctolite experiments released much larger
concentrations of Li to solution than the mafic mineral + plagioclase experiments. Of the
mafic + plagioclase experiments, the olivine + plagioclase and serpentine + plagioclase
experiments removed Li from solution, while the enstatite + plagioclase experiment
released Li from the rock. Yet the experiment that released the highest concentration of
Li into solution was the alteration phase experiment. The Li was not released from the
plagioclase minerals, as all of the mafic mineral + plagioclase experiments contained
larger quantities of plagioclase than the alteration experiment, and they did not release
significant concentrations of Li.

Therefore, the alteration phases chlorite + talc +

tremolite released Li into solution. Since the high-temperature fluids of Rainbow and
Logatchev have lower Li concentrations than nearby basalt hosted systems, it is unlikely
that the Li concentrations measured at these vent environments results from the transport
of fluids along a highly altered fault surface. Alteration phases release Li into solution at
faster rates than unaltered stable minerals which would not create the low Li
concentrations of Rainbow.

Similarly, Li concentrations remain lower when lower

water/rock ratios exist along the fluid flow path. Both of these observations make it
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unlikely that the Li concentrations measured from Rainbow result from the transport of
fluids along an alteration dominated fault surface.

Constraints on Fluid Flow Path

Combining the major and trace element chemistry changes that resulted from the
suite of closed-system experiments with expected open-system fluid chemistry
development determined using computer models indicates that hydrothermal fluids
develop in a permeable environment containing fresh plagioclase + peridotite rock
surfaces. Computer models illustrated that greater concentrations of Ca, Fe, and SiO2
were released into hydrothermal fluids when the fluid:rock ratio was higher than used in
the experiments, which would likely occur either at a fault surface or in a high
permeability zone. Fluid channeling along a fault surface can be ruled out by examining
how the trace elements B and Li are enriched in fluids that interact with alteration
assemblages, which contrasts with the depleted B and Li concentrations measured in
Rainbow vent fluids relative to seawater values. An established fault surface would be
dominated by either the alteration assemblage serpentine + talc, or chlorite + tremolite +
talc, depending on the initial rock composition present along the fault surface. Since both
of the experiments containing alteration phases, the serpentine + plagioclase experiment
and the chlorite + tremolite + talc experiment released B and Li into solution instead of
depleting the solution in these elements like observed in Rainbow vent fluids, it is
unlikely that a fault surface controls the development of hydrothermal fluids. While it
has been proposed that B and Li depletions of slow-spreading ridge vent fluids relative to
seawater result from the progressive uptake of B and Li over long distances at low
temperature conditions via both serpentine and greenschist facies producing alteration
processes, this concentration change would be reversed if the fluids later flowed over a
strongly altered fault surface.
A review of fault controlled hydrothermal venting by Curewitz and Karson (1997)
further calls into question whether the Rainbow vent field results from the channeling of
fluids along a fault surface.

