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ABSTRACT OF THE DISSERTATION

Fluid Origins, Paths, and Fluid-Rock Reactions At Convergent Margins, Using

Halogens, CI Stable Isotopes, and Alkali Metals As Geochemical Tracers

by

Wei Wei

Doctor of Philosophy in Earth Sciences
University of California, San Diego, 2007

Professor Miriam Kastner, Chair

Aqueous fluids play a major role in the physical and chemical evolution of
subduction zone systems and profoundly impact the elemental and isotopic
composition of the atmosphere, crust, mantle, and seawater. Chlorine stable isotope
ratios (8°’C1) and halogen concentrations (e.g. Br/Cl) in pore fluid samples and solid
samples from three subduction zones, the Nankai Trough, Costa Rica, and Mariana
Forearc, provide critical information on fluid sources, flow paths, and reaction
conditions at subduction zones. At the Nankai and Costa Rica subduction zones, the
8°’Cl values of pore fluids are significantly more negative (up to -7.8 %o, 26 =+ 0.3%o)
than seawater value (0 %o) and the Br/Cl ratios are higher than seawater value (1.5

x107). Both 8°’Cl and Br/Cl show lateral seaward evolution along the transects. The

Xvi



data indicate the existence of a deep-sourced fluid, originated from high temperature
hydrous mineral formations that preferentially incorporate the heavier Cl isotope
(’Cl), but exclude Br.

In contrast, the &°'Cl values in the pore fluids at the Mariana mud volcanoes
range from +0.3%o to +1.8%0 and the Br/Cl ratios are lower than the seawater ratio.
The positive §°'Cl values in the pore fluid and the high content of Cl with positive
8'Cl values (+1.2 to +6.0 %o) in the serpentines, support that the origin of the
upwelling pore fluids is the dehydration of the subducting serpentinized crust. These
upwelling fluids, together with ridge crest hydrothermal fluids, having &°"CI of +2.4%o
to +4.1%o, constitute the positive *’Cl fluxes into the ocean that compensate the
negative 8°'Cl fluid flux at subduction zones.

In an approach to estimate geochemical fluxes at mid-ocean ridges and
subduction zones, hydrothermal experiments were conducted and the alkali metals (Li,
K, Rb, and Cs) are used as tracers of fluid-rock reactions. The alkali concentration
ratios together with Li isotope ratios may be used as approximate geothermometers.
Hence, alkali elements could assist CI isotopes and halogen concentrations to identify
the temperature range and fluid-rock reactions at the fluid source in convergent

margins.
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CHAPTER 1

INTRODUCTION

1.1 The importance of fluids at convergent margins

Fluid is present throughout the Earth’s crust and mantle and it plays a critical
role in the major geological processes. The main important internal fluids at
convergent margins are: (1) pore fluids of the sediment and oceanic crust, present at
all depths, and expelled from the sediments by compaction and porosity reduction
during plate subduction or accretion. In the incoming sediments, the porosity is
approximately 50 + 10 % and reduced to < 5-10 % at great depths (i.e. (Kastner et al.,
1991) and references within); (2) fluids derived from diagenetic and metamorphic
dehydration reactions, such as smectite (~15 wt% interlayer water and ~6 wt%
structural water) to illite ( a total of 8.5% water) transition at 50-150 °C in the upper
crust. The change of physical properties of the solid phases localize shear and form
planes of weakness and may control the up-dip limit of seismicity (e.g. (Vrolijk, 1990;
Hyndman et al., 1993); (3) fluids from phase transformation (>200 °C) (O'Hanley,
1996) of high temperature hydrous minerals, such as serpentines, which contain ~13
wt% H>O and are estimated to compose 10-20% of oceanic crust (Carlson, 2001). The
stable-sliding serpentine or the brittle to ductile temperature transition may control the

down-dip limit of the seismogenic zone (e.g. Hyndman et al., 1997; Peacock, 1993).



The expelled fluids from these different processes are estimated to be ~7.0 x
10" kg/yr (Kastner et al., 1991; von Huene et al., 1991), assuming that the entire
ocean is recycled through the subduction zone in every 200 million years. The
expelled fluids are being returned to the ocean mostly via channelized fluid flow,
some via diffusive flow, or involved in arc volcanism, rehydrating the upper mantle to
produce serpentine diapirism, or being carried by the subducting plates into the
mantle. The fluids carry distinct geochemical and isotopic compositions, which are
critical for evaluating the types and extent of fluid-rock reactions, and fluid mixing.
Fluid cycling at subduction zones represents Earth's deepest hydrologic cycle and has
an impact on the chemistry of seawater, arc and back-arc volcanism, and
serpentinization of the shallow lithospheric mantle, hence plays an important role in
global geochemical cycles (e.g., (Hubbert et al., 1959; Carson et al., 1990; Kastner et
al., 1991; Spivack et al., 2002). Fluid flow also transports large amounts of heat, thus
are vital in the deformational and thermal evolutions of convergent margins (von
Huene, 1984; Moore et al., 1990; Kastner et al., 1993).

At divergent plate boundaries, i.e., ridge crest, fluid flow is as well very
important. Here thermal gradients drive convection of seawater through oceanic crust
and extensive fluid-rock reactions occur. The reacted fluids carry distinct chemical
and isotopic signals, such as higher than seawater Ca and alkali metals concentration,
zero Mg, and lower than seawater Li and Sr isotope ratios (Edmond et al., 1979; Mottl
et al.,, 1994; Elderfield et al., 1996). The flux of the hydrothermally altered fluid
greatly influences seawater chemistry and impacts these elemental and isotope oceanic

cycles. One of the key problems is the uncertainty of the relative importance of axial



ridge axis and ridge flank in the oceanic hydrothermal fluxes, because chemical fluxes
through ridge flanks are poorly constrained due to the wide range of crustal conditions
and lack of studies at ridge flanks (Mottl et al., 1994; Elderfield et al., 1996). The most
critical parameter for characterizing crustal condition is temperature, which can be
inferred, in turn, from profiles of sediment pore fluid chemistry (Mottl et al., 1994).

An addressed important question in this thesis is: how to distinguish between a
fluid sampled at depth that was solely produced by in situ fluid-rock reactions, or
consists of a mixture of the in situ fluid with a fluid from a different source, such as
fluid advected from greater depths, or simply with seawater. How can they be
differentiated and their paths identified? An additional important question is what are
the temperatures at the fluid-rock reaction sites?

Geochemical tracers, such as Cl and Br, and CI stable isotope ratios are mostly
not involved in low to moderate temperature retrograde reactions (except in evaporite
formation), but are probably reactive during high temperature hydrous mineral
formation or dehydration, thus preserve the original fluid-rock reaction signatures
during fluid transport. Therefore they were selected and emphasized in the thesis.

The alkali metals (Li, K, Rb, and Cs) have a strong affinity to the fluid with
increasing temperature (50-350 °C), and the variations in alkali concentrations in the
fluids are sensitive to the temperature of the fluid-rock reactions, thus could
potentially be used as approximate geothermometers, assist in identifying the
temperature of the fluid rock reactions.

Furthermore, because the concentration of the alkali metals (Li, K, Rb, and Cs)

and isotope ratios of Cl, Li and Sr become highly altered relative to seawater values in



the fluid during fluid-rock reaction with increasing temperature, the fluxes through
subduction zones and hydrothermal vents are important for their global geochemical

cycles.

1.2 Geochemical tracers for fluid flow and fluid rock reactions

1.2.1 The Halogens (F, Cl and Br) and ClI stable isotope ratios

Fluorine, chlorine, and bromine have long been identified as excess volatiles
via outgassing of the mantle or from a late accretion of volatile-rich material (Rubey,
1951; Anderson, 1974; Schilling et al., 1978; Schilling et al., 1980; Wanke, 1981;
Jambon, 1994). Despite their abundances and widespread distributions, the
geochemical cycles of F, Cl, Br are, as yet, not well constrained (Deruelle et al., 1992;
Jambon, 1994) and only limited data exist for the Cl concentration or Cl isotope
composition of most sea floor rocks, sediments, and minerals, much less about their Br
and F concentrations.

The halogens are excellent tracers in the fluids because their geochemical
behaviors are dominated by strong partitioning into the fluid phase. Chloride is the
most abundant anion in seawater, and fluids in crust and sediments that are subducted.
The two stable isotopes of chlorine are *°Cl and *’Cl, with natural abundance of
approximately 76% and 24%, respectively. Their relative mass difference, 5.7%, is
similar to the relative mass differences between the isotopes of C or S. Therefore, the
stable isotopes of Cl can significantly fractionate, and can be exploited to solve

geological problems.



Previous studies have shown that marine sedimentary pore fluids, especially in
subduction zones, have stable Cl isotopic compositions that are distinct from seawater,
with 8°’Cl (defined relative to modern seawater) values ranging from -0.9 %o to -7.8
%o at Nankai and Barbados (e.g. (Ransom et al., 1995; Spivack et al., 2002)),
indicating significant fractionation of Cl isotopes in the source regions or along their
flow paths. The generation of these isotopically light fluids is consistent with
hydration reactions in igneous oceanic crust resulting in positive 8°'Cl values, e.g. in
amphiboles and smectite samples (~+8 %o), such as those reported by Magenheim et
al. (Magenheim et al., 1995; Wei, 2005). The higher temperature hydrous minerals,
such as serpentines and amphiboles, often contain hundreds to thousands of ppm Cl
(Sharp et al., 2004) and this study) whereas smectite, a lower temperature mineral, on
average contains 20-30 ppm Cl ((Magenheim et al., 1995) and this study). Hence,
despite the smaller fractionation factors at higher temperatures, because of the high Cl
concentrations, formation of hydrous minerals deeper in the subduction zone could
have greater impact on the C1 and *’Cl compositions of the pore fluids and the ocean
than reactions which occur at shallower depths and lower temperature.

Fluorine is the smallest ion of the halogen group and has no naturally occurring
isotopes. Its ability to form complexes with certain transition metals, such as U and
Th, may lead to increase the solubility of such trace elements in the pore fluid.

Bromine is associated with organic matter diagenesis (Price et al., 1977). The
increasing ionic sizes of fluorine, chlorine, and bromine in the halogen group
determine the different partitioning of the halogens during fluid-rock reactions. During

hydrous mineral formation, such as serpentines, talc, chlorite, and amphiboles, which



contain hundreds of ppm of CI, but < ~5ppm of Br, Cl (*’Cl) is preferentially
incorporated into the mineral structure to replace OH, while Br may be excluded due
to its larger ionic size. Thus the residual fluid would be depleted in *’C1/*°Cl and Br/Cl
ratios. Consequently, during hydrous mineral dehydration, the Cl enriched in *’CI/°Cl
and water released would increase the &°'Cl value and Cl/Br ratios of the fluids.
Therefore, in addition to 837C1, the halogen ratios, such as Br/Cl, may also be used
diagnostically to fingerprint fluids that have been formed by specific reactions
(Magenheim et al., 1994; Ransom et al., 1995; Spivack et al., 2002).

Selected published data of F, Br, and CI concentrations, and Cl isotope ratios
in solids, fluids, and gases are listed in Table 1.2.1, representing their natural trend and
range of concentrations and Cl isotope ratios. As shown, the natural range of 3°'Cl

values of pore fluid and solid is significant (> 15%o).

1.2.2 Alkali Metal Concentrations (Li, K, Rb and Cs) and L.i Isotope Ratio

At low temperatures, the alkali metals (Li, K, Rb and Cs) are preferentially
partitioned into the solid phases, whereas at moderate to elevated temperatures they
are preferentially released into the fluid phase. The threshold temperature for release
into the fluid phase for each is as yet not well constrained, but could occur at as low as
50 °C (i.e. You et al., 1994; Seyfried et al., 1984, 1998, and references therein). A
detailed study of the alkali metal concentrations as a function of temperature may set

better constraints on the threshold temperatures. If each has a different threshold



temperature and fluid affinity with increasing temperature, they could be considered as
potential geothermometers. The enrichments of alkali metal concentrations in the fluid
with increasing temperature (50 to 350 °C) can also provide critical information on
their fluxes through hydrothermal ridge crests or through ridge flanks, and the nature
the reacting solid phases as sediments are more enriched in alkali metals than oceanic
basement, thus the involvement of sediments in arc volcanism (Hart, 1969; Hart et al.,
1982; Palmer et al., 1989; You et al., 1996; Seyfried et al., 1998).

The two isotopes of lithium (°Li and Li), with abundance of 7.52% and
92.48%, respectively, have a large relative mass difference of 14.4%, greater than
those of C and S isotopes, and can significantly fractionate in nature. The seawater

8'Li value is 32.4%o (Chan et al., 2000).

1.2.3 Sr Stable Isotope Ratios

The relative mass difference of *’Sr and *Sr is only 1.1%, therefore Sr isotopes
hardly fractionate and provide a signal of the source material involved in the reactions,
such as terrigenous continental source (highly radiogenic) versus arc volcanic or
oceanic basement source (non-radiogenic). The *’St/**Sr ratio of modern seawater is

0.709172 + 0.000010 (Hodell et al., 1990).



1.3 Outline of the thesis

The main objectives of the thesis were to establish a critical data-base for
halogen concentrations and Cl stable isotopes, to be used as effective geochemical
tracers capable of differentiating the volatile components released in situ from those
transported from a source at greater depth, probably from the up-dip or down-dip of a
seismogenic zone; to determine what controls the halogen elemental (F, Cl, and Br)
and CI isotopic systematics in subduction zone fluids, and use this information to
constrain fluid sources, transport, fluid mixing, fluid-rock reactions, and mass
transport into the ocean and mantle.

In order to characterize the partition behavior of the major and trace elements
in different types of fluid-rock reactions, and constrain the threshold temperatures for
elemental releases into the fluid phase, hydrothermal experiments were conducted to
mimic the natural system, to monitor the mobilities of elements, with emphasis on
alkali metals (Li, K, Rb and Cs), as well as on Li and Sr isotope exchanges, from 35 to
350 °C at 25 or 50°C increments. The reactivities of the solids from 35 to 350 °C were
also investigated. The results of the hydrothermal experiments help to evaluate the

alkali elemental and Li isotope cyclings in the ocean.



The thesis consists of the following chapters:

Chapter 1 introduces the importance of fluids at subduction zones and the main
geochemical tracers used in the study.

Chapter 2 presents a systematic study of halogen concentrations and stable
chlorine isotopic ratios (8°'Cl) of selected pore fluids and mineral phases in marine
systems, with a focus on subduction zones. The Cl isotopic data acquired in this thesis
work help to identify the fluid-rock reactions at source. In addition, the fluid paths and
fluid mixing are estimated at each subduction zone. The serpentines are important
hydrous minerals due to their abundance in oceanic crust and high contents of water
(13 wt%) and Cl. Therefore, different forms of serpentine were selected from various
locations for analysis. The CI isotope flux and cycle in the ocean is estimated on the
basis of the analyzed data in pore fluids, serpentines, and hydrothermal fluids.

Chapter 3 consists of results of element (Mg, Ca, Si, Sr, Li, K, Rb, and Cs)
concentrations and Li and Sr isotopes of both reacted fluids and solids in the
hydrothermal experiments from 35 to 350 °C, using a rocking autoclave apparatus
located at US geological Survey, Menlo Park. The alkali metal concentrations (Li, K,
Rb, and Cs) are shown to increase dramatically with temperature and the
concentration-temperature profile of each alkali metal is distinct, i.e. each has a
characteristic temperature-dependant partition between the fluid and solid phases. It
implies that alkali concentration ratios together with Li isotope ratios may eventually
be used as approximate geothermometers. The experimental data are applied to
estimate the approximate temperature of the deep-sourced fluid at the Costa Rica

subduction zone. The experimental results and mass balance calculations also suggest
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that the ridge flank environment is an important source for Cs, Sr and Li isotopes to
the ocean.

Chapter 4 is a conclusion chapter and also presents several broader
implications on Cl isotopes of natural hydrothermal fluids, Br element and isotope

ratios, and geothermometry.