Stresses resulting from fault propagation increase
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permeability and lead to a flux of hydrothermal fluids along the fault surface, which vent
to form seafloor ore deposits. Yet, in fault controlled vent environments, movement of
the fault leads to migration of the subsurface region undergoing stress and thus results in
fossil vents marked by extinct ore bodies, and formation of a nearby active vent marking
fluid flowing through newly formed fractures. A trail of extinct vents corresponding to
active vents located along the fault surface at Rainbow has not been observed, which
calls into question whether this process is occurring. Instead, high fluid:rock ratios likely
result from the intrusion of gabbroic bodies into the subsurface resulting in expansion of
the wall rock and a resulting increase in the permeability. This provides new rock
surfaces that fluid can circulate through, which is necessary to maintain a fluid of
constant composition for over 10,000 years (Saccocia et al., 1994).
CONCLUSIONS
This study combines experimental and theoretical data to illustrate how ultramafic
minerals in a plagioclase-bearing system will produce a chlorite dominant and serpentine
deficient alteration assemblage. These mineralogical changes play a key role in helping to
account for the acidic Fe, H2 and SiO2-enriched, and B-depleted hydrothermal fluids from
the Mid-Atlantic Ridge Rainbow vent field, 36°N. Indeed, hydrothermal alteration of
troctolite at 420°C, 500bars with composition similar to that sampled from Atlantis
Massif drill core 1309D produced a fluid containing ~22mmol/kg H2 by oxidizing the Fecomponent of enstatite and olivine to ferric-Fe, while apparently incorporating Fe3+ into
chlorite and smectite minerals. This is supported by results of computer simulations
involving hydrothermal alteration of mineral components typical of troctolite. These data
indicate abundant formation of chlorite with concomitant release of significant dissolved
H2 despite the absence of serpentine and magnetite formation in the modeling results.
Model predictions also suggest that relatively high fluid/rock mass ratios may place an
important and previously overlooked constraint on hydrothermal alteration processes at
Rainbow and related ultramafic hosted hydrothermal systems where tectonic effects can
be significant.
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Rainbow vent fluids are characterized by relatively low Li and B concentrations,
which can be taken to indicate the removal of these elements from seawater derived
fluids during low temperature recharge of the high temperature Rainbow system, or it
could indicate the high temperature alteration of minerals that remove these elements
from the solution. Results of hydrothermal experiments with fresh minerals (e.g., olivine
and plagioclase) indicate limited mobility of Li and B at elevated temperatures and
pressures, which, in effect, allows the “earlier” low temperature stage of alteration to be
recognized. This is not the case for high temperature experiments involving previously
altered phases, such as serpentine, however, where notable amounts of Li and B partition
into the fluid. Thus, this observation provides additional data in support of the previously
proposed hypothesis that serpentine does not play a large role in the chemical evolution
of Rainbow vent fluid. Computer simulations are also useful in illustrating the effects of
time and time dependent changes in fluid chemistry on hydrothermal alteration processes.
As emphasized earlier, minerals such as olivine and plagioclase react only sluggishly in
aqueous fluids at elevated temperatures and pressures owing to phase equilibria
constraints. Accordingly, it is not possible in the normal course of experimental time
constraints to achieve the same extent of reaction progress applicable to the natural
system. Moreover, the inherently open system nature of natural systems allow for
compositional variability, which is difficult to examine experimentally. For example,
small changes in fluid/rock mass ratio may occur naturally with important implications
for pH control and mass transfer. Indeed, modeling results underscore the special role of
dissolved Mg, which may be a proxy for fluid/rock ratio, on pH lowering, with collateral
effects on the dissolved concentration of Fe. The high Fe concentrations of Rainbow
vent fluids are a notable characteristic, which can be accounted for well by the levels of
dissolved Mg predicted by the computer simulation, and actually observed at Rainbow.
This is possible in nature only by the existence of relatively high seawater/rock mass
ratios.
The experimental interaction of a hydrothermal solution with a troctolite rock at
420°C and 500bars illustrates that the incorporation of ferric Fe into chlorite can produce
the elevated H2 concentrations measured at Rainbow, though higher fluid:rock ratios
55

would promote oxidation of Fe and acidification of hydrothermal fluids. Since alteration
assemblages release trace elements into solution that contradict values measured in
Rainbow fluids, higher fluid:rock ratios cannot result from fluid upflow along a fault
surface, but rather results from the increased permeability resulting from the intrusion of
gabbroic bodies into the subsurface near the fault surfaces. Intrusions promote fracturing
of nearby rock which increases permeability and allows greater quantities of fluid to
migrate near the heat source and later flow out along the fault surface, which provides a
high permeability surface along which fluids can channel to the surface.
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Figure 1: Experimental pressure-temperature diagram for reactions involving the breakdown of
antigorite and forsterite + talc. Reaction curves are schematic, while only the red highlighted
region represents crustal pressure conditions where serpentinization could occur and contribute
to hydrothermal fluid alteration processes. The diagram indicates that serpentine can form at
conditions up to 530°C for ~3 Kbar pressure from mantle derived rocks. Adapted from Ulmer
and Thommsdorff (1996).
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Figure 2: Pressure-temperature diagram illustrating transition boundaries between the different
polymorphs of serpentine and olivine, water and talc. Figure shows at which conditions the
different polymorphs are stable, with lizardite forming at the lowest temperatures, chrysotile
forming at higher temperatures, and antigorite forming as the highest temperature polymorph.
Taken from Mevel (2003).
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Rainbow
Fluid
Chemistry

Figure 3: Mineral-fluid phase diagram constructed for the MgO-SiO2-H2O system as a function
of temperature and SiO2 at 500bars (Thermodynamic data from Helgeson et al. (1978)) to
illustrate that talc is the phase that will form and not serpentine at the SiO2 concentrations
measured at the Rainbow vent field.
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amphibolite facies. Curves illustrate the transition determined from field observations and three
different experimental results. Modified from Maruyama et al. (1983).
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Figure 5: An X-Ray florescence map of a plagioclase grain interacting with olivine to form
chlorite and magnetite alteration phases. Chlorite rims the plagioclase grain, and magnetite is
observed in a rim alongside the chlorite, but in contact with the olivine grain. X-Ray florescence
map of a thin section of troctolite from Atlantis Massif hole 1309D.
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Figure 6: Schematic illustration of hydrothermal solution equipment and flexible gold-titanium
reaction-cell. Taken from Seyfried et al. (1987).
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Figure 7 a,b,c,d,e,f: Major element concentrations measured in fluid over the course of
experiments conducted in this study. Each plot illustrates element concentrations for a single
experiment. Ca represented by triangle curves, H2 represented by circle curves, SiO2 represented
by diamond curves, and Fe is represented by the square curves.
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Figure 8: Comparison of the major element concentration changes measured in the final fluid
sample from the suite of experiments conducted in this study.
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Figure 9: Comparison of the trace element concentration changes measured in the final fluid
sample from the suite of experiments conducted in this study.
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Figure 10 a,b,c,d: Al2O3-CaO/MnO-MgO/FeO Ternary diagrams illustrating composition of
mineral phases determined by microprobe analyses.
Stars illustrate where pure mineral
compositions would plot on the ternary diagrams for reference.
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Figure 11 a,b,c,d: GWB plots modeling log(aCa/a(H+)2) vs. logaSiO2 of fluid in contact with a
rock containing plagioclase and olivine. Plots a and b were simulated at 400°C and 500 bars,
while plots c and d were simulated at 420°C and 500 bars. No minerals were suppressed in
simulations a and c, while talc was suppressed in simulations b and d. These plots illustrate
which alteration minerals will exist in equilibrium with fluids of different aCa, a(H+)2,and aSiO2
concentrations. Points 1-5 on each of the plots indicate the alteration phases expected to be in
contact with a rock dominated by olivine + plagioclase, with the fluid chemisty analyzed at the
end of each of the experiments.
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Model 1: Minerals Produced at Different Fluid:Rock Ratios for an An80 + Fo90 Bearing System
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Figure 12: GWB simulation illustrating the addition of a 65% An80 and 35% Fo90 rock mixture
to a Rainbow-type source fluid. Reaction progress documents the addition of rock from a pure
fluid beginning at a fluid:rock of infinity, down to a final fluid:rock ratio of unity. Curves
illustrate the accumulation of primary and alteration phases with reaction progress at 420°C and
500bars.
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Model 1: Major Dissolved Species Concentrations Released with Decreasing Fluid:Rock Ratio
for an An80 + Fo90 Bearing System
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Figure 13: GWB simulation illustrating the addition of a 65% An80 and 35% Fo90 rock mixture
to a Rainbow-type source fluid. Reaction progress documents the addition of rock from a pure
fluid beginning at a fluid:rock of infinity, down to a final fluid:rock ratio of unity. Curves
illustrate the accumulation of dissolved major species in fluid with reaction progress at 420°C
and 500bars.
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Model 2: Minerals Produced with Increase in Mg Activity for an An80 + Fo90 Bearing System
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Figure 14: GWB simulation illustrating the addition of a 65% An80 and 35% Fo90 rock mixture
to a Rainbow-type source fluid. Reaction progress documents the addition of rock from a pure
fluid containing limited activity of Mg similar to that measured in experimental solutions for a a
beginning fluid:rock ratio of infinity, down to a final fluid:rock ratio of unity and a fluid
containing an elevated activity of Mg, similar to that measured venting from Rainbow (Seyfried
et al., 2011). Curves illustrate the accumulation of dissolved major species in fluid with reaction
progress at 420°C and 500bars.
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Model 2: Major Dissolved Species Concentrations Released with Increasing Mg-Activity for an
An80 + Fo90 Bearing System
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Figure 15: GWB simulation illustrating the addition of a 65% An80 and 35% Fo90 rock mixture
to a Rainbow-type source fluid. Reaction progress documents the addition of rock from a pure
fluid containing limited activity of Mg similar to that measured in experimental solutions for a a
beginning fluid:rock ratio of infinity, down to a final fluid:rock ratio of unity and a fluid
containing an elevated activity of Mg, similar to that measured venting from Rainbow (Seyfried
et al., 2011). Curves illustrate the accumulation of dissolved major species in fluid with reaction
progress at 420°C and 500bars.
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100 µm

100 µm

SEM Images 1 and 2: Plagioclase minerals prior to experiments.