Table 1.2.1 Summary of selected published halogen concentrations and &°’Cl values
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Samples F Br Cl 5YCl Reference
(ppm)  (ppm)  (ppm) (%o)
Meteorites 0.18- .
(Cl-type) 8-64 3901 580-849 +2.7 (Driebus, 1979)
. (Eggenkamp et al.,
evaporites - - . -0.58 10 +0.24  1994; Eggenkamp,
(200Ma)
i 1995)
Solids \jorB 89-388 - 40-170  +3.0t07.2
amphibolite 53-241 - 100- +0.4t03.4 (Magenheim et al.,
s 3000 1995)
smectite 397 -- 21-23 +4.0t0 7.5
gas
condensates 700- 12400- (Musashi et al.,
Gas (volcanic 39000 28900 061104029 5060
Island)
M) (M) (mM)
seawater 86 840 559 0 By definition
(Ransom et
. 800- 188- al.,1995; Spivack
pore fluids 0-105 1574 1090 -1.97t0 -8.5 et al., 2002)
(Gieskes, 2000)
(Chung et al.,2002;
Bach et al., 2002;
Fluids  HT fluids sy 3 B8 4.6-6.9 Bonifacie ct al.,
1832 1090 20.03 4006 2005)
’ ’ (Hurwitz et al.,
2005)
ground water -- -- 2to0+2 (Long et al., 1993)
rivers -- -- 0.07 <#1.0 (Holland, 1978)




CHAPTER 2
CHLORINE STABLE ISOTOPES AND HALOGEN CONCENTRATIONS IN

CONVERGENT MARGINS

2.1 Introduction on ClI stable isotope and halogens

The stable isotopes of Cl (*°Cl and *'Cl) are expected to significantly
fractionate and to solve geological problems. The method developed by (Taylor et al.,
1969) precisely measures Cl isotope ratios of methyl chloride by gas mass
spectrometry. With modifications (e.g. (Kaufmann et al., 1984; Eggenkamp et al.,
1994)) the methyl chloride method has been successfully used for groundwater;
mineral; whole-rock, including evaporites; and organic compound studies with a
precision of 0.24 %o, demonstrating significant natural CI isotope variations.

Despite these successes, use of this method has been limited to relatively CI-
rich samples (>1 mg ClI for a single analysis). Thus, it precludes analysis of many
geological samples or environments of limited supply or of low Cl abundance. A high
sensitivity method (ng of Cl), suitable for stable Cl isotopic analysis of samples with
low-Cl abundance (<100 ppm), by which the *’CI/*°Cl ratio is measured by positive
ion thermal ionization mass spectrometry (TIMS) with a reproducibility of 0.23%o,
was developed by Xiao and Zhang (1992) (Xiao et al., 1992) and Magenheim (1994)
(Magenheim et al., 1994) and recently refined by Numata (2001) (Numata et al.,

2001). This method has been used successfully for Cl stable isotope measurements of

12
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seafloor basalt glasses and altered oceanic crust, silicate minerals from layered
intrusions, chondritic meteorites, marine sediment pore fluids, atmospheric aerosols,
and organic compounds (e.g. (Magenheim et al., 1994; Magenheim et al., 1995;
Ransom et al., 1995; Boudreau et al., 1997; Stewart et al., 1997; Volpe, 1998)).
Recently it has been used to analyze hydrothermal fluids ((Bach et al., 2002; Chung et
al., 2002) and this thesis).

Because of the abundance of Cl, thus its long residence time and conservative
behavior in the water column, seawater is the standard for CI isotopes (‘Standard’
Mean Ocean Cl: SMOC). Numerous analyses of the seawater Cl isotope ratio
(Kaufmann et al., 1984; Godon et al., 2004) confirm the constancy of seawater CI
isotopic composition. In contrast, marine pore fluids, especially in subduction zones,
demonstrate stable Cl isotopic compositions that are distinct from seawater, with 5°'Cl
values ranging from -8.20 %o to -0.89 %o at Nankai and Barbados, (e.g. Ransom et al.,
1995; Spivack et al., 2002), indicating significant fractionation of Cl isotopes in their
source regions or along their flow paths. The generation of these isotopically light
fluids is consistent with hydration reactions in the volcanic oceanic crust resulting in
positive 8°’Cl values of amphiboles and smectite samples, such as those reported by
Magenheim et al. (1995), as well as serpentine values reported by Sharp (2004) (Sharp
et al., 2004). It has also been noted that resultant isotopically light fluids may be
recycled during subduction and possibly be involved in arc-magma genesis.
Dehydration reactions involving serpentine or other high temperature hydrous phases,
on the other hand, generate *’C1/>>Cl enriched fluids. A few preliminary 8°'Cl analyses

of hydrothermal fluids ((Bach et al., 2002), by SIMS; (Chung et al., 2002), by TIMS,
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in abstracts only) show positive (+4.6 to 7.7%o) values, and appear to corroborate this
assumption.

In addition to the few existing data mentioned above, it is necessary to
establish a database for Cl, F, and Br concentrations and Cl stable isotopes in fluids
and solids at convergent margins, in order to study the fluid origins, paths, and fluid-

rock reactions, thus to constrain their oceanic cycles.

2.2 Geologic background of study areas

The Nankai, Costa Rica, and Mariana subduction zones were chosen as the
study areas because of their contrasting geologic characteristics. The Nankai Trough
subduction zone has a significant accretionary prism whereas at the Costa Rica and
Mariana subduction zones all sediments are underthrust.

The main Geologic characteristics of the three subduction zones are

summarized in Table 2.2.1 and discussed below.
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2.2.1 Nankai Trough

The pore fluid and sediment samples are from a transect of drill sites across the
trench shown in (Fig. 2.2.1, Fig. 2.2.2 and Fig. 2.2.3). ODP Site 1173 is in the trench’s
outer-margin, 10.5 km seaward of the deformation front. Site 1174 is located 1.8 km
arcward of the deformation front and 1.6 km east from Site 808, the most arcward site.
Most of the sediments are accreted, with only 25-30% of the section, mainly
hemipelagic sediments, underthrusted (Fig. 2.2.3). The subduction rate is 20-40 mm/yr
and the geothermal gradient is high, ~110°C/km, due to the relatively young age (15
Ma) of the subducting plate (Moore et al., 2001).

The most interesting and distinct feature of the pore fluid Cl-depth profiles
from Site 1173, through Site 1174, to Site 808, the east to west Muroto transect, is a
broad low-Cl zone situated in the lower Shikoku Basin unit (Fig. 2.2.4). Other
important characteristics are: (1) the extent of CI dilution relative to seawater, in the
low Cl zone, differs systematically among the sites; it evolves from 8-9 % at Site
1173, to 16-17 % at Site 1174, and to 20-21 % at Site 808; (2) all three sites have
numerous local extrema, while in general, the profiles are increasingly smoothed
seaward from Site 808 to Site 1173; (3) the vertical structures of local extrema are
similar at Sites 808 and 1174 in the lower Shikoku Facies (Fig 2.2.4).

One of the key objectives of ODP Legs 131 and 190 was to differentiate the
fluids evolved by local in situ processes from those advected from greater depths by
chemical and isotopic data analyses. Chlorine stable isotopes are thus used to help to

decipher the origin of the low-Cl fluid along Sites 1173, 1174, and 808 transect, in
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particular to determine the relative contributions to the low Cl and other volatiles of a
deep-sourced fluid transported laterally from the seismogenic zone versus in situ
smectite dehydration (e.g. (Kastner et al., 1993; Underwood et al., 1993; Saffer et al.,

1998; Henry et al., 2004)).

2.2.2 Costa Rica

The main objective of drilling the Costa Rica transect, ODP Leg 170, Sites
1039, 1043 and 1040; and ODP Leg 205, Sites 1253, 1255 and 1254 was to investigate
the active fluid flow regime across the Costa Rica margin and its implications for the
seismogenic zone and subduction geochemical cycling (Kimura, 1997; Morris, 2003)
(Fig. 2.2.5). The décollement and underthrust sediments were penetrated at Site 1043
(1255), located ~0.5 km arcward from the trench and at Site 1040 (1254), 1.6 km
arcward from the trench (Fig. 2.2.6). There is no accretionary prism and the
underthrust section is lithologically identical to the reference site section (Sites 1039
(1253), ~1.5 km seaward of the trench); it is thinned from ~380 m (~160 m of
siliceous hemipelagic sediments overlying ~220 m of pelagic carbonates) at the
reference site to ~285 m (~110 m of hemipelagic sediments overlying ~175 m of
pelagic carbonates) at Site 1040 (1254). The wedge sediments above the décollement
consist mostly of silty clay with volcanic ash (Fig. 2.2.7). The subduction rate at Costa
Rica is 85 mm/yr and the geothermal gradient is ~10°C/km (Table 2.2.1) (Kimura,

1997).
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Pore-fluid chemistry was used to identify the presence of a distinct and active
fluid flow regime along the décollement, clearly shown in the Cl depth-profiles
(Kimura, 1997; Chan et al., 2000; Silver et al., 2000). The fluid is characterized by
lower than seawater concentrations of Cl, Na, K, and Mg, and elevated Ca, Li, and Sr
concentrations, and is enriched in Cs-Cg hydrocarbons, non-radiogenic 87Sr/%%Sr and
"Li/°Li isotopes. Based on laboratory experiments (i.e. (Seyfried et al., 1984; You et
al., 1996; Seyfried et al., 1998)), these data indicate that the fluid originates from
mineral-fluid reactions at a temperature of greater than 150°C while the temperature

at the décollement is ~2-4°C at this site (Chan et al., 2000; Silver et al., 2000).

2.2.3 Mariana Forearc

On the Mariana intra-oceanic subduction zone, cold (~2 °C) springs with fluid
salinity lower than that of seawater have been observed associated with serpentine
mud volcanoes (Fig. 2.2.9). The subduction rate is 40mm/yr (Table 2.2.1) (Salisbury,
2002). Water released from the downgoing Pacific Plate, venting from a depth of 27-
29 km, hydrates the overlying mantle wedge and convert depleted harzburgite to
lower-density serpentinite. The resulting serpentinite mud, containing variably
serpentinized harzburgite clasts, ascends buoyantly along fractures and extrudes at the
seafloor, where it forms large (30 km in diameter, 2 km high) mud volcanoes along the
outer Mariana forearc, in a band that extends from 50 to 120 km behind the trench axis
(Fryer et al., 1985; Fryer et al., 1992; Fryer et al., 1995; Fryer et al., 2000; Mottl,

2003).
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Conical Seamount was drilled during ODP Leg 125 (Fryer et al.,, 1992).
Numerous cruises and submersible and remote control coring operations in the area
have recovered similar material from other seamounts (e.g. Bluemoon Seamount
(Fryer et al., 1995; Fryer et al., 1999)). Carbonate chimneys with brucite, blue
amphiboles, phengite, and hydro-garnets were also recovered. The South Chamorro
Seamount, located on the southern Mariana forearc ~85 km arcward from the trench
(Fig. 2.2.9), was drilled on ODP Leg 195, Site 1200. It exhibits the second most
highly-altered fluid signal relative to seawater yet detected in the Mariana system
(Mottl, 2003). This is the only known site of active blueschist mud volcanism in the
world. Hole 1200E is located within 10 m North of Hole 1200A (Fig. 2.2.10) where a
cold seep was identified. Hole 1200B is ~20 m east of Holes 1200A and 1200E. Holes
1200F and 1200D are ~20 and 80 m north of Hole 1200E, respectively, forming a
transect northward from the seep at Hole 1200A (Fig. 2.2.10).

Relative to seawater, the deep upwelling fluids in South Chamorro Seamount
(ODP Leg 195) and Conical Seamount (ODP Leg 125) have higher sulfate, alkalinity,
pH, Na/Cl, K, Rb, B (Fig. 2.2.11), light hydrocarbons through Cs (mainly
thermogenic), and NH," concentrations, 6180, and oD values; and lower CI, Mg, Ca,
Sr, Li, Si, and phosphate concentrations, and Sr and B isotopic ratios (Mottl et al.,
1992; Benton, 1997; Benton et al., 2001; Mottl, 2003).

Our study focuses on characterizing the systematics of the halogen
concentrations and Cl isotopic behavior in the pore fluids and serpentines at the South
Chamorro seamount, as well as of serpentine samples from three other adjacent

serpentine seamounts.



Table 2.2.1 = Main Geologic characteristics of the three subduction zones

19

Plate Fate of Subductio Age of HF Temp
boundary incoming n rate subducting Gradient
sediments plate
mm/yr Ma mW/m* °C/km
Nankai Phlhppme- most sediment 20-40 15 125-130 110
Trough Eurasian accreted
no
accretionary
Costa Cocos- prism; all 85 24 10-30 ~10
Rica Caribbean .
sediments
subducted
9.2 (HoleE,
Pacific no Site 1200)
Mariana Phili -ine accretionary 40 >34 13-99 to 72
pp prism (HoleF,
Site 1200)

Note: HF = Heat Flow. Data are from ODP Leg 190, 170/205, and 195 Initial Reports (Kimura, 1997,

Moore, 2001; Salisbury, 2002; Morris, 2003).
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Figure 2.2.1 ODP Leg 190 (solid circles) in the Nankai Trough. The shaded outline
shows the 3-D seismic survey of Bangs et al. (1999) and Moore et al. (1999). Contour
interval = 100 m. Figure is from Leg 190 Initial Reports (Moore, 2001).
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Figure 2.2.3 Correlation of facies units, magnetic susceptibility, and major time
boundaries within stratigraphic successions of the reference and prism toe sites at the
Muroto Transect at Nankai margin. Time boundaries are in red (solid line). Facies
boundaries are in blue (Muroto Transect) (Moore, 2001).
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Figure 2.2.4 Cl concentration (mM)-depth profiles along the Muroto transect at
Nankai Trough. Data are from ODP Leg 190 Initial Reports (Moore, 2001).
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Figure 2.2.5 (A) Location map of Leg 205 and 170; (B) Bathymetric map of Leg 205
and 170 drill sites. Figure is from ODP Leg 170 and 205 Initial Reports (Kimura,
1997; Morris, 2003).
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Figure 2.2.6 Seismic reflection profile of the Costa Rica Transect off shore Nicoya
Peninsula, showing locations of ODP Sites 1039/1253, 1043/1255, 1040/1254. The
vertical green and red lines indicate the depth of drilling on ODP Legs 170 and 205,
respectively; the blue line indicates the décollement. Figure is from ODP Leg 170 and
205 Initial Reports (Kimura, 1997; Morris, 2003).
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Figure 2.2.7 Summary of recovered lithology at drill sites on the incoming plate
offshore Guatemala (Deep Sea Drilling Project Site 495) and Costa Rica (Site 1039) as
well as on the Costa Rica margin (Sites 1040 and 1043). Note the similarity of
incoming sediment sections at Sites 1039 and 495, as well as the repetition of the Site
1039 section below the décollement at Sites 1040 and 1043 (Kimura, 1997).
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Figure 2.2.8 CI concentration depth profiles at the Costa Rica transect. Data are from
(Kimura, 1997; Morris, 2003)
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Figure 2.2.9 Location map of seamounts at Marina subduction zone. ODP Site 1200
was drilled on the summit of South Chamorro seamount. Figure is from ODP Leg 195
initial Reports (Salisbury, 2002).
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Figure 2.2.10 Map of drilled holes A, B, D, E, F, and of the spring at ODP Site 1200.
Figure is from ODP Leg 195 initial Reports (Salisbury, 2002).
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Figure 2.2.11. Pore water composition vs. depth curves for Holes 1200D, 1200E, and
1200F. A. pH. B. Alkalinity. C. Sodium/chloride. D. Boron. E. Sulfate. Hole 1200E is
closest to the vent community on the summit of South Chamorro Seamount; Hole
1200D is the most distant. Arrow = seawater value. The figure is from (Salisbury,
2002).
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2.3 Analytical Methods
2.3.1 Halogen concentration analysis

Chloride concentrations of pore fluid samples were determined by titration
with AgNOs (precision 0.1% based on duplicate analyses of samples and standards).
Fluoride and Br concentrations were determined by eluent-suppressed ion
chromatography (I.C.) with a Dionex DX-120 (external precision is ~ 3%). Fluoride
concentrations of pore fluids at Site 1039 at the Costa Rica subduction zone were also
analyzed by Saether (Kastner, 2006), using an ion-selective electrode, with a precision
of ~3.6 %. Bromide concentration of pore fluid at Site 808 has been analyzed by
colorimetric methods (You et al., 1993) and the results obtained by two methods agree

with each other.

2.3.2 Chlorine isotope analysis

Chlorine isotopes were analyzed by thermal ionization mass spectrometry
(TIMS) using a VG 336, by the Cs,Cl" method described in (Magenheim et al., 1994;
Xiao, 1995; Numata et al., 2001). Daly detection was utilized with a gain of ~10".
Two pg of Cl was used per analysis, equivalent to ~0.1 ul seawater.