200 µm

100 µm

SEM Images 3 and 4: Olivine minerals prior to experiment.

100 µm

100 µm

SEM Images 5 and 6: Enstatite minerals prior to experiment.
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SEM Images 7 and 8: Serpentine minerals prior to experiment.

200µm

100µm

Images 9 and 10: Alteration products formed in Experiment 1 (No-Mg Troctolite
Experiment) and analyzed with SEM.

100µm

100µm

Images 11 and 12: Alteration products formed in Experiment 2 (Mg Troctolite
Experiment) and analyzed with SEM.
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Images 13 and 14: Alteration products formed in Experiment 3 (Olivine-Plagioclase
Experiment) and analyzed with SEM.

100 µm

100 µm

Images 15 and 16: Alteration products formed in Experiment 4 (Enstatite-Plagioclase
Experiment) and analyzed with SEM.

100 µm

100 µm

Images 17 and 18: alteration products formed in Experiment 5 (Serpentine-Plagioclase
Experiment) and analyzed with SEM.
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Images 19, 20 (Troctolite Experiments) and Image 21 (Olivine-Plagioclase
Experiment): Illustrates plagioclase dominant mineral breaking down with almost all of
original mineral replaced by alteration products. Microprobe images of thin section.
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Images 22 and 23 (Troctolite Experiments): Illustrates plagioclase surrounded by
coronas of chlorite and smectite. Microprobe images of thin section.
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Images 24 and 25 (Olivine-Plagioclase Experiment): Illustrates plagioclase surrounded
by coronas of chlorite and smectite. Microprobe images of thin section.
Smectite

Plagioclase

Chlorite

Plagioclase
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Images 26 and 27 (Troctolite Experiments): The aggregates of alteration product
grains mimic the original mineral structure, filling in where the edges of the plagioclase
have been completely destroyed and the original shape of the plagioclase grains is
marked by the rims of chlorite/smectite. Microprobe images of thin sections.
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Smectite
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Chlorite

Image 28 (No-Mg Troctolite Experiment): Clinopyroxene breaks down more rapidly
than the other two mafic minerals with some grains forming a popcorn structure of
clinopyroxene intermixed with smectite minerals, similar to how plagioclase breaks
down, while other grains only break down along cleavage planes. Microprobe image of
thin section.
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Images 29, 30, 31 and 32 (Mg Troctolite Experiment): Clinopyroxene and
orthopyroxene break down along cleavage planes at the same rate as the grain edges
break down. Images 29 and 30 were taken with microprobe while image 31 and 32 were
taken of a petrographic thin section under both plane polarized light (31) and crossed
polars (32).
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Images 33, 34, 35, 36, 37, 38, 39: Olivine breaks down from the edges inwards. Image
33 was taken with microprobe of a thin section, while images 34, 36 and 38 were taken
under plane polarized light and images 35, 37, 39 were taken under crossed polars.
Opx

Opx

Plag

Opx

Opx

Opx
Opx

Plag

Plag
Opx
Opx

Opx

Plag

Opx

100 µm

Plag

100 µm

Opx

Images 40 and 41: Enstatite breaks down from the edges inwards, with large portions of
the original minerals still present at the end of the experiment. Pictures were taken of a
thin section under plane polarized light (Image 40) and under crossed polars (Image 41).
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Images 42 and 43: Alteration phases formed in the enstatite + plagioclase experiment
were identified as amphibole minerals. It formed where enstatite broke down the outsidein, forming amphibole minerals where the original minerals broke down.
99

Table 1: Major (Wt %) composition and selected trace element composition of rocks and minerals
used as starting reactants for experiments.
Troctolite

SiO2
Al2O3
TiO2
Fe2O3
FeO
MnO
MgO
CaO
Na2O
K2O
H2O
FeS2
Total

43.89
12.62
1.36
20.51
0.24
14.57
6.10
2.01
0.39
101.69

Plagioclase
(An80)
48.13
32.73
0.05
0.48
0.01
0.23
15.68
2.40
0.07
99.78

Olivine
(Fo89)
39.73
0.04
0.00
0.00
10.61
0.00
48.39
0.12
0.18
99.07

Serpentine
(Serp90)
38.28
0.87
0.03
7.95
0.05
36.03
1.71
0.02
84.94

Enstatite
(En86)
52.53
6.05
0.36
5.60
0.13
19.56
15.94
0.74
100.91

Chlorite
(Chl67)
26.53
21.96
0.39
2.12
16.49
0.08
20.6
0.11
0
0
11.46
0.08
99.91

Talc
62.50
0.14
0.03
0.10
0.03
30.50
0.36
0.07
0.02
4.70
98.65

Tremolite
(Tr99)
54.74
1.40
0.12
0.25
0.01
23.54
17.27
0.15
0.08
5.42
102.98

Table 2: Fluid Chemistry and rock material used in the 6 different experiments
Experiment Fluid Chemistry
Solid Reactants
CaCl2.2H2O, KBr, NaCl
Troctolite
1
Troctolite
2
Olivine+Plagioclase
3
B, CaCl2.H2O, KBr, LiCl, MgCl2.6H2O, NaCl
Enstatite+Plagioclase
4
Serpentine+Plagioclase
5
Chlorite+Talc+Tremolite+Magnetite+Plagioclase
6
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Table 3: Fluid Chemistry Resulting From Rock Powder Alteration Experiments (80-150µm)
pH
25°C

pH
420°C

SiO2
(mM)

Cl
(mM)

Br
(mM)

SO4
(mM)

Na
(mM)

Li
(µM)

K
(mM)

Rb
(µM)

Fe
(mM)

Mg
(µM)

Ca
(mM)

Sr
(µM)

Ba
(µM)

Mn
(µM)

Cu
(µM)

Zn
(µM)

B
(µM)

H2S
(mM)

H2
(mM)