37C1/CI ratios are reported as &°'Cl values as per mil (%o) deviations from

seawater (‘Standard” Mean Ocean Cl: SMOC), expressed as:

§'C1 = [("CICl)sampie/ C'CL°Cl)gmoc - 1] x 1000, 2.1)
p
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The standard was filtered seawater collected from the scientific pier at Scripps
Institution of Oceanography, San Diego. The typical in run precision for a single
analysis is 0.15%o and the external reproducibility (1c) is 0.3%o based on 160 standard
analyses from 2001 to 2005.

For solid samples, halogens were extracted from silicates by the
pyrohydrolysis method (Magenheim et al., 1994). The method involves inductively
heating a sample to temperatures of 1300-1400°C in a platinum boat and extracting the
sample’s volatile constituents with H,O vapor. This vapor is collected in a quartz
condenser. After extraction the system is flushed with milli-Q. water which, together
with the sample washing solution, provides quantitative recovery of halogens from the
solid, thereby eliminating extraction-induced isotopic fractionation artifacts.
Procedural blanks were established for CI for each sample analyzed and the blanks
were collected using the same procedure as for the solid. Our Cl blank is less than
0.1pg/ml of solution, which is less than 1% of the amount of Cl that was extracted
from samples with Cl concentrations of >20 pg (30-800 ppm). Cl concentrations in
fluids extracted from solid samples are determined by eluent-suppressed anion
chromatography with a Dionex DX-120 (external precision is ~ 3%).

For Cl stable isotope analysis, solutions extracted from solid samples are
purified before Cs-column exchange, to prevent interference from other anions on the
mass spectrometer. The method is adopted from Numata et al. (2001) (Numata et al.,

2001) and has been modified in our laboratory. To purify solutions, we add an
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appropriate amount of 1M HNOj; and 30mM AgNOj; solution to the extracted fluid,
based on solution Cl concentration. This completely precipitates the Cl. For a
complete reaction, solutions are kept for 2 hours at room temperature in the dark. The
solution is then centrifuged and the supernatant discarded. The AgCl precipitate is
washed twice with 500 pl 0.01 M HNO; and once with 50 pl H,O. To dissolve AgCl,
50 pl of 1M NHjsis added. About 1 mg of Mg powder is also added to remove Ag"
ion. This reaction lasts ~1 hour. The solution is then centrifuged and the supernatant
recovered. The precipitated material is washed twice with 1 ml milli Q water, followed
twice with washes of 100 pl milli Q. water. These supernatants are then combined. If
there is any organic contaminant, which may prevent ionization in the mass
spectrometer, it is removed from the eluent by adding activated charcoal powder
(1mg, GL Sciences GX-60). The final solution is evaporated to dryness under a heat
lamp. The residue (NH4Cl+ MgCl,) is then dissolved in 200 pl water. The yield and
pureness of Cl is tested by ion chromatography for every sample to make sure the

yield is >99.9%.

2.3.3 Column Exchange Preparation for Chlorine Isotopic Analysis

In pore fluids, Cl is the dominant anion and the interference from other anions
for mass spectrometry is generally negligible (Xiao et al., 1992). Therefore, the pore
fluid samples are directly converted to CsCl solution using a Cs-form of AG50-X4

resin in a short (~4 cm high) ion exchange column. Because some pore fluid samples
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from Mariana have relatively high alkalinity, before the Cs-column exchange, these
samples are passed through an H'-form resin to neutralize OH and CO5”".

For solids, the solution obtained from the chemical purification procedures
(Section 3.2) is first loaded into a short H'-form resin to remove excess COs* and OH
. The residual solution should consist primarily of HCI, and is directly loaded onto a
column with Cs-form cation exchange resin (DOWEX 50w x8, 200-400 mesh). The
column is rinsed with milli Q water until the pH is 7. After the column exchange, the
yield and total amount of Cl are determined by ion chromatography. The yield for the
above column procedure is 100 £+ 5%, thus eliminating any possible isotope
fractionation during sample preparation (Chan et al., 1992). The solution is
evaporated almost to dryness and an appropriate amount of dissolved Cl is loaded onto

the filament.

2.3.4 Sr concentration, Sr and B isotope analysis

Sr concentration was analyzed by ICP-OES, with error of 3%. The *’Sr/**Sr
ratios were measured at SIO in Drs. G. Lugmair and P. Castillo’s laboratory, with an
internal error < 5.5x10° and external error <0.002%o) based on repeated measurements
of TAPSO seawater standard. The average *’Sr/**Sr of IAPSO seawater standard is
0.709186.

B isotope ratios of the pore fluids were determined by negative thermal mass
spectrometry, and the ''B/'’B ratios of the solids were measured by TIMS, at

GEOMAR, Kiel (Germany) by Annette Deyhle, with internal precision of 0.05 %o
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20 mean on average and external precision of 0.5%o (Deyhle, 2001). The B isotope
ratio is reported as 8''B in permil (%o) deviation from the standard (SRM-951 boric
acid) as follows: 8''B = 1000 (''B/'*Bsampie/ ' B/ *Bgtandara — 1). The seawater 3''B

value is 39.5%eo.

2.3.5 Mineral Separation

X-ray diffraction (XRD) was used to determine sample mineralogy before and
after sample preparation procedures. All samples were scanned at 1° 26/min, using
CuKa radiation. Selected clay minerals were physically separated using standard
mineral separation methods based on grain size, into < 2pum and > 2um size fractions
(Jackson, 1973).

Minerals of different densities were separated by heavy liquid Sodium
Polytungstate (3Na,W0O4.9WO;.H,0). A mixing chart was used to get the target
density. The detailed sample preparation procedure is as follows:

e Slightly disaggregate and grind sample

Sonicate the sample to disperse the grains

e Put the sample in the heavy liquid, and sonicate

e Decant the lower density samples through the filter to collect mineral grains
e (ollect the heavy fraction on a filter

e Wash the separated mineral repeatedly with milli Q using sonication to remove

NayWO04.9W0O3.H,0O from the mineral surface
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e X-ray each fraction. Based on XRD results, if needed, repeat procedure 2-4 times.

Grind and wash sample before repeating.

2.3.6 Thermal Gradient-Differential Scanning Calorimetry (TG-DSC)

After completion of washing, the serpentine samples are examined by Thermal
Gradient-Differential Scanning Calorimetry (TG-DSC) analysis to identify the three
forms: lizardite, chrysotile, and antigorite (Deer, 1978). Approximately 10 mg sample
is pulverized and loaded to an aluminum cup, which is placed in the chamber of the
TG-DSC instrument. The isotherm ramp is set at 30 °C for 2500 seconds to fill the
chamber with Helium gas, thus preventing any possible oxidization reaction for the
minerals. Then the temperature is increased from 30 to 550 °C at the rate of 30 °C/min.
It is stabilized at 550 °C for 5 minutes. In order to capture the endothermic peak from
550 to 800 °C, the temperature is increased at 10°C/min, a lower rate because the most
important dehydration reactions, i.e., the release of the structurally bound water, occur
during this interval. At the end, it is cooled down from 800 to 30 °C at 30°C/min. The

whole run for each sample lasts ~2 hours.

This technique unequivocally identifies three forms of serpentines, as
antigorite has an endothermic peak at ~750-780°C, while chrysotile and lizardite have
peaks between 680-750°C. Lizardite also has an endothermic peak at 550°C, which

can be used to distinguish it from chrysotile (Figure 2.6.6).



37

2.4 Nankai Trough

2.4.1 Results

Most of the 8°'Cl data of the pore fluids at Site 808 were published in (Ransom
et al., 1995). The newly acquired data points, together with the new pore fluid 8°'Cl
data for Sites 1173 and 1174, provide a 2-D across-trench section through the Nankai
Trough Muroto transect (Fig. 2.4.1). These data allow the analysis of the geochemical
evolution from the most arcward Site 808 to the reference Site 1173. This is the first
high resolution, chlorine isotope transect for a subduction zone (Fig. 2.4.1).

The pore fluid 8°’Cl values show that &°’Cl values are significantly more
negative than the seawater value and exhibit the largest range observed in any
environment yet studied (Fig. 2.4.1). The &°'Cl profiles also show a systematic
evolution along the three sites. In the lower Shikoku Basin Facies, at stratigraphically
equivalent depths below the décollement at Sites 808 and 1174, or the proto-
décollement at the reference Site 1173, §*7Cl values decrease to a minimum of -7.8 %o
at the most arcward Site 808, to -7.1 %o at Site 1174 and to -5.8 %o at Site 1173. One
possible explanation of the low-Cl in the pore fluid in this transect is in Situ smectite
dehydration. Based on cation exchange capacity (CEC) measurements (Henry et al.,
2004), the low-Cl concentrations in the pore fluid observed at Site 1174 was explained
primarily as a dilution effect from clay interlayer water release during smectite to illite
transformation. Given that the in Situ porosity is ~35%, the average solid density is

~2.65 g/em’, the bulk sediment contains ~15 % smectite (15wt% interlayer H,O
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(Kastner et al., 1993)) and ~20% illite (6wt% K,0O) (Underwood et al., 1993);
(Underwood, 1996), assuming that all the illite is authigenic, mass balance calculation
indicates that a complete transformation from smectite to illite (20% of bulk solid),
could account at most for ~13% dilution of CI concentration in the pore fluid, whereas
19% of Cl dilution was observed, and would require an uptake of ~800 mM potassium
from the pore fluids; this is ~80 times higher than the measured potassium depletion of
~10 mM (Underwood et al., 1993).

In addition, smectite dehydration alone does not explain the observed negative
8*'Cl signature because dilution does not fractionate the Cl stable isotopes. Assuming
a similar positive &°'Cl value of ~+8%o in the authigenic illite as in smectite
(Magenheim et al., 1995), with the measured Cl concentration of ~20-30 ppm in the
16 analyzed in situ bulk sediments at Sites 808 and 1174 (Fig. 2.4.1), at ~35% porosity
and density of ~2.65 g/cm’, mass balance calculations indicate the above mentioned in
situ clay mineral reaction, can only decrease the pore fluid 8*’Cl from the seawater
value to -0.1%o, compared to the 8°'Cl value of -7.8%o observed. Hence, the pore fluid
negative 8°'Cl observed in the lower Shikoku Basin cannot be derived by just in situ
dehydration reactions, but requires mixing with a deeply sourced fluid having a
negative &°'Cl signature of < -7.8%o that originated from greater depths where higher
temperature (Sharp et al., 2004) fluid-rock reactions (such as serpentine or other

hydrous mineral formation) take place and fractionate Cl isotopes.
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The high resolution, seaward evolved &°’Cl - depth profiles suggest that a
deep-sourced fluid is laterally advecting from arc to sea through Site 808, 1174, and
probably to Site 1173. Based on Cl concentration gradients, fluid velocities within
these horizons have been estimated to be 13 = 5 cm/year (Spivack et al., 2002).

In the turbidite section of the uppermost 600m of the prism, at ~260 mbsf (Fig
2.2.4 and 2.4.1) at all three sites, the Cl concentration increases by ~3% and &°'Cl
shows negative values of ~-5.5 to -6 %o. At the same depth, 8'*0 decreases from
seawater value (0 %o, SMOW) to ~-3.0 %o and *'Sr/**Sr decreases from seawater value
(0.7092) to 0.7080 (Kastner et al., 1993; Wei, 2003). These data clearly indicate
volcanic ash diagenesis to clay minerals and zeolites (Kastner et al., 1993), which
consumes water, 3C1 and 18O, and releases non-radiogenic 87Sr/%°Sr. The bulk solid,
including volcanic ash, has ~600 ppm CI (Fig. 2.4.1). It is premature to calculate mass
balance for the observed negative &°'Cl value, as the Cl concentration and &°'Cl data
of the unaltered volcanic ash are not known. Separating the pristine ash for analysis is
impossible from this horizon because it is altered and mixed with the rest of the
sediment.

The higher bromide (Br) concentrations in the shallow turbidite section are
attributed to organic matter diagenesis (Price et al., 1977), where organic matter is
more abundant (TOC >1.0%) (Moore, 2001). This leads to Br/Cl ratios that are higher
than the seawater value. At all these sites, Br concentrations decrease with depth in the
Shikoku Basin but Br/Cl ratios do not return to seawater value, neither below the

turbidite section nor below the décollement; the ratios are 0.2 to 0.4 x10~ higher than



40

the seawater value of 1.5 x10~ below the décollement, at the Cl concentration
minimum depth (Fig. 2.4.2), with Br concentration of ~800 uM, slightly lower than
the seawater value. Organic matter is mostly absent in the lower Shikoku Basin at 100
°C (Moore, 2001) thus could not affect Br concentration. Pore fluid dilution by
smectite dehydration alone does not fractionate Br and Cl, nor change the Br/Cl ratio.
Unlike the smaller CI, the Br ion is excluded from the high temperature hydrous
minerals, as indicated by the fact that the Br concentrations were too low (< ~5 ppm)
in all solid samples from Nankai to be detected on I.C. by the pyrohydrolysis
procedure. Thus, it suggests that in addition to fractionating ClI isotopes, the formation
of hydrous minerals at greater depths, at elevated temperatures, also fractionates Br
from Cl, thus increasing the Br/Cl ratios in the fluid, as observed.

Fluoride concentrations in the pore fluids remain at the seawater value
throughout the turbidite facies, increase dramatically in the upper Shikoku basin pore
fluids, and reach maximum values in the lower Shikoku Basin section (Fig. 2.4.3). The
maximum F concentration decreases from 3320 uM at Site 808, to 2568 uM at Site
1174, to 2111 uM at Site 1173 as compared to 86 uM in seawater. These values are
significantly higher than previously reported values from other ODP sites (e.g.
(Froelich et al., 1991; Gieskes et al., 2002)). The sediments exhibit similar F
concentration-depth profiles as the pore fluids; they are close to constant and low
through the turbidite facies, gradually increase and reach maxima at the boundary
between the upper and Lower Shikoku basin facies: 1000 ppm at Site 808 and 870

ppm at Site 1174. The behavior of fluoride is different from Cl and Br due to its small
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ionic size. The same shape of depth profiles of F concentration in sediments and pore
fluids, and the much higher concentration of F in the solid than in the fluid, suggest
that F concentrations in the pore fluids are controlled by lithology. The solubility
product K, of fluorite (CaF,) increases with temperature, determines that F
concentration in the pore fluid is also a function of temperature.

The lithology control on the fluid composition is also shown in the Sr
concentration and Sr isotopic ratio - depth profiles at the three sites (Fig. 2.4.4 and
2.4.5). Possible fluid sources can be evaluated through a mixing diagram between Sr
isotopic composition and 1/Sr of the pore fluids ((Kastner et al., 1993) and Fig. 2.4.6).
From ~100 to 150 mbsf to the boundary between upper Shikoku basin and lower
Shikoku basin, which is at ~820 mbsf at Site 808, at ~670mbsf at Site 1174, and at
~340 mbsf at Site 1173, Sr concentration increases steadily and 'Sr/*°Sr ratios
decrease with depth. At the boundary between the upper and lower Shikoku basins,
¥7Sr/*Sr reaches the most non-radiogenic value of ~ 0.7071 where fluoride reaches the
maximum concentration. Below the upper and lower Shikoku basin, both Sr
concentration and *’Sr/*Sr ratios increase, indicating the mixing with a different fluid
source, which is Sr rich and highly radiogenic, probably terrigenous. At Site 808 and
1174, the more radiogenic maxima below the décollement, which coincide with the Cl
minima depths, most likely reflect transformation reactions of predominantly detrital
minerals having radiogenic terrigenous Sr isotopic composition. Close to the
basement, the Sr-rich and *’Sr/**Sr non-radiogenic signal reflect a third oceanic

basement source (Fig 2.4.4 and 2.4.5).
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The above geochemical tracers demonstrate that the pore fluid composition is
influenced by both in situ reactions (shown by F concentration and Sr isotope ratios)
and mixing with a deep source fluid (shown by CI isotope and Br/Cl ratios). The
relative contributions of the two are calculated in the next section based on Cl

concentration and Cl isotope ratios of the pore fluids.

2.4.2 Fluid mixing: in situ fluid and deep sourced fluid

The depth-profiles of Cl concentrations and stable isotope ratios, together with
other reported geochemical tracers (Kastner, 2006) indicate that a deeply sourced fluid
is laterally advected seaward at Nankai subduction zone. The contributions of the in
situ and deep-sourced fluids at the sites analyzed are estimated using the following C1

concentration and stable isotope mass balance equations:

[Cl]m = [Cl]ln situ fin situ + [Cl]deep—sourced fdeep—sourced (22)

837Clm[Cl]m = 837C1in Situ[Cl]in situ fin situt 837Cldeep—sourced [Cl]deep—sourced fdeep—sourced (23)

[C]] is the CI concentration and 8°'Cl is the Cl stable isotope composition of
the analyzed fluid (m), which is the mixed fluid produced from the in situ diagenetic
and deep-sourced fluids. The f is the fraction of the in situ fluid and/or of the deep-
sourced fluid. Diffusion can be ignored if the characteristic length scale for diffusion
(d) is less than the width of the low chlorinity anomaly or the width of the gradient

zone (d= 2(Dt)"?, in which d is diffusion distance, D is diffusion coefficient of CI in
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sediment, and t is time) (Henry et al., 2004). It is valid for Nankai subduction zone (d
= 250m with t=500 kyr and D=1 4x10° m%/s (Henry et al., 2004)).

At the CI concentration and 8°’Cl minimum depth (~1100 mbsf), the mixed
fluid Cl is 450 mM and the §°’Cl is -7.8 %o at Sites 808; at Site 1174 (~900 mbsf), the
mixed fluid Cl is 470 mM and the 8°'Cl is -7.1%o. [Cl]insit 1S estimated to be ~480mM
at Site 808, based on the ~ 13% dilution by smectite dehydration with porosity of 30-
35% and ~510mM at Site 1174, following a similar calculation with a higher porosity
of ~40-45%. In order to produce the minimum &°’Cl value observed in the pore fluid
at Site 808, Cl of the deep sourced fluid has to be < 450 mM and &°'Cl has to be < -
7.8%o. Applying these maximum values to equation (2) and (3) , the pore fluid sample
at Site 808 represents mixing of ~0% of the in situ derived fluid with 100% of the
deep-sourced fluid; and ~30% in situ fluid with 70% of the deep-sourced fluid at Site
1174. The 8°’Cl of the deep sourced fluid at Site 1174 is ~-10%o, ~2%o more negative
than at Site 808. Because the deep sourced fluid is the same for both sites, this is an
unlikely scenario. Thus, in order to have the same Cl concentration and isotopic value
in the deep sourced fluid for both sites, the mixing ratio has to be ~50:50 between the
in situ fluid and the deep-sourced fluid at Site 808 and ~55:45 at Site 1174.
Accordingly, the Cl concentration of the deep sourced fluid is ~410 mM and &°'Cl is

~-16.9%o.
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2.5 Costa Rica Subduction Zone

2.5.1 Results

At the reference Site 1039/1253, §°'Cl values of pore fluids are within + 0.5 %o
of the seawater value throughout the sediment section (Fig. 2.5.1). Arcward across the
trench, at Sites 1043/1255 and Site 1040/1254 (Fig. 2.5.1), 8°'Cl values at the fracture
zone show minima of -3.0 %o and -3.2 %o, respectively. The fracture zone is situated at
90m above the décollement at Site 1043/1255 and 150m above the décollement at Site
1040/1254. Similarly, at the décollement zone of both sites, 5°’Cl minimum values are
-3.0 %o at Site 1043/1255, and -5.5 %o at Site1040/1254 (Fig. 2.5.1). In both the
fracture zone and décollement, the 8°’Cl minimum values are more negative at the
more arcward site. This arcward trend of CI depletion and *>Cl enrichment, together
with the anomalies of other geochemical tracers (such as Li and Sr concentration and
isotope ratios), indicate vigorous fluid advection within the décollement and fault
zones that transports species generated at temperatures of > ~150°C (Chan et al., 2000;
Silver et al., 2000; Kastner, 2006), thus, at greater depth arcward. The negative &°'Cl
signal of the deep-sourced fluids also implies that similar to that at Nankai subduction
zone, high temperature formations (> ~150°C) of hydrous minerals that uptake Cl and
fractionate Cl isotopes, also occur at greater depth at the Costa Rica subduction zone.
Below the décollement, where the underthrust sediment section is lithologically
equivalent to that of the reference Site 1039/1253, 8°'Cl values of the pore fluids are

close to the seawater value, within + 0.5 %eo.
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The Br/Cl ratios at the fracture zone and décollement also increase arcward. At
the more seaward Site 1043/1255, Br/Cl only shows a slight increase to 2.8 x10™ at
the fracture zone and 1.8 x10~ at the décollement, compared to the value of ~1.5 x107
in the sediment section above the fracture zone and below the décollement, whereas at
the more arcward Site 1040/1254, the maximum value is 5.8x107 at the fracture zone
and 5.5x10° at the décollement (Fig. 2.5.2). Between the fracture zone and
décollement at Site 1040/1254, the approximate constant and higher than seawater
Br/Cl value of ~3.8 x107, suggests advection of or diffusion from the higher Br/Cl
fluid at the décollement and the fracture zone. The high Br/Cl ratios observed at Costa
Rica support the conclusion that high temperature hydrous mineral formation
fractionates Br and Cl, as at the Nankai subduction zone.

The maximum fluoride concentration values are 1300 uM at the fracture zone
and 1400 uM at the décollement at the most arcward Site 1040/1254 (Fig. 2.5.3).
These maximum values at Costa Rica are lower than at the Nankai subduction zone
(2000-3000 uM), most likely due to the different F concentration in the source solids:
400-500 ppm at Costa Rica and up to 900 ppm at Nankai. At the seaward Site
1043/1255, the F concentration maximum values are considerably lower, ~125 uM at
the fracture zone and the décollement. Similar to the Br/ClI ratios, between the fracture
zone and the décollement, F concentrations are higher than the seawater value but
lower than adjacent maxima, implying diffusion/advection of the high F fluids from

the fracture zone and décollement. Above the fracture zone and below the
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décollement, F concentrations are constant with seawater value; the fluoride
concentration-depth profiles simply resemble that at the reference Site 1039/1253.

Sr concentration and isotope ratios are strongly affected by diagenetic
reactions and tend to depart from seawater values with depth in most marine
sediments, especially in calcareous volcanic-rich sediments (Baker et al., 1982). At the
fracture zone and décollement of Site 1040/1254, the ¥'Sr/*°Sr ratios reach minimum
values (0.7076 and 0.7073, respectively), suggesting the deep source fluid carries a
less radiogenic signature and is probably influenced by volcanic ash (Fig. 2.5.4 and
2.5.5). At Site 1039/1253, from 0 mbsf to ~300 mbsf, Sr concentration increases from
seawater value of 87 uM to ~300 uM, and Sr isotope values become less radiogenic
due to volcanic ash influence (Fig. 2.5.4 and 2.5.5). Below 300 mbsf, both trends
reverse and approach modern seawater values in the basal sections. This is driven by a
fluid flow system in the upper igneous complex and/or basement that governs the
transport of heat at this section of the down-going slab (Kastner, 2006). Based on Sr
concentration and isotope ratios at Site 1039, Silver et al. (Silver et al., 2000) have
estimated that the basement formation water is younger than 20 ka.

In summary, a chemically distinct fluid originating at greater depth arcward is
laterally injected along fracture zones and décollement. Relative to seawater, this fluid
has a low Cl concentration, negative &°'Cl, high F concentration and Br/Cl ratio.
Similar to the Nankai subduction zone, at Costa Rica, the source fluid indicates a high
temperature source arcward. Because of dilution with in situ pore fluids, the signal is

weaker seaward along the décollement from Site 1040/1254 to Site 1043/1255.
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2.5.2 Fluid flow modeling at the décollement, using Cl concentration and isotope

ratios

The halogen concentrations, Cl isotope and Sr isotope ratios of pore fluids at
Costa Rica indicate that there is a deep source fluid advecting along the décollement
and the fracture zone and the fluid-rock reaction at the fluid source is similar to that at
Nankai Trough. At the Costa Rica subduction zone, the geothermal gradient is low and
temperatures remain less than 5°C at the fracture zone or the décollement, therefore,
the smectite-illite transition does not contribute to the in situ Cl freshening at the
fracture zone and décollement at Site 1043/1255 and 1040/1254, located just 0.5 km
and 1.6 km from the deformation front. The fresher than seawater pore fluid along the
décollement and fracture zone represents a mixed fluid involving a fluid advected
from the underthrust sediments where CI concentration is close to the seawater value,
and a deeply sourced fluid flowing along the décollement (Saffer et al., 2003). The
difference in the diffusion coefficients of **Cl and *’Cl in the fluid from the
underthrust sediment may cause Cl stable isotope fractionation at the décollement
(Eggenkamp et al., 1994; Saffer et al., 2003). Solving the transient advection-diffusion

equation in one dimension for the underthrust section (Crank, 1975):

9’C __ oC _oC

D 2~ _y &
Lox2 Tox ot

(2.4)

Where
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C = solute concentration

x = distance from source

T = time since the introduction of the solute
D= diffusion coefficient

v = average fluid velocity

L= total length of the system

Initial condition: C(x,0)=0 for0<x<L
Boundary condition: C(0, t)=0  for all t,

C(L, t) =Cy for t=0

Solving the equation (Al-Niami et al., 1977),

C(x,t) _ sinh(vx /2D) exp{v(x— L)}+ 27D exp{v(x— L) _ﬂ}

C,  sinh(vL/2D) 2D L2 2D 4D
© (_1\".n. _ 2,2 2
XZ( D" -n-exp[ —Dn 7Z't/|_]s. n zZx

m
— Dn’z?/L*+v?/4D L

(2.5)

An alternative condition which allows some dispersion to occur at the
. ... . 0C v
boundary which may be more realistic is: a—(O,t) = E(O’t) .
X

Solution can be obtained in a similar manner to equation (2.5) (Al-Niami et al.,

1977):
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C(x,t) cosh(vx/2D) ox [v(x— L)}—Qex vix-L) vt
C, cosh(vL /2D) 2D L® P 2D 4D (2.6)
© (_1\N _ 2 242

XZ( 1) (2n+1)exp[2 (2.25[1(2n2+1) 2L (20 + Dax
ot D(2n +1)272/4L% +v? /4D 2L

For the Costa Rica subduction zone, based on F and Br concentration profiles
between the décollement and fracture zone, dispersion seems to occur, thus equation
(2.6) was used in the modeling of Cl stable isotope ratio fractionation of the pore fluid
caused by diffusion, in the underthrust section.

The isotopic separation factor S, which is approximately equivalent to 8°'Cl

(%o0), can be expressed as:

35C°37C

S =
(37c°35c

—1)x1000 (Desaulniers et al., 1986) (2.7)

With the ratio of diffusivities of Cl (D37¢1/D3s5c=0.99857) (Richter et al., 2006)
of the fluid in the underthrust section, the 5¥7Cl value of the in situ fluid was
calculated to be by equation (2.6) to be ~-1%o at both Sites 1040/1254 and 1043/1255,
assuming no mixing with the deep-sourced fluid, as shown in Fig. 2.5.6. Following
similar explanations to those used for the Nankai subduction zone, the observed &°'Cl
values of -3.2 to -5.5 %o along the Costa Rica décollement indicate that the in situ pore

fluid having CI concentration of ~559 mM and &°'Cl of ~-1%o, is as well a mixture
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with a deep-sourced fluid, assumed to also originate from high temperature hydrous
mineral formation.

Following the calculation at Nankai, assuming ~0 % of the in Situ measured
fluid is from advection/diffusion from the underthrust section, and ~100% consists of
the deep sourced fluid, CI concentration and isotopic ratio of the deep sourced fluid
are equal to the measured values of the pore fluid at the décollement at ODP Site
1040; hence, its Cl concentration would be 480 mM with 8°'Cl of -5.5%o. In such a
case, at the more seaward Site 1043, the calculated fluid mixing is 40% and 60%,
respectively. Using this mixing ratio, the calculated 8°'Cl of the deep sourced fluid is -
5.4%o, only 0.1%o less negative than that assumed at Site 1040. The difference in the
two values at the two sites is within the Cl isotope ratio analytical error of +0.3%o,
suggesting that this scenario is plausible. If, however, the difference of the 5*'Cl value
of the deep sourced fluid at both sites is reduced to 0.0%o, the mixing ratio between the
in situ fluid and the deep-sourced fluid at Site 1040 is ~30:70 and ~55:45 at Site 1043,
with the Cl concentration of the deep sourced fluid of ~450 mM and &°'Cl of ~-7.9 %o.

The decreasing percentage of the deep sourced fluid along the décollement
from the more arcward Site 1040 to the more seaward Site 1043 is also reflected in the

Br and F concentrations.
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Figure 2.5.1 8°'Cl (%o)-depth profiles in pore fluids at Costa Rica subduction zone
transect. Note the different depth scales at the three sites. Seawater value in A, B,
and C is denoted by “x”. Ul, U2, U3, and T1 indicate lithostratigraphic units. Ul:

diatom ooze with ash; U2: silty clay with ash; U3: calcareous ooze; T1: silty clay
and breccia.
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Figure 2.5.2 Br/Cl molor ratio-depth profiles in pore fluids at the Costa Rica
subduction zone transect. Seawater value is denoted by dotted line. Seawater value
in A, B, and C is denoted by “x”. Ul, U2, U3, and T1 indicate lithostratigraphic
units. Ul: diatom ooze with ash; U2: silty clay with ash; U3: calcareous ooze; T1:
silty clay and breccia.
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Figure 2.5.3 F concentration depth profiles in pore fluids at the Costa Rica
subduction zone transect. The open triangles (A) indicate data analyzed by Saether
using ion-selective electrode (personal communication). Seawater value in A, B,
and C is denoted by “x”. Ul, U2, U3, and T1 indicate lithostratigraphic units. Ul:
diatom ooze with ash; U2: silty clay with ash; U3: calcareous ooze; T1: silty clay

and breccia.
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Figure 2.5.4 Sr concentration depth profiles of pore fluid at the Costa Rica
subduction zone. Seawater value is denoted by “x”. Ul, U2, U3, and T1 indicate
lithostratigraphic units. Ul: diatom ooze with ash; U2: silty clay with ash; U3:
calcareous ooze; T1: silty clay and breccia.
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Figure 2.5.5 ¥St/*Sr depth profiles of pore fluid at the Costa Rica subduction zone.
Seawater value is denoted by “x”. U1, U2, U3, and T1 indicate lithostratigraphic units.
Ul: diatom ooze with ash; U2: silty clay with ash; U3: calcareous ooze; T1: silty clay
and breccia.
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Figure 2.5.6 Modeled &°'Cl fractionation at the décollement caused by advection-
diffusion at Site 1043 and Site 1040, Costa Rica subduction zones, under different
possible fluid advection velocities, indicated by different symbols. Diffusion time
t=8.7 kyr at Site 1043 and t=13.5 kyr at Site 1040.
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2.6 Results and Discussion of Mariana Mud Volcanoes

2.6.1 Results

Halogen concentrations and Cl stable isotope

Chloride concentrations in the pore fluids from all holes drilled at South
Chamorro Seamount are lower than in bottom seawater by as much as 7% (Morris,
2003). In contrast to the negative &°'Cl values in the pore fluids at Nankai and Costa
Rica subduction zones, pore fluid 8°'Cl values at ODP Sites 1200, serpentine mud
volcanoes at Mariana, range between 0.3 %o at 0.9 mbsf, to +1.8 %o at the deepest
uncontaminated sample obtained at just 70 mbsf in Hole A (Fig. 2.6.1). It is important
to note that the maximum drilling depth (70 mbsf) at Mariana is much shallower than
at Nankai (1200 mbsf) or Costa Rica (700 mbsf). The observed positive &°'CI (up to
+1.8 %o) suggests that the fluid-solid reactions, which affect ClI isotope ratios at depth
at the Mariana versus at the Nankai and Costa Rica subduction zones, are distinct.

In the associated serpentinite mud samples from Hole 1200 E, Cl
concentrations range from 110 to 200 ppm and the 8°'Cl from +1.0 to +4.2 %o (Fig.
2.6.1 and Table 2.6.1). The serpentinized igneous basement samples from Holes 1200
A and B are similar; both are enriched in Cl up to 400-500 ppm, with &°’Cl value of
+1.7 %o (1200 B, Table 2.6.1). The serpentinite from Bluemoon Seamount contains
521 ppm CI and the 8°’Cl value is +1.9%o. The 8°'Cl values in serpentines from the
Mariana seamounts are close to the theoretical estimate of &°'Cl of 2-3 %o in silicates

formed in equilibrium with seawater of 8°'Cl equal to 0%o (Schauble et al., 2003). The
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Cl content variations in the serpentines may be due to the different forms of
serpentines having different partition coefficients. One brucite sample separated from
a calcite chimney at Conical Seamount has a Cl concentration of 428 ppm and a 5°'Cl
value of +8.4%o, being the most positive 8°'Cl value analyzed so far in any Cl-
containing mineral reported (Table 2.6.1). The high 8°’Cl value in the brucite separate
sample probably reflects a difference in the vibrational zero-point energy in brucite
and serpentines.

At high temperature and pressure when hydrous mineral dehydrate, in addition
to water, Cl with enriched &°'Cl is also released into the fluid phase. The above
mentioned observed positive 5°’Cl in the pore fluids supports the suggestion by Mottl
et al (Mottl, 2003) that at the Mariana subduction zone, the origin of the upwelling
pore fluids is the dehydration of the subducting serpentinized crust.

Fluoride concentrations in pore fluids were determined on board (Shipboard
Scientific Party, 2002). Generally, our IC results show similar trends to those obtained
from the ion selective electrode method (ISE) (Fig. 2.6.2). In Hole 1200D, the farthest
from the spring, fluoride concentrations decrease sharply within the uppermost meter
below the seafloor, from 68 uM to almost 0 and then rebound to ~50 uM at 30 mbsf.
At the spring and close to it in Hole 1200E, fluoride first increases to ~110 uM above
20 mbsf, then decreases to 50 uM at greater depth, and in Hole 1200F, fluoride
concentration is ~40 uM at the seafloor and increases to ~80 uM with depth. F/CI vs.
depth profiles (Fig. 2.6.2) indicate that at shallow depths (<20 mbsf), the values in

Holes 1200E and 1200F are higher than in seawater, whereas in Hole 1200D, F/Cl
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ratios are much lower. At greater depth (>20 mbsf), F/Cl ratios merge to the seawater
value, with the deepest sample in Hole A having greater than seawater value, implying
that F and Cl released by the solids have slightly higher F/CI ratios than seawater.

Bromide concentration-depth profiles are similar to those of CI (Fig. 2.6.2).
The values are also lower than the seawater value and exhibit a steep depletion in
concentration within the uppermost 4.5 meters below seafloor (mbsf); deeper they
remain approximately constant. The Br profile at Hole 1200 F has the typical convex-
upward shape and steep near-surface gradient, indicative of upwelling at 1-10 cm/yr
(Mottl et al., 2003).

All bulk solid samples contain <100 ppm F, except at depths of 10 to 15 mbsf
in Hole 1200E, fluorine is enriched up to 400 ppm (Table 2.6.1). XRD analysis of this
solid sample Hole 1200E 3H1 has shown that it contains ~40% aragonite. A fluoride
peak is also observed in the F concentration-depth profiles of the pore fluids at the
same depth (Fig. 2.6.2-B and D). No bromine was detected in any of the solids by I.C.
method; therefore, Br is not shown in the table.

The pore fluid Br/Cl versus 1/Cl data from all ODP Site 1200 holes fall on a
straight line (Fig. 2.6.3), indicating mixing between two end-member fluids; an
ascending fluid and bottom seawater. In general, Br/Cl ratios in Hole 1200D are
higher and closer to the seawater value than in Holes 1200E, 1200F and 1200A. At
Hole 1200D, which is farther away from the spring, fluid upwelling is less intense,
thus the deep fluid signal is more diluted by mixing with seawater as compared with
Holes E, F and A that are closer to the spring. All 1/Cl values are higher than that of

seawater because of Cl depletion with depth. Below 5 mbsf, the lower than the
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seawater Br/Cl values indicate the depletion of Br relative to Cl due to
dehydration/dechlorination of hydrous minerals releasing Cl enriched in *’Cl and
water, but not Br. In contrast, at the Nankai and Costa Rica subduction zones, where
hydrous mineral formation influences the pore fluid Br and Cl concentrations and the
Cl isotopic compositions, the pore fluids have negative 8°'Cl values and higher than
seawater Br/Cl ratios. Another interesting observation is that the maxima in Br/Cl
ratios observed at the fracture zone and décollement at the Costa Rica subduction zone
sites 1040 and 1043 are higher than those at the Nankai subduction zone, suggesting a
higher organic carbon content in the fluid source region at the Costa Rica subduction

zone than at Nankai.

Boron concentration and isotope ratios in pore fluids

B isotope fractionation between solids and fluids is thought to relate to the
preferential incorporation of '’B-rich B(OH), into silicate minerals and is strongly
influenced by pH and temperature (Spivack et al., 1987; Palmer et al., 1998; Sanyal et
al., 2000). B isotope ratios and concentrations may provide evidence for serpentine
formation and clay alteration at depth (Spivack et al, 1987; Palmer 1996; Benton et al.,
2001). At seafloor temperatures, B partitions preferentially into serpentine (Spivack
and Edmond, 1987; Bonatti et al., 1984). When serpentine forms, B uptake is high and
isotope ratios (''B/'’B) in the residual fluid increase (Benton et al., 2001) because of
preferential uptake of '°B by solids. At low temperatures, the reversible adsorption of
B also occurs and the adsorbed species is as well predominantly the light isotope '’B

(Spivack et al, 1987; Palmer 1996). In general, at greater depths, B gets enriched in
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fluids by processes such as desorption from clays, mineral dehydration reactions,
increasing temperature and alteration of volcanic or igneous rocks (Seyfried et al.,
1984; Spivack et al., 1987; You et al., 1996; Palmer and Swihart, 1996).

At Site 1200 at the Mariana subduction zone, boron concentrations in pore
fluids increase sharply from seawater value of 416 pM to ~3500 uM immediately
within 5 meter below seafloor (mbsf) and remain constant with depth to the deepest
uncontaminated sample at 70 mbsf (Fig. 2.6.4 A and B). B/CI ratios at depth (Fig.
2.6.4 A) are about six times seawater value, indicating that the upwelling fluids are
greatly enriched in boron. The high B concentration is also observed in the pore fluid
dataset from Conical Seamount (Mottl et al., 1992; Benton, 1997; Benton et al., 2001).

Boron isotope signatures in the pore fluids are significantly depleted relative to
the seawater value of 39.5 %o (Spivack et al., 1987) (Fig. 2.6.4 C). Even the pore fluid
sample from closest to the seafloor in Hole 1200E, sample 1H-1, has a value of 20%o,
much lower than the sea water value of 39.5%o. 5''B values gradually decrease with
depth to 16%0 at 71mbsf. The gradient is higher at shallower depths (21%o to 17%o
from 0.95 to 15 mbsf, then to 16%o from 15 to 71 mbsf). The cross plot of 8''B vs. 1/B
(Fig. 2.6.5) shows that ''B evolves from the lowest value of 16%o in the deepest
sample to 20%o in the shallowest sample, having relatively constant but much higher
(~3 to 8 times) than seawater B concentration throughout the depth range analyzed.
This implies mixing even at the shallow depth; if we assume the sample (1500 uM B
with 8''B = 21.5%0) at 1 mbsf is a mixture of seawater (416 pM B with 8''B = 39.5%q)

and upwelling fluid (3500uM B with 8''B = 16%o), the calculation shows that the
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seawater accounts for ~65% and the upwelling fluid for ~35% at 1 mbsf, while below

5 mbsf, upwelling fluid constitutes greater than 99% of the fluid analyzed.

Boron concentration and isotope ratios in solids

In Hole 1200E, B concentrations in solids (Fig. 2.6.4 B) are ~70-80 ppm (twice
the pore fluid value of 1.4 to 3.6 mM; [~16 to 39ppm]) in the upper 10 mbsf and
decreases sharply to a constant concentration of ~40 ppm (slightly higher than the pore
fluid value of 3.5 mM, [38.5ppm]) below ~10 mbsf. The B isotope value is 13%o in the
surface sample and decreases to 7 %o at depth (Fig. 2.6.3 C). In Hole 1200A, the solid
sample from 18.8 mbsf shows B concentration of ~66 ppm and isotopic ratio of
15.5%0, higher than at the equivalent depth in Hole 1200E (Fig. 2.6.4 B). High
heterogeneity and different mineral composition might have an influence on
differences in B contents.

The B signatures in the solids, are a result of chemical exchange with
upwelling pore fluids containing ~3600 uM B (Moore et al., 1992; Benton et al.,
2001)(Fig. 2.6.4 B). It is inferred from the 8''B of the solids that the upwelling slab
fluid has a 8''B of about +13%. (Benton et al., 2001), representing the lower limit of
8''B in pore fluids, because the high pH of the pore fluids should minimize fluid-
mineral isotopic fractionation, as B speciation in solution is strongly dependent on pH,
at pH ~12, essentially 100% of pore fluid B will be speciated as tetrahedral B(OH)4".

As indicated by other geochemical tracers, dehydration of minerals must be

occurring at depth during subduction (Mottl et al., 2003). The 8''B difference between



69

B in pore fluids (+16%0) and structurally bound B in subducted sediments (—4%o to
+3%o) (Spivack et al., 1987), ranges from 13 %o to 20 %o. Peacock and Hervig (1999)
(Peacock et al., 1999) have shown that subduction-zone metamorphic rocks have a
8"'B —11 to —3 %o, decreasing &''B of the subducting solids by 1 %o to 14 %o (—4 %o—
(—3) %0 to 3 %o— (—11) %o). This suggests that slab dehydration reactions significantly
lower the 8''B values of subducted oceanic crust and sediments and enrich the pore
fluid in ''B.

Boron concentration in seawater has been nearly constant over the past 25 Ma,
approximately one residence time, implying a close balance of inputs and outputs for
B (Spivack et al., 1993). The proposed outputs of B in the ocean are uptake during
low- temperature weathering of the oceanic crust, adsorption on clastic sediments, and
co-precipitation in carbonates (Spivack et al., 1987) and the inputs are rivers,
hydrothermal vents, and fluid expelled from accretionary prisms in subduction zones
(Lemarchand et al., 2000). The data from Mariana forearc show that the fluids from
non-accretionary prisms can also contribute significantly to the B cycle. The estimates
of B budgets indicate that the output flux (2.5 x 10'° mol/yr) is far more than the input
flux (0.6 x 10' mol/yr) (Spivack et al., 1987; Vengosh et al., 1991; Smith et al.,
1995). Based on the data from Nankai, You et al. (1993) suggested that the fluids
expelled from Earth's subduction process contributes 0.2 x 10' mol/yr as reflux,
balancing only 10% of the seawater budget. The most likely “missing” boron input
source is associated with volatilization associated with island- arc magma genesis,

derived from subducted slab and/or sediments (You et al., 1993). The data in the
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Mariana subduction zone support this suggestion. The deeper fluids, which are
released by dehydration and expelled by advection, are enriched in B up to 3 to 4 mM,
with upwelling rates of 1-10 cm/yr. Assumed that the total area of the South Chamorro
Seamounts is 707 km* (n x [30/2] km® based on a seamount diameter of 30 km), the
fluid flux is up to 0.07 km’/yr and the B flux is calculated to be 0.03 x 10'° mol/yr.
Based on the nine identified active seamounts at Mariana which are assumed to have
similar B concentrations and flux rates (as indicated by the data from Conical
Seamount and South Chamorro Seamount), the total B flux is ~0.3 x 10'® mol/yr.
This is only a minimum estimated fraction of the total B flux in one non-accretionary
subduction zones. Therefore, the B reflux during plate subduction seems to be a

critical part that may complete the B cycling in the ocean.

2.6.2 Serpentine Mineralogy

Serpentine, Mg3;Si,05(OH)4, has three different forms: lizardite, chrysotile, and
antigorite (O'Hanley, 1996). Reactions that form serpentine, such as: 2Mg;SiO4
(olivine) + 3H,O0 — Mg3Si,05(OH)4 + Mg(OH), (brucite) are exothermic and
consume H,O. The three forms of serpentines form at different temperature and
pressure: hydration of forsterite produces antigorite and brucite at higher T and P
(H,0); chrysotile and brucite at intermediate T and P (H,0); and lizardite and brucite

at lower T and P (H,O) (O'Hanley, 1996).
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To better understand the origin and structure of serpentine, it is important to
distinguish its three different forms: lizardite, chrysotile, and antigorite. It is almost
impossible to identify the three forms of serpentines with an unaided eye because they
all have similar colors, habits and occurrences (Wicks, 1988). X-ray Diffraction
(XRD) method has been used to help characterize the forms (Whittaker et al., 1956;
Page et al., 1967; Wicks, 1988), but the results in many cases have shown that the
“diagnostic peaks” are non-reliable because of the low intensities. Therefore, Thermal
Gradient- Differential scanning Calorimetry (TG-DSC) is used to serve the purpose.

The three pure forms of serpentines from different locations were used as
standards to identify the temperature at which the endothermic reaction (releasing
water) occurs. Antigorite gives an endothermic peak at ~ 730 °C, whereas for
chrysotile and lizardite, the peak occurs at ~640-690°C and ~600-630°C, respectively.
Another peak at 550°C is also associated with lizardite, which is used to differentiate
from chrysotile (Fig. 2.6.6). Therefore, TG-DSC is a powerful tool to distinguish the
antigorite, lizardite, and chrysotile.

By this means, serpentine samples from seamounts in Mariana were analyzed
and identified to be mainly chrysotile and lizardite. Some samples also contain brucite,
which gives an endothermic peak at 450°C, and calcite or aragonite, which gives a
peak at 760-800°C. The brucite and calcite (or aragonite) are further identified by
XRD analysis. Only one sample from Bigblue Seamount has been detected to contain
antigorite.

By identifying the different forms of the serpentine, various concentrations of

incompatible elements, such as Cl, may be explained by the slightly different mineral
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structures. Of the fibrous serpentine forms, chrysotile and lizardite, chlorine
concentration is higher, in the range of 260-415 ppm; when they transform to the more
massive antigorite structure, Cl is expelled and decreases to ~140 ppm. The chlorine

content in serpentines is discussed in detail in the next section.



Table 2.6.1 Fluorine and chlorine concentrations (ppm) and &°'Cl (%o) values in
serpentines, analyzed in this study

. : _ F Cl 5¥Cl
S t Locat Sample D t
erpentine ocation ample Description (ppm) (Ppm) (%)’

>95% serpentinized

Antigorite N. California Dunite(ol) and 47 140 2.2
Harzburgite (ol+opx)

Chrysotile from S. Africa >95% serpentine 0 415 2.3

Serpentine muds .

Site 1200 Hole E Viarianna
Serpentinized

;(l))rsef3Hl, 114 S. Chamorro seamount peridotite with 430 186 32
aragonite

Core SHI, 17.7 S. Chamorro seamount Serpentnpzed 30 200 1.4

mbsf harzburgite

Core 7H1, 27.0 S. Chamorro seamount Serpenfumzed 27 146 4.2

mbsf mylonite

Core 10H2, 54.9 S. Chamorro seamount Serpentnpzed 78 127 1.2

mbsf harzburgite

Site 1200 Hole Altered igneous

B!, Core 2W2, S. Chamorro seamount g 5 400 1.7
basement rock

33.2 mbsf

Serpentine bulk Bluemoon seamount >95% serpentine 56 521 1.9

sample

Brucite Separate Conical Seamount Carbonate chimney at 244 428 3.4

from Calcite Conical Seamount
>95% serpentinized

Serpentine Hess Deep (ODP Leg from he%rzburgltes and 12-109 445- -0.1to

bulk sample 14}7 dunites; ' (n=4) 745 +1.8

Site 895) only washed outside (n=4) (n=2)

without crushing

Serpentine Hess Deep (ODP Leg powdered to fine 92-100 290 +6.0

powdered 147 Site 895) grains (n=2) (n=1) (n=1)

! Serpentines from Hole 1200A and 1200B are both altered igneous basement rocks; 8°’Cl value of

1200 A is not available.
2 Error is 0.6%o (20).
n=number of samples analyzed.
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Figure 2.6.1 (A) 8°'Cl (%o)-depth profile in pore fluids at the Mariana subduction
zone, South Chamorro seamount ODP Site 1200.
(B) 8°’Cl (%o)-depth profile of serpentines from the Mariana subduction zone,
South Chamorro seamount ODP Site 1200. The error bars represent external

CITors.
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Figure 2.6.4 (A) B/CI concentration ratio-depth profiles in pore fluids of all the holes
at Site 1200, (B) B concentrations-depth profiles in both pore fluids and solids, and
(C) 8"'B in both pore fluids and solids at Site 1200, Holes A and E, ODP Leg 195.
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Figure 2.6.6 TG-DSC results for three different forms of serpentines. Antigorite gives
an endothermic peak at about 730 °C, the peak for chrysotile occurs at 640-690°C;
lizardite peaks at 600-630°C, with another associated peak at 550°C. Because different
amounts of samples were used in the analyses, the endothermic peak intensities do not
reflect differences in the amount of water in these serpentine samples.
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2.7 Implications of Cl isotope cycle on Earth
2.7.1 The Importance of Serpentinization In the Oceanic Chlorine and Water

Cycles

Serpentine is estimated to compose 10-20 % of oceanic crust (Carlson, 2001).
In the slow-spreading Mid-Atlantic Ridge system, serpentinization occurs in
association with fracture zones, at transform-ridge intersections; hydrothermal
circulation of seawater is serpentinizing shallow peridotites (Miyashiro et al., 1969;
Aumento et al., 1971; Christensen, 1972). Serpentinization also occurs at the outer rise
of subduction zones, where faulting associated with lithosphere bending provides deep
conduits for seawater to react with lithospheric mantle when entering the subduction
zone (Peacock, 2001; Ruepke et al., 2002; Hyndman et al., 2003). The recent
discovery of serpentine mud volcanoes in the Mariana subduction zone (Fryer et al.,
1990; Fryer et al., 1992; Fryer et al., 2000) suggests that serpentine also forms in the
forearc, resulting from the slab derived fluids rehydrating the upper mantle wedge.

Serpentines contain ~13 wt% H>O and hundreds to thousands of ppm of CI
(e.g. (Seno, 2001; Ruepke et al., 2002; Carlson et al., 2003) and references therein),
hence, they are the most important Cl and H,O solid phase reservoir in the subducting
plate and the mantle wedge. During subduction, Cl and water in serpentines are carried
into subduction zones with the down-going plate and are subsequently released by
dehydration/dechlorination reactions at depth, providing a particularly fertile water
and Cl source, enriched in *’Cl for magma generated in subduction-related arc

volcanoes (Thompson, 1992; Scambelluri et al., 1995; Ulmer et al., 1995; Ruepke et
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al., 2002). The 8°'Cl value of +1.7 %o of the 747°C gas condensate recently collected
from Nicaragua Momotombo volcano (Shaw et al., 2003) reported in Table 2 probably
reflects such a Cl recycling process. The resulting overpressure from mineral
dehydration reactions may be partly responsible for subduction zone earthquakes (e.g.
(Kerrick, 2002; Ruepke et al., 2002; Hyndman et al., 2003) and references therein).

Philippot et al. and Scambelluri et al.(Philippot et al., 1991; Philippot et al.,
1998; Scambelluri et al., 2001) and references therein) suggested that the Cl released
during the breakdown of serpentine may be responsible for the hypersaline fluid
inclusions in eclogites which have little or no interaction with an external fluid source.
O’Hanley (O'Hanley, 1996) and Scambelluri et al. (Scambelluri et al., 1997)
suggested that Cl is expelled mostly from the fibrous serpentine forms, chrysotile and
lizardite, when they transform to the more massive antigorite structure. The Cl
concentrations in different serpentine forms, analyzed in this study and reported in
Table 3, support this suggestion; in chrysotile, the CI concentration is 415 ppm and
only 140 ppm in the analyzed antigorite.

In serpentinite, Cl may occur in three different modes: (1) as a substitute for
structural OH' in the hydrous silicate (Sanford, 1981); (2) situated structurally between
the basal layers perpendicular to the c-axis (Miura et al., 1981); and (3) as finely-
disseminated NaCl along grain boundaries (Sharp et al., 2004). The first mode
involves distinct chlorine isotope fractionations (Schauble et al., 2003) and the latter
two will show no isotopic fractionation as they simply represent disseminated NaCl
crystals deposited in interstices and the Cl is not involved in a chemical reaction

(Kaufmann et al., 1984). In order to distinguish between these modes of occurrence
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analytically, four individual serpentine bulk samples from Hess Deep were divided
and each was prepared in the following two distinct ways and analyzed separately: (1)
one piece was washed and sonicated without crushing, up to 10 times until no chloride
was detected in the washing solution, followed by routine pyrohydrolysis for Cl
extraction. This extracted Cl consists of the structural Cl in the serpentine and also
possibly of trapped pore fluid Cl that may be present as finely-disseminated NaCl
along grain boundaries, as suggested by Sharp and Barnes (Sharp et al., 2004). (2) The
second piece of each of the serpentine samples was crushed and powdered, sonicated,
and washed thoroughly, up to 10 times, until no chloride was detected in the washing
solution, followed by routine pyrohydrolysis for Cl extraction. The residual powdered
serpentine should only contain structurally bound CIl. Sharp and Barnes (Sharp et al.,
2004) followed an overall similar sample preparation protocol, except that in their
procedure, samples were washed only four times and no Cl checking procedure of the
washing solution was used.

In the washing solutions, Cl content is ~0.09 to 0.11 wt% of the bulk samples
(n=4) prepared by procedure (1), and ~0.28 to 0.45 wt% in the powdered samples
(n=2) prepared by procedure (2). The 8°'Cl is 0 £ 0.5 %o in the washing solutions
prepared by both procedures, which indicates that the water-soluble fraction of CI in
serpentines has the seawater 8°'Cl value. After washing by procedure (1), °'Cl values
of the pyrohydrolyzed uncrushed samples range from -0.1 to +1.8 %o and CI content is
447-745 ppm (Table 2.6.1). After the washing by procedure (2), 5°’Cl value of the

crushed sample, is ~ +6.0 %o and Cl content is 290 ppm, indicating structurally
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controlled chlorine isotope fractionation. Thus, the lower 8°'Cl values of -0.1 to +1.8
%o in the uncrushed serpentines, compared with structural 5*’Cl of ~ +6.0 %o, suggests
that the uncrushed sample values represent a mixture of soluble NaCl and from
structurally bound CI (insoluble Cl). Based on the results from the above procedures
(1) and (2), the high Cl concentration of ~0.2 wt% and &°'Cl value of ~0.5%o in the
water-soluble fraction of Cl, reported by Sharp and Barnes (Sharp et al., 2004), most
likely represent a mixture of soluble Cl with seawater &°'Cl and of structural C1 with
higher positive 8°'Cl values.

Using their data on Cl concentrations and &°'Cl in serpentines, Sharp and
Barnes (Sharp et al., 2004) have estimated that serpentines carry 12 x10'* g/yr of CI
into subduction zones, undoubtedly contributing an important Cl flux in this tectonic
environment. They also suggested that the 5°'Cl of the ocean has increased with time,
assuming a & 'Cl value +4.7%o for MORB and a &°'Cl serpentinite equal to the
seawater value (0 %o). Their estimates, however, did not include: the subduction zone
pore fluid refluxes into the ocean with negative §*'Cl values (-7.8 to -5.5%), as
observed at Nankai and Costa Rica; the positive 8°'Cl of hydrothermal fluids (+2.4 to
+4.1 %o); the efficient recycling of dehydrated slab fluids (+1.8 %o); and that
serpentines have positive 8°'Cl values (+1.4 to +6.0 %o), which imply that serpentines
could be an important *’Cl sink. With these newly acquired data in this study, reported

in Table 2.7.1, the Cl and CI stable isotope cycle in the ocean is re-examined below.
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2.7.2 The Cl and CI Isotope Cycle in the Ocean

The chlorine cycle in subduction zones may be largely responsible for the
observed seawater/mantle Cl isotope fractionation. The negative &°’Cl values of the
pore fluids observed in both Nankai and Costa Rica subduction zones, fractionated by
hydrous mineral reactions with pore fluids described above, suggest that the cycling of
seawater through subduction zones should have a significant impact on the &°’Cl of
seawater and the earth's mantle. The limited &°’Cl data recently acquired from
hydrothermal fluids and gas condensates constitute compensating fluxes, that transfer
enriched *’Cl from the mantle via mid-ocean ridges, hotspots and/or island arc
volcanism to the ocean (Table 2.7.1). For hydrothermal fluids, the published §°'Cl
data are, however, conflicting (Table 2.7.1). Bach et al. (Bach et al., 2002) reported
end-members §°’Cl values of +4.6%o at MAR and +6.5 to +7.1%o at the EPR; these
samples were analyzed by Secondary Ion Mass Spectrometry (SIMS). Using a gas
source dual-inlet isotope ratio mass spectrometer, Bonifacie et al. (Bonifacie et al.,
2005) reported 8°'Cl values of -0.03 + 0.06 %o for hydrothermal fluids collected from
the same locations with chlorinities ranging from 251 to 821 mmol/kg. It is not yet
clear whether this discrepancy is caused by the different analytical methods or by the
nature of the samples obtained (Bonifacie et al., 2005). In this study, 8°'Cl of
hydrothermal fluids collected from EPR (9°N) were analyzed by TIMS, following the
method used for the pore fluid samples. Based on the compositions of the fluids, such

as Mg concentration, the 359 °C fluid from EPR 9°N (P vent, Seyfried et al., personal
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communications) is a mixture of 97% hydrothermal fluid and 3% seawater; its &°'Cl
value is +3.8 £ 0.4%o. The 313-343°C fluids (n=3) from EPR 9°N (Tica and Q-vents),
that consists of a mixture of ~17% hydrothermal fluids and ~83% seawater, have §°'Cl
of +0.4 to +0.7 %o (Table 2.7.1). Based on the Cl and Cl isotope ratios of these two
types of hydrothermal mixed with seawater fluids, the calculated end-member
hydrothermal fluid carries a &°'Cl signal up to +4.1%o, which is close to the unaltered
mid-ocean ridge basalt of +4.7 %o (Magenheim et al., 1995).

The efficient recycling of Cl, with positive 8*’CI of +1.8 %, released from slab
dehydration as observed in the Mariana subduction zone serpentine seamount vents, is
another compensating source of enriched in *’Cl fluid into the ocean. An estimate of
the §°’Cl budget for the ocean thus involves the following three main input fluxes: (1)
hydrothermal vents of 1.7 x 10" mol/yr (global water flux through hydrothermal
vents (Elderfield et al., 1996) times the average seawater CI concentration (Elderfield,
personal communication), with end-member 8°'Cl values up to +4.1%o; (2) the
recycling of ClI associated with the upwelling fluid from slab dehydration. The Cl flux
used is 3.6 x 10'° mol/yr (average Cl concentration 510 mM x 7.0 x 10" kg/yr (Wei,
2005)) with &°’Cl values of +1.8 %o. It is noteworthy that this fluid flux is a
conservative flux estimate through serpentine mud volcanoes, so far only nine active
ones were identified at Mariana, thus representing a minimum value in the global flux
calculation; (3) assuming that the Cl concentration and isotope ratios at Nankai and
Costa Rica are representative of global subduction zones (Kastner et al., 1991;

Spivack et al.,, 2002), and the entire volume of the ocean is recycled through
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subduction zones in 200 Ma, it gives a global water flux of 7.0 x 10'* kg/yr (Kastner et
al., 1991). The Cl reflux to the ocean with negative &°'Cl of -5.5 to -7.8 %o is thus 3.2
x 10" mol/yr. Although these three input fluxes are considered neither sources nor
sinks for the Cl concentration cycle in the ocean, they constitute important Cl isotope
sources. Rivers are an important CI source; however, they play a negligible role in the
8*'Cl oceanic cycle. In rivers average Cl concentration is ~ 0.07 mM (Holland, 1978)
and the 8°'Cl is 0 + 0.1 %o. Gas condensates from island arcs are as well not
considered in the overall oceanic Cl isotope budge calculation because the estimated
ClI flux is only 0.4% of the total flux (Schilling et al., 1978). The database for the
above input fluxes is listed in Table 2.7.1.

Serpentines and evaporites are the main CI sinks from seawater. What are their
contributions to the Cl isotope budget? Based on this study, serpentines have an
average structural Cl content of ~400 ppm and &°'Cl value of +1.2 to +6.0 %o (Table
2). With a crustal production rate of 5.6 x 10'® g/yr (Hart et al., 1982) with ~15%
being serpentinized (Peacock, 1990; Carlson et al., 2003), the Cl flux into the
serpentines is 1.9 x10'' mol/yr. Rapidly accumulating massive evaporites could also
impact oceanic chlorinity. The estimate based on the total volume of evaporites for the
past 200 Ma of 2.2 x 10’ km’ (Table 2.7.1, (Warren, 2006)) suggests that the average
Cl flux into evaporites is 2.0 x 10" mol/yr. The total Cl sink is, however, much less
than the total Cl source fluxes (Table 4). The 8°'Cl value of evaporites is within £0.5
%0 over the past 200 Ma (Eggenkamp, 1995), thus does not influence the seawater

§*'Cl.
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Combine all the important input and output fluxes,

(8 Cl)inpus = £1(8°7Cl) 1+ £(877C), + £5(8°Cl);3 (2.8)

(8" Cloutpur = F4(8>'Cl)y + £5(5°'Cl)s (2.9)

in which f denotes the fraction of the total input or output flux (f;+f,+f3=1 and
f;+f5=1); subscripts 1, 2, and 3 correspond to the three major input fluxes:
hydrothermal vents, serpentine mud volcanoes, and recycled subduction zone fluids,
respectively. Subscripts 4 and 5 correspond to the two sinks for Cl isotope cycle in the
ocean, serpentines and evaporites, respectively. At steady state, £;(8° Cl),+ £2(8°'Cl), +
£3(8°"Cl); = £4(8°'Cl)y + £5(8°'Cl)s, or (8" Cl)inpur - (5> ClYouput =0. Using instead the
data in Table 4, the calculations suggest that depending on maximum and minimum
fluxes, (8°"Cl)input-(8""Cl)output = 0.9 %o to +0.4 %o, respectively. Based on the marine
evaporite 8°'Cl data of 0 + 0.5%o (Eggenkamp, 1995), +0.4 %o is within the error of
+0.5 %o, whereas the difference between the input and output 8°’Cl of -0.9 %o suggests
that the ocean &°'Cl has probably decreased by at most 0.4%o (0.9-0.5%o) over the past

200 Ma.
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Table 2.7.1 Data-base for the marine 8°'Cl cycle

8’Cl
Water or 5YC1 ranee contribution of
rock Cl Cl flux o g each source or
Cl sources and sinks mass (%0) sink to the
ocean (%o)
kg/yr mol/kg mol/yr min max min  max

Cl sources

Hydrothermal vents  3.0x10"*  0.56%®  1.7x10" 24 41 175 2098

7.0 x10"
b

Subduction zones 0.45 32x10% -78 -55 -1.06 -0.75

Serpentine mud

7.1x10'°° 0.51 3.6x10° 0.1 1.8 0.00 0.00
volcanoes

3.7x10'
d

Rivers 7105 2.6 x10” -0.1 0.1  0.00 0.00

Island arc volcanoes  5.0x102°¢ 1.69x102 8.5x10"° -06 1.7 -0.01 0.02

Input total 2.3 x10" 0.7 2.3
Cl sinks

Serpentines 5.6x10""  1.13x107 1.9x10" 12 6.0 0.0l  0.06

Evaporites 1.2x10"" 172 2.0x10" -05 05 000 0.00

Output total 3.9 x10" 0.3 3.2
5"’Cl(input)-8*"Cl(output) 04  -09

*(Elderfield et al., 1996)

b (Kastner et al., 1991; Spivack et al., 2002)

¢(Wei, 2005). Notice that this is a minimum value for CI flux through serpentine mud
volcanoes, for as yet they have only been identified at the Mariana subduction zone.
d(Palmer et al., 1989)

‘(Schilling et al., 1978)

f(Hart et al., 1982)

¢ The average Cl concentration at hydrothermal vents is taken as seawater value, based on the
assumption that MOR hydrothermal activity is neither a source nor a sink for CI (Elderfield,
personal communication)

" (Holland, 1978)

' (Warren, 2006)
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Chapter 2, in part, has been submitted for publication as it appears in ODP Leg
195 Scientific Results. Wei Wei, Miriam Kastner, Annette Deyhle, Arthur J. Spivack
(2005). Geochemical cycling of halogens and boron and its implications for fluid-rock
reactions in the non-accretionary Mariana supra-subduction zone. 23 pages. The

dissertation author is the primary investigator and author of the paper.

Chapter 2, in part, will be submitted to Earth and Planetary Science Letters,
Wei Wei, Miriam Kastner, Arthur J. Spivack. Chlorine stable isotopes and halogen
concentrations in convergent margins with implications for Cl isotope cycling. The

dissertation author is the primary investigator and author of the paper.



CHAPTER 3
HYDROTHERMAL EXPERIMENTS

3.1 Introduction

Chemical fluxes into and out of seawater are significant at mid-ocean ridge
hydrothermal systems (Edmond et al., 1979; Von Damm, 1988; Von Damm, 1990). At
ridge flanks chemical exchange between seawater and Mid-Ocean Ridge Basalt
(MORB) is also important and the sediment cover impacts the exchange reactions and
the fluxes into and out of the ocean (Kastner et al., 2004). When the sediments and
altered oceanic crust enter subduction zones, the temperature and pressure increase
with depth, promoting extensive diagenetic and metamorphic reactions (e.g. (Peacock,
1990)) and significant element re-mobilizations. Depending on the volume of the
return flux of pore fluid into the ocean, subduction zone processes may also impact the
global geochemical mass balances.

Laboratory experiments can provide constraints on understanding
hydrothermal reactions in natural systems. Early hydrothermal experiments (Bischoff
et al., 1975; Seyfried et al., 1977; Seyfried et al., 1979) focused on reproducing the
observations at Mid Ocean Ridge (MOR) hydrothermal vents. Seawater was reacted
with MORB under specific temperatures (70, 150, 200 and 300°C) and at 500 bars
pressure for approximately two months, with water/rock (w/r) ratio of ~10. Similar to
seafloor hydrothermal systems, seawater was modified in these experiments, Mg and
SO, concentrations decreased and the concentrations of Ca, SiO,, H,S, CO,, K, Fe,

Mn, Ba, and Al increased. MORB was altered to smectite, similar to that found in

90
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altered oceanic ophiolites. Seyfried et al. (Seyfried et al., 1998) also examined alkali
metal mobility and Li isotope exchange in seafloor weathered basalt in an experiment
at 350°C, 500 bars. These experiments were, however, conducted at a constant
temperature and pressure. The experiments by You et al. (You et al., 1996; You et al.,
2001) on interaction between synthetic NaCl-CaCl, fluid and clay-rich hemi-pelagic
sediments were conducted between 25 and 350 °C with 25 or 50 °C intervals, at 800
bars, with a w/r of ~3; the equilibration time for each temperature increment was 3-7
days. These experiments, which better mimic the natural condition in subduction
zones, demonstrated that the fluid chemistry changed significantly: Na, Mg, and SO4
concentrations decreased sharply and NH4, SiO,, K, B and Li concentrations increased
with temperature. The sediment composition showed minor modifications: only B, Li,
As, Br and Pb were significantly depleted, and adsorbed B (8''B= ~15 %o) was
completely leached below 150°C (You et al., 1996; You et al., 2001). James et al.
(James et al., 2003) conducted experiments between 51 and 350 °C at 400 bars for 30
days, with w/r of ~ 4 (20 days of heating and 10 days of cooling episodes) to study the
nature and temperature control of basalt-seawater and sediment- seawater reactions at
the Juan de Fuca Ridge (JFR) flank. It was shown that K and Si were leached from
basalt, and U was taken up between 150 and 350 °C. The mobilities of Ca, Li, Rb, Cs,
and Sr were different in the basalt and sediment experiments. Li and Sr isotopes
suggested the formation of secondary minerals in both basalt and sediment

experiments.
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In order to better characterize the partition behavior of the major (Mg, Ca) and
alkali elements (Li, K, Rb, and Cs) in different types of solids, as well as to study Li
and Sr isotope exchanges from 35 to 350°C at 25 or 50 °C increments, we chose
basaltic ash and smectite to mimic the fluid-rock reactions at hydrothermal vents,
ridge flanks, and subduction zones; the experiments were conducted at a w/r mass
ratio of ~5 (Table 3.3.1). The temperature increments in this study were smaller than
in all previous experiments, hence, detailed profiles of element behaviors were
obtained, especially at low temperatures (35-150°C). The experiments lasted two to
eight months, longer than the previous experiments, to ensure that steady state had
been reached at each temperature.

The focus of the experiments was on alkali metal (Li, K, Rb, and Cs)
concentration variation with increasing temperature, on the exchanges of Li and Sr
isotope ratios between the fluids and solids, and the reactivities of the solids. The data
provide new information on the flux of alkali metals through hydrothermal vents and
the approximate temperature at the reaction sites, as well as new insights on the nature
of the alteration of the solid phases, thus, on the involvement of sediments in arc
volcanism (Hart, 1969; Hart et al., 1982; Palmer et al., 1989; You et al., 1996;
Seyfried et al., 1998). The Li isotopes were emphasized because of the large relative
mass difference of 14.4% between °Li and 'Li and the affinity of Li for the fluid
phase. In contrast, the relative mass difference of Sr and *°Sr is only 1.1%, therefore,
Sr isotopes provide critical information on the nature of source materials involved in

the reactions.
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3.2 METHODS

3.2.1 Experimental Apparatus

Dickson-type rocking autoclaves were employed for the experiments at USGS,
Menlo Park, CA. An inert reaction environment was provided by collapsible reaction
cells fabricated from gold (up to 300 cm’). The reaction cells were housed in a
pressure vessel secured to a rotating furnace, which serve the purpose of better mixing
the reactants and minimizing potential temperature gradient. Pure water acted as the
pressure fluid in the annular space surrounding the cell. This system allowed reactions
to take place under controlled pressure and temperature conditions (Bischoff et al.,
1975; Rosenbauer et al., 1993). It also permitted fluid samples to be withdrawn at
constant pressure and each temperature on-line, avoiding quenching reactions and

allowing reaction progress to be monitored as a function of time.

3.2.2 Materials and Procedures

Two types of solids were chosen as starting materials: (1) basaltic ash from
Lau Basin (ODP Leg 135, 836 A-3H-4, 10-51 cm) which consists mostly of volcanic
ash, with some calcite, cristobalite and traces of clay minerals; thus it is slightly
altered and has somewhat higher than end-member MORB Li concentration, as shown
in Table 3.3.2; (2) smectite from Barbados (ODP Leg 110, 110-671B-51 X), a typical

detrital smectite in continental margins, that consists of ~90% clay minerals (mostly
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smectite), 0-3% quartz, 0-2% feldspar and 0-2% opaque, as well as up to 30% + 20%
of the volcanic glass (ODP Leg 110 initial reports). The two starting fluid were: (1)
filtered seawater (sw) taken from Scripps Pier at La Jolla, CA; and (2) artificial
seawater (asw) with a composition of: 29.52 g NaCl, 11.01 g MgCl,-6H,0, 1.14 g
CaCl,, 0.69 g KCl, 0.03 g H3BOs, 0.06 g SrCl,-6H,0 in 1000 ml H,O. The asw was
sulfate-free to avoid complication associated with anhydrite precipitation (Table
3.2.1). Seven different types of experiments were conducted: basalt with sw (001),
smectite with sw (002), basalt and smectite mixture (2:1) with asw (003), basalt with
asw (004 and 017), and smectite with asw (005 and 016). Experiments 017 and 016
were duplicates of experiments 004 and 005, respectively, to examine experimental
reproducibility. The details are summarized in Table 3.2.1.

The solids were homogenized prior to use to achieve reproducibility. In the
experiments, solids were placed in flexible gold bags filled with filtered or artificial
seawater in Dixon rocking autoclaves (Rosenbauer et al., 1993), at the water/rock
(w/r) ratios listed in Table 3.2.1. The w/r ratios chosen are similar to those in the
experiments by You et al., 1996 (You et al., 1996). The solid-seawater mixtures were
equilibrated at room temperature for several hours prior to placement in the reaction
vessel. Constant pressure of 600 bars was maintained during sampling. Except near
the critical point, temperature but not pressure, is the dominant variable controlling
reaction kinetics, and to a great extent, the equilibrium mineral assemblage. At a
pressure of 600 bars, our system was supercritical and single phase. During the

experiments, about 1.0-2.0 ml of solution was extracted between 35 and 350°C at



95

intervals of 25 or 50°C, over the course of 3-8 months.
Reaction duration at each temperature lasted until an apparent steady-state was
reached, as determined by monitoring the fluid chemistry. At the end of each

experiment, the w/r ratio was ~2-3.

3.2.3 Analytical Methods

Concentrations of major elements (Mg, Ca, K, and SO4) and some minor
elements (Ba, Sr, and Li) in the fluids were analyzed by ICP-OES (analytical error <
3%); Cl concentration was determined by titration with AgNOs (error < 0.1%); Si by
spectrophotometry using the silicomolybdate complex (error < 3%); Rb and Cs by
ICP-MS (ThermoQuest/Finnigan Element2) (analytical error < 3%); Li isotope ratios
by TIMS (external error < 1%o) (You et al., 1996); and Sr isotope ratios by TIMS
(internal error < 5.5x10° and external error < 0.002%o).

The solids were characterized for mineralogy by XRD before and after the
reactions. The concentrations were also analyzed by ICP-OES for major elements and
by ICP-MS for trace elements. For these analyses each solid was dissolved in HNO;

and HF acid, and diluted 2000 fold by weight with 2.5% optima nitric acid solution.



Table 3.2.1 Starting reactants

Exp Solid Fluid W/R Temp. Duration

ID mass ratio  range (days)
4®)

Basalt experiments'

001 Basaltic ash 26.5 g Filtered sea water 138 ml 5.3 35-353 107

004* Basaltic ash 27.1 g Artificial sea water 140 ml 5.2 35-300 260

017 Basaltic ash 17.5 g Artificial sea water 121 ml 6.9 35-352 179

Smectite experiments”

002 Smectite 27.0 g Filtered sea water 169 ml 6.4 35-350 107

005* Smectite 27.1 g Artificial sea water 164 ml 6.1 35-150 85

016* Smectite 21.4 g Artificial sea water 167 ml 7.8 35-226 97

Basalt and Smectite mixture experiment

003 Basaltic ash 20.0 g Aurtificial sea water 220ml 7.5 35-350 192

Smectite 10.0 g

Note: * Experiment terminated early due to the suspicion of leakage

'The basaltic ash is from Lau Basin (ODP Leg 135, 836 A-3H-4, 10-51 cm). It contains mostly volcanic

ash, with some calcite, cristobalite, and traces of clay minerals.

*The smectite is from offshore Barbados (ODP Leg 110, 110-671B-51 X) with 0-3% quartz, 0-2%
feldspar, 0-2% opaques. The two starting fluids are: filtered seawater taken from Scripps Pier, and
artificial seawater composition: 29.52 g NaCl, 11.01 g MgCl, 6H,0, 1.14 g CaCl,, 0.69 g KCl, 0.03 g
H;BO;, 0.06 g SrCl,.6H,O in 1000 ml H,O, and without sulfate to avoid complication of anhydrite

precipitation.
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3.3 RESULTS AND DISCUSSIONS
3.3.1 Fluid Chemistry

In the basalt or smectite hydrothermal experiments seawater was considerably
modified; the overall chemical trends with increasing temperature are rather similar in
both sw and asw experiments, and are compared with submarine hydrothermal vents
chemistry. The experimental fluid and solid data are presented in Table 3.3.2 and

3.3.3, respectively, and Fig. 3.3.1-3.3.7.

Cl concentrations

The continuous decrease in CI concentration (~3-8 %), especially in the basalt-
sw experiment, shown in Table 3.3.2, was unexpected because hydration of basalt to
form smectite should consume water. Phase separation is ruled out at the experimental
conditions of 600 bars and < 350 °C (Oosting et al., 1996). A small but significant CI
decrease at T > 200 °C was also observed (up to 3% at 350 °C) in You et al’s
experiment (You et al.,, 2001), and was suggested to derived from organic matter
decomposition and/or clay mineral dehydration. In our experiments smectite
dehydration could account for at most 3% decrease in Cl concentration based on ~15
wt% interlayer water in smectite. Formation of a Fe/Mg hydroxy chloride phase (e.g.
Fey(OH);Cl) has been suggested to explain chlorinity variations in submarine
hydrothermal vent fluids (Edmond et al., 1979; Campbell et al., 1988). The Fe/Mg
hydroxy chloride phase contains a theoretical ~18wt% CIl. If it is assumed that if

present, it comprises a maximum of 2-3% in the solid, as it was not detected by XRD.
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The mass balance calculation suggests that 2-3 % Fe/Mg hydroxy chloride phase
could account for ~6-7% of Cl decrease in the fluid. The most likely explanation of
some leakage of pure water from the pressure fluid into the reaction cell was also
suspected but could not be proven at the end of the experiments. Therefore, in the
following discussion and in Figs 3.3.1-3.3.7, the elemental concentrations are

normalized to Cl.

Si concentrations

Dissolved silica concentration is an established geothermometer ((Fournier,
1981; Von Damm et al., 1991) and references therein). In this study, Si concentrations
in both basalt and smectite experiments are compared to the quartz solubility in
seawater experiment from 35 to 350 °C (Von Damm et al., 1991). As indicated in Fig.
3.3.1, the experimental Si concentrations from 35 to 300 °C are within 2-3 mM to the
empirical values. At 350 °C, however, the analyzed Si is ~8-10 mM lower than the
empirical value. The discrepancy was most probably caused by Si polymerization
when the 350 °C fluid was cooled to room temperature prior to analysis, as the

analytical method only detects the Si monomer (Fournier, 1981).

Mg and Ca

In the basalt experiments, Mg/Cl decreases rapidly to near zero from 35 °C to
~200-250 °C and remains at ~zero concentration from 250 and 350 °C in both sw and
asw fluids (Fig. 3.3.2 and Table 3.3.1), suggesting that Mg-fixation by Mg-smectites

starts already at ~50 °C (Seyfried et al., 1979) and is complete at ~250°C. The close
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match of the two duplicate asw experiments (Exp 004 and 017) confirm the
reproducibility of the analytical procedure. Previous studies used synthetic NaCl-
CaCl, fluid without Mg as reacting fluid (You et al., 1996; You et al., 2001; James et
al., 2003), and it has been shown by Seyfried et al.(Bischoff et al., 1975; Seyfried et
al., 1977; Seyfried et al., 1979) that Mg removal from the fluid at 70, 150, and 260°C
is important for creating charge balance, i.e. replacing it with other cations, such as
Ca, Na, K, and trace metals. The Ca/Cl gradually increases between 35 and 100 °C
then steeply increases between 100 and 150 °C (Fig. 3.3.2-b). This is consistent with
the observation in the axial high-temperature hydrothermal fluids (Edmond et al.,
1979; Elderfield et al., 1999). From 175 to 350 °C, the differences in the observed
Ca/Cl ratios between sw and asw experiments stems from CaSO, precipitation, which
is also indicated by the SO4 concentrations (Table 3.3.1).

In the smectite experiment, Mg/Cl ratios gradually decrease from 35°C to zero
at 350 °C, and the rate of decrease is continuous throughout the experiment (Fig.
3.3.2-c), similar to at hydrothermal vents, where Mg decrease uniformly and reaches
zero at ~350 °C (Edmond et al., 1979). The results also agree with the observations
that at ridge flanks at the sediment-basement interface, < 25°C the loss of Mg is small
(< 10%) from the circulating seawater, whereas all sites with basement temperatures >
45°C show a large (> 80%) Mg loss (Mottl et al., 1994). Ca/Cl ratio increases from
0.02 in the starting fluid to ~0.04 between 35°C and 150 °C and drops to ~0.01
between 150 and 350 °C in the sw experiment (Fig. 3.3.2-d), while it remains
constant at ~0.03 from 50 to 225 °C in the asw experiment (the experiment was

terminated at 225 °C). The difference is mainly caused by anhydrite precipitation.
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In Fig. 3.3.2, the profiles of basalt-smectite (2/1) mixture-asw experiment are
compared with those of the pure basalt and smectite experiments, respectively. The

data indicate that basalt is dominating the reactions in the mixture experiment.

The Alkali Metals

Each of the alkali elements shows a unique concentration profile versus
temperature (Fig. 3.3.3 and 3.3.4). In the basalt-sw experiments, fluid K/Cl molar
ratio increases slightly from 35 to 65°C, and decreases to a minimum of 1.10 x107 at
275°C. Beyond 275°C the ratio sharply increases to 6.53 x107 at 350°C (Fig. 3.3.3-a).
In contrast, Li/Cl, Rb/Cl and Cs/CI ratios increased with temperature from 35 to
350°C. Each of the ratios shows a distinct profile as a function of temperature. The
Li/Cl ratio increases gradually between 35 and 250 °C, then increases sharply to
350°C (Fig. 3.3.3-b). Rb/Cl ratio has a higher inflection temperature, at ~300°C, and a
steeper slope between 300 and 350°C (Fig. 3.3.3-c). Cs/Cl ratio exhibits a unique
trend: at <100°C, the ratio barely increases and stays below 1.2 x10™®; it increases ten-
fold from 100°C to 350°C to 1.7 x10” (Fig. 3.3.3-d).

In the smectite-sw experiments, each alkali element concentration normalized
to Cl also demonstrates distinct temperature-dependant profile. These profiles,
however, differ from those obtained in the basalt-sw experiments, demonstrating the
strong influence by solid on the partition profiles of the alkali elements. At 35 °C,
K/Cl ratio decreases to 1.5 x107 from the starting sw value 1.9 x107, possibly due to
adsorption by clay minerals (James et al., 2000). From 35°C to 150°C, it again

increases to the value of 1.9 x107, during which process K is possibly taken up by
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illite and released from the bulk solid simultaneously. From 150 °C to 250 °C, K/CI
ratio steadily and steeply increases, followed by a lower increase rate from 250°C to
350°C (Fig. 2II-a), indicating that K is released from the solid at higher than 150 °C
temperatures. Li/Cl ratio shows a trend similar to that observed in the basalt-sw
experiment, but the ratio is ~3 times higher and the threshold is at 275 °C (Fig. 3.3.4 -
b). Rb/Cl ratio remains at sw value between 35 and 125°C. It gradually increases to
2.4 x10” at 350°C (Fig. 3.3.4 -c), only 0.2 %107 lower than the Rb/Cl ratio at 350°C in
the basalt experiment. Thus the enrichment factor for Rb in the fluid is ~10 in both
experiments although Rb concentration in the smectite is 8 times higher than in the
basalt. This suggests that Rb concentration in the fluid is controlled mostly by
temperature. Cs/Cl ratio remains constant until 200°C (100 °C higher than in the
basalt experiment), and increases to 9 x107 at 350°C (5 times higher than in the
basalt) (Fig. 3.3.3 and 3.3.4). The higher maximum value and threshold temperature in
the smectite experiment compared to the basalt experiment suggest that Cs mobility is
determined by both source solid and temperature.

In summary, the loss of Ca, Si, and alkali elements from the solids and the
gain of Mg during solid alteration in the basalt and smectite experiments agree well
with exchanges of these elements observed in submarine hydrothermal systems
(Edmond et al., 1979; Elderfield et al., 1996). The data at the lower temperatures (35-
300°C) in both basalt and smectite experiments are especially important in providing
new insights on alkali element mobilities at ridge flanks and diagenetic environments.
For example, Cs is steadily leached from basalt already at low temperature of 100 °C,

which implies that ridge flanks most probably are significant contribution to the Cs
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oceanic budget. The relative alkali metal contributions to the ocean from fluid-
sediment versus fluid-oceanic basement reactions may also be derived from the alkali
metal-temperature profiles (Fig. 3.3.3 and 3.3.4). For instance, the enrichment factors
(defined as alkali concentrations at 350 °C + alkali concentrations at 25 °C) of Li/Cl
and Cs/Cl ratios in the smectite experiments are 70 and 155, respectively, considerably
higher than in the basalt experiments with corresponding enrichment factors of 20 and
30.

The mobility pattern with temperature of each alkali element is as well
significantly different in the two experiments. In the basalt experiment, Li/K and
Cs/Rb exhibit sharp maxima of 35 x107 at 275°C and 0.42 x107 at 250°C,
respectively (Table 3.3.1). In comparison, in the smectite experiment, Li/K reaches the
maximum of 123 x107 at 350 °C, and Cs/Rb has a distinct minimum value of 10 x107
at 200°C (Table 3.3.1). Assuming no retrograde reactions, these results suggest that
alkali elements may be used to indicate the approximate temperature at the source of

fluid-rock reactions, as discussed in the Implications section.

Ba

Because as yet no solid work was performed only the observations with no
interpretations are provided. In the basalt experiments, with or without SO,, Ba/Cl
gradually increases from seawater value (8 x 10 ®) at 35 °C to 2 x 10 at 175 °C, and
decreases to the starting seawater value at 300 °C (Fig. 3.3.5). From 300 to 350 °C,

Ba/Cl ratio increases rapidly to 0.06 x 10 * in the seawater experiment and 0.12 x 10™
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in the asw experiment at 350 °C. The Ba profile suggests that with increasing
temperature, Ba is released from the basalt into the fluid phase in the temperature
range of 35- 175 and 300-350 °C but is incorporated into an as yet unidentified solid
phase in the temperature range of 175-300 °C. The fact that the experiments with and
without SO4 behave the same suggest that it is not barite. In the 350 °C fluid Ba
concentration is ~32 uM, similar to the observation in the natural hydrothermal fluid,
of >8 uM or >42 uM (Elderfield et al., 1996).

In the smectite-sw experiment, Ba/Cl increases slowly from 0 (asw) to 8 x 10
(sw) in the starting fluid to 9 x 10 at 200 °C; from 200 to 250 °C, it increases more
rapidly and reaches ~3 x 10~ at 250 °C and remains close to this value between 250-
350 °C (Fig.3.3.5). The profile suggests that Ba is leached from the smectite to the
fluid from 35 to 250 °C; a similar Ba mobility profile from 35 to 350 °C was also
obtained by James et al., (2003) (James et al., 2003), in the experiments between
hemipelagic sediment (ODP Leg 169, 1037B 6H-03, comprises 29% quartz, 24%
feldspar, 34% lithic fragments with abundant volcanic component) and artificial
seawater without SO4. The comparison of Ba profile in the basalt/smectite (2:1)
mixture-asw experiments with the basalt experiments and smectite experiments

(Fig.3.3.5) suggests that basalt is the dominant solid in the fluid-solid reaction for Ba.

UandF
In the hydrothermal fluids from 21 °N, East Pacific Rise and Guayamas Basin,

Gulf of California, U was reported quantitatively removed from seawater and
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deposited into the oceanic crust during the hydrothermal circulation (Chen et al.,
1986). It has also been shown that U was undetectable in the 60°C fluid at Baby Bare
springs (Wheat et al., 2002) and completely removed from the fluid into basalt at 150
°C in the hydrothermal experiment by James et al (James et al.,, 2003).
Thermodynamic modeling of U mobility (25-300 °C, 500 bars) between seawater and
the redox assemblage, hematite-magnetite-pyrite, indicated that the removal of U from
seawater during basalt alteration is more controlled by shifting to reducing conditions
than by temperature effect (Dunk et al., 2002). This is because U forms the soluble
uranyl-carbonate species in oxidizing aqueous conditions, such as those found in most
seawater. In anoxic or suboxic conditions, such as below or at seafloor (Teichert et al.,
2003), U is reduced from its hexavalent to its tetravalent state and becomes insoluble.
In the basalt-sw experiments, U concentration of the fluid was below the
detection limit thus is not shown. In the smectite-sw experiments, U decreased from
seawater value (13 nM) from 35 to 150 °C, and was completely removed from the
fluid at 150 °C. Only between ~275 and 350 °C, it gradually increased to 4.7 nM (Fig.
3.3.6 a). The trend of U being removed from seawater from 35 to 150 °C agrees with
that observed in hydrothermal fluids and previous experiments (James et al., 2003).
From 275 to 350°C, the U increase could not be explained by forming soluble uranyl-
carbonate species in the anoxic or suboxic condition of the hydrothermal experiments,
but possibly by the behavior of fluoride in the fluid: F concentration decreases from
111 uM at 50°C to 85 uM at 200 °C, remains at ~80-85 uM till 300 °C, then increases

to 121 uM at 350 °C (Fig. 3.3.6 b). Similar fluoride behavior was observed by
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Seyfried and Ding (1995) (Seyfried et al., 1995). The F decrease in the fluid from 25
to 250 °C was explained by F precipitation with magnesite and magnesium-hydroxide-
sulfate-hydrate (MHSH). At temperature greater than 250°C, F-rich minerals dissolve
and F is released to the fluid (Seyfried and Ding, 1995). The U-F cross plot
demonstrates the relationship between U and F: they both remain lower than seawater
value from ~200 to 300°C in the fluid but their mobilities increase above 300 °C. (Fig.
3.3.7).

Enrichments of uranium ***U over **°Th have been found in historic lavas from
the Southern Volcanic Zone of Chile (33-42°S) (Sigmarsson et al., 1990) and central
American arc lava (Patino et al., 2000), and are attributed to preferential partitioning
of U into a fluid phase during dehydration of the recently subducted sediments. High F
concentration has also been detected in the deep-sourced fluids at the Costa Rica
subduction zones (Chapter 2). Uranium concentration data of the deep-sourced fluid at
the Costa Rica subduction zone, however, are as yet not available. Based on the
limited data to date, it is still preliminary to suggest that a complex is formed between
U and F in the fluid phase, such as U(F)s %, in order to explain the enrichment of U in
the fluid phase in anoxic or suboxic conditions at subduction zones and should be

pursued in the future research.
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3.3.2 Li and Sr Isotope Ratios, with Implications for Solid Reactivities

Li isotope exchange between the fluid and solid

In order to answer the following questions: have the solids been extensively
altered by the fluids in the hydrothermal experiments conducted in a close system with
water/rock mass ratio of ~5; Are the experimental results representative of fluid-rock
reactions at submarine hydrothermal systems; and what controls the reactivity of the
source solid? A water-rock interaction model by Magenheim et al. (Magenheim et al.,
1995) is used, to monitor reactivity of the solids for Li concentration and the Li

isotope exchange between the fluids and solids, that can also be applied to an open

system:
Reactivity(R) = — K x In[(Xr-KX}/(Xr-KX,)] (3.1
Reactivity(R) = — (aK) " x In[(Yr-aKY }/(Yr-aKY,)] (3.2)
in which

o : fractionation factor for Li isotopes (°Li and "Li). The empirical equation is
a=1.0192 — 8.0505x10°T +1.0625x10”" T* (James et al., 1999).

K: distribution coefficient of Li element between the altered phase and the
solution. The empirical equation is K=2.4757e 000750 (James et al., 1999).

X and Y: concentrations of °Li and "Li isotopes in the reacted fluid;

X; and Y;: the initial concentrations of the two isotopes in the solid;
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X, and Y, the initial concentrations of the two isotopes in the starting fluid.

Equation (1) is applied for °Li and equation (2) is for 'Li. In the model, the Li
concentration and isotopic composition of the hydrothermal fluid are controlled by the
Li concentrations and isotopic compositions of the reacting rock and fluid, the
distribution coefficient (K) of Li between the altered phase and the fluid, as well as the
Li isotopic fractionation factor (o) between these two phases; the latter two factors (K
and o) are temperature dependent. The distribution coefficient (K) for Li also varies
among different mineral phases. For example, at 50 °C, K is 1.7 for chlorites, 2.3 for
smectites, and 33 for zeolites; at 260 °C, 0.35 for chlorites, 1.9 for smectites, and 3.5
for zeolites (Berger et al., 1988). The estimated K based on the above empirical
equation is similar to Berger's experimental results for chlorite (Berger et al., 1988)
and is used for modeling the basalt experiment. In the smectite experiment, a higher K
(33) has to be assumed due to the different mineral alteration phases and different Li
concentration and isotope ratio data of the fluid.

The measured Li concentration and isotope values of the starting ash and
seawater (Xo, Yo, Xr and Yr), and of the reacted fluids at 50, 100, 150, 200, 300,
350°C are known (Table 3.3.1). In equations (1) and (2), reactivity values were chosen
to generate Li concentration and isotopic values to fit the measured values in the
reacted fluids. The results show that at T<150 °C the reactivity is low, suggesting that
rocks are not extensively reacted; at T > 150 °C, more rock begins to react with the
fluid, more Li is leached out; reactivity increased sharply from 200 to 350 °C (Table

3.3.3 and Fig. 3.3.8). The results for both basalt and smectite experiments are
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remarkably similar, implying that the reactivity for Li is mostly temperature
controlled.

The calculated 3'Li from equations (1) and (2) and the measured 8'Li values
are plotted on Fig. 3.3.9. In the smectite experiment, between 100 and 200°C, the
analyzed 8'Li in the fluid is higher than the calculated ones, possibly as a result of
isotope exchange during the dissolution of the starting solid and partition of Li
between secondary minerals and the fluid.

In the basalt experiment, the 'Li/°Li isotopic fractionation between the 350°C
fluid and the final solid is ~3 %o (Table 3.3.1 and 3.3.2), which is rather close to the
empirical value from natural hydrothermal fluids (Chan et al., 1994), implying that the
experiments do mimic the natural hydrothermal reactions. The good agreement
between the calculated and experimental data for both Li concentration and isotopes
from 35 to 350 °C, presented in Table 3.3.3 and Fig. 3.3.9, and the similar reactivity
profiles for both basalt and smectite experiments, indicate that it is a system where
rock is dissolved and new minerals precipitate, and the partitioning of Li between the

newly formed minerals and fluid is governed by the temperature.

Sr and Sr Isotope Exchanges

As shown in Fig. 3.3.10, in the basalt-asw experiment between 35 and 150 °C,
Sr/Cl ratio slightly increases from 0.25 x10 to 0.35 x10~, then drops to ~0.10 x107
at 300 °C and returns to the sweater value at 350 °C. In the smectite-asw experiment,

the ratios are similar to the basalt experiment data. When SO4 was present in the
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starting fluid, Sr/Cl ratio drops from ~0.3 x10~ at 150 °C to ~0.10 x107 at 200 °C and
remains at ~0.10 x10~ to 350 °C, most likely due to co-precipitation of Sr with
CaSOy. The observed narrow range of Sr concentration from 35 to 350 °C is consistent
with that of the natural hydrothermal vent fluids (Edmond et al., 1979; Elderfield et
al., 1996), suggesting that without phase separation, the oceanic crust is overall neither
a sink nor a source for Sr, as some Sr is extracted from basalt by hydrothermal fluids,
a similar amount of Sr is removed by mineral precipitation (Davis et al., 2003).

The ¥'St/*°Sr ratios of the fluids are significantly affected, showing less
radiogenic values than the starting seawater value (*'Sr/*°Sr = 0.709221) throughout
the course of basalt-sw experiment (Fig. 3.3.11). At 150 °C, *’Sr/**Sr is 0.708480 and
at 350°C, *’Sr/**Sr decreases to 0.705770, reflecting Sr isotopic exchange between the
fluid and the basalt (*’Sr/**Sr = 0.703610). The percentage of isotope exchange is
calculated using the equation (Davis et al., 2003):

percentage exchange =

(*St/* St - ¥ ST/**Streacted nuia)/ (V' St/ St =¥ ST/**Sttarting sotia ) X100 (3.3)

In the natural hydrothermal vent fluids, Sr isotope exchange is ~100% as
indicated by the average *’Sr/**Sr of 0.7037 (Davis et al., 2003). In the 350 °C
experimental fluid, the Sr isotope exchange is ~52% based on the final fluid *'Sr/**Sr
ratio of 0.705770. A similar exchange ratio of ~60% was obtained in the hydrothermal
experiments by James et al., 2003 (James et al., 2003). The lower *’St/**Sr exchange
in the experimental results relative to the natural ridge crest fluids is probably caused

by the considerably lower affinity of Sr for the fluid, unlike Li, which shows ~100%
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reactivity of the solid; thus even after 8§ months, the reactivity of the solid for Sr has
not reached 100%.

In the smectite-sw experiment, *’Sr/*Sr is 0.70817 at 50 °C, 0.708138 at 150
°C, and 0.708140 at 200 °C. These are considerably less radiogenic ratios than both of
the starting sw (0.709221) and the smectite (0.712390) values, suggesting that a
reactive non-radiogenic phase is as well present, such as volcanic ash, and Sr isotope
exchange preferentially