Rainbow
Vent Fluid

2.8

4.9

6.9

750

1.2

6.9

553

340

20

37

24

0.0

67

200

67

2250

140.0

160

0.0

1.2

16-18

Basalt
400°C

0.0

3.2

19.1

581

0.0

0.0

0.5

274

34.5

0.0

4.0

0.0

22.4

0.0

3.6

1005

31.0

214

0.0

17.5

0.0

Seawater

7.8

0.0

0.1

546

0.8

29.5

468

26

10.2

1.4

0.0

52.9

10.3

87

0.1

0.0

0.0

0.0

450

0.0

0.0

0mM Mg
Troctolite

6.0

5.8

0.0

747

1.2

0.0

593

2

1.3

0.2

0.0

0.0

64.7

16

7.1

0.0

0.0

0.9

13.6

0.0

0.0

99 hrs

4.1

5.7

9.3

761

1.3

0.0

655

166

8.3

6.9

3.7

22.2

50.0

138

49.2

713

1.1

25.8

39.3

0.8

9.1

269 hrs

4.8

5.7

9.4

756

1.3

0.0

655

243

9.8

7.8

4.0

23.6

46.3

162

58.8

838

2.9

60.9

34.4

0.5

13.3

409 hrs

4.7

5.8

10.2

756

1.3

0.0

659

267

10.3

7.8

3.6

19.5

44.8

174

61.4

789

3.6

78.7

0.0

0.4

20.5

648 hrs

4.5

5.8

11.4

767

1.3

0.0

650

297

29.0

9.0

3.8

21.1

45.4

209

71.5

799

2.4

113.4

35.6

0.4

18.4

1248 hrs

3.9

5.5

12.8

767

1.3

0.8

646

337

11.2

9.9

4.0

22.0

37.9

220

75.7

779

0.0

53.9

38.8

0.4

13.7

2016 hrs

4.0

6.1

14.6

755

1.2

2.6

669

314

11.4

10.1

4.6

35.1

35.3

227

81.9

906

0.0

77..7

29.6

0.5

7.7

25mM Mg
Troctolite

5.5

5.5

0.0

769

0.0

0.0

550

315

20.1

0.0

0.0

24210.0

65.1

16

0.5

0.0

0.0

0.1

384.3

0.0

0.0

101

99 hrs

5.2

5.8

10.5

777

0.0

0.0

570

415

23.3

4.3

5.4

89.6

64.2

164

58.4

1095

0.4

61.4

407.5

0.3

10.9

267.5 hrs

5.5

5.9

10.8

773

0.0

0.1

593

470

23.8

4.6

5.5

62.9

59.5

188

68.9

1211

14.8

87.9

427.7

0.4

18.3

435.5hrs

5.0

5.9

11.0

781

0.0

0.1

595

479

23.7

4.4

5.4

76.2

58.3

206

69.1

1197

15.0

61.7

424.9

0.6

21.8

603.5hrs

4.4

5.8

11.0

781

0.0

0.2

595

486

23.6

5.0

5.3

46.0

58.0

219

72.5

1153

12.1

69.7

425.5

0.5

23.8

774 hrs

4.3

5.8

11.2

786

0.0

0.2

606

505

23.9

5.0

5.6

59.1

56.8

231

82.0

1142

2.1

91.3

179.0

0.0

22.2

25mM Mg
Plag-Oliv

5.5

5.5

0.0

769

0.0

0.0

549

315

20.1

0.0

0.0

24210.0

65.1

16

0.5

0.0

0.0

0.1

384.3

0.0

0.0

109 hrs

6.0

5.9

4.3

774

0.0

0.1

574

318

19.8

0.0

1.4

159.8

75.0

161

10.2

246

2.2

24.9

384.6

0.0

1.6

373 hrs

5.8

5.9

4.9

779

0.0

0.1

581

301

19.7

0.7

1.5

68.8

66.1

190

14.0

310

2.9

23.0

409.3

0.0

1.7

709 hrs

5.7

6.0

5.3

765

0.0

0.7

594

294

20.1

0.2

1.4

55.2

58.6

205

18.6

347

2.3

21.6

372.7

0.0

1.8

25mM Mg
PlagEnstatite

5.5

5.5

0.0

769

0.0

0.0

549

315

20.1

0.0

0.0

24210.0

65.1

16

0.5

0.0

0.0

0.1

384.3

0.0

0.0

56 hrs

4.1

5.6

13.0

771

0.0

0.7

542

318

19.4

0.0

8.2

984.5

79.2

51

15.4

11

51.2

31.1

250.0

0.0

1.3

296 hrs

5.1

5.9

14.5

775

0.0

0.7

535

319

19.1

6.0

8.7

492.2

81.9

63

11.5

698

1.5

26.8

0.0

0.0

1.1

968 hrs

5.3

5.9

18.1

790

0.0

0.4

532

330

19.0

0.0

8.4

470.0

82.2

66

6.8

734

8.6

27.7

350.7

0.0

0.4
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25mM Mg
PlagSerpentine

5.5

5.5

0.0

769

0.0

0.0

549

315

20.1

0.0

0.0

24210.0

65.1

16

0.5

0.0

0.0

0.1

384.3

0.0

0.0

39 hrs

4.2

5.8

13.5

787

0.0

0.8

548

313

19.5

0.3

3.2

1223.3

80.0

61

3.3

215

7.6

9.6

617.5

0.0

1.4

375 hrs

5.3

5.9

8.1

764

0.0

0.4

548

314

19.3

0.0

5.3

110.5

80.8

133

7.4

191

0.0

5.0

653.7

0.0

0.4

711 hrs

5.3

5.9

8.4

738

0.0

0.4

551

299

18.9

0.0

0.4

102.6

77.7

171

10.8

179

2.6

12.7

598.9

0.0

0.2

1647 hrs

5.5

6.0

9.9

754

0.0

0.6

557

294

18.6

0.0

0.5

80.5

70.7

210

14.7

193

4.0

12.9

657.6

0.0

0.1

25mM Mg
ChloriteTalcTremolitePlagMagnetite
583 hrs

5.5

5.5

0.0

769

0.0

0.0

549

315

20.1

0.0

0.0

24210.0

65.1

16

0.5

0.0

0.0

0.1

384.3

0.0

0.0

4.6

5.9

11.8

770

0.0

0.7

503

592

18.7

0.7

4.3

242.7

75.1

57

5.7

125

25.0

59.1

121.1

0.0

0.1

871 hrs

5.6

6.1

13.4

766

0.0

1.0

548

629

19.8

0.1

5.1

287.0

81.0

64

6.5

35

63.1

63.9

333.5

0.0

0.1

1760 hrs

4.9

6.0

14.7

788

0.0

0.8

549

671

19.8

0.0

6.5

363.0

79.4

64

5.9

162

73.9

67.4

438.0

0.0

0.1
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Table 4: The relative abundances of the different alteration phases
produced from the different rock mixtures used in the experiments
from this study
Experiment

Alteration Products

Relative
Abundances

Both Troctolite

Chlorite
Al/Ca/Na-Smectite
Ilmenite
Chlorite
Al/Ca/Na-Smectite
Al/Ca/Na-Smectite
Talc
Stevensite
Serpentine (?)

Abundant
Abundant
Minor
Abundant
Abundant
Abundant
Common
Common
Common (?)

Olivine+Plagioclase
Enstatite+Plagioclase
Serpentine+Plagioclase
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Table 5: List of greenschist facies alteration reactions observed in troctolitic rocks that are capable of producing H+ and H2.
Reaction 1: Blackman et al. (2006) equation re-written in cation form from petrologic oxide form
Anorthite + Forsterite = Clinochlore + Tremolite
11CaAl2Si2O8 + 35Mg2SiO4 + 42H2O + 10H+ = 3Ca2Mg5Si8O22(OH)2 + 11Mg5Al2Si3O10(OH)8 + 5Ca2+
Reaction 2: Fletcher et al. (1997) equation re-written in cation form from petrologic oxide form
Anorthite + Forsterite = Clinochlore + Tremolite
40.2Mg1.68Fe0.32SiO4 + 15.1Ca0.75Na0.25Al1.75Si2.25O8 + 65.2H+ + 9.36Na+ + 20.94H2O = 12.77NaAl(OH)4 + 1.7Ca2+ + 5.34Fe2+ +
20.56Mg2+ + 12.03SiO2 + 5.7Mg4FeAl2.15Si3.85O10(OH)8 + 5.2Ca1.83Na0.07Fe0.35Mg4.65Al0.27Si7.73O22(OH)2
Reaction 3: Anorthite70 = Chlorite (Clinochlore)
20Ca0.7Na0.3Al1.7Si2.3O8 + 85Mg2+ + 136H2O + 5SiO2 = 17Mg5Al2Si3O10(OH)8 + 14Ca2+ + 6Na+ + 136H+
Reaction 4: Anorthite70 = Chlorite (Solid Solution including Fe3+)
20Ca0.7Na0.3Al1.7Si2.3O8 + 72.25Mg2+ + 12.75Fe2+ + 136H2O + 5SiO2 = 17Mg4.25(Fe0.632+)(Fe0.123+)Al2Si3O10(OH)8 + 14Ca2+ + 6Na+
+132H+ + 2H2(aq)
Reaction 5: Clinopyroxene = Actinolite
2+
4CaMgSi2O6 + 4Fe + 4H2O = Ca2Mg4FeSi8O22(OH)2 + 2Ca2+ + Fe3O4 + 3H2(aq)
Reaction 6: Olivine = Tremolite
5Mg2SiO4 + 11SiO2 + 4Ca2+ + 6H2O = 2Ca2Mg5Si8O22(OH)2+ 8H+
Reaction 7: Enstatite = Tremolite
5MgSiO3 + 3SiO2 + 2Ca2+ + 3H2O = Ca2Mg5Si8O22(OH)2 + 4H+
Reaction 8: Enstatite = Talc + Magnetite
60Mg0.85Fe0.15SiO3 + 8SiO2 + 20H2O = 17Mg3Si4O10(OH)2 + 3Fe3O4 + 3H2(aq)
Reaction 9: Olivine = Cummingtonite (conserving Mg in mineral phases)
10Mg1.8Fe0.2SiO4 + 14SiO2 + Fe2+ + 4H2O = 3Mg6FeSi8O22(OH)2 + 2H+
Reaction 10: Orthopyroxene = Cummingtonite (conserving Mg in mineral phases)
7Mg0.85Fe0.15SiO3 + 0.05Mg2+ + SiO2 + H2O = Mg6FeSi8O22(OH)2 + 0.05Fe2+
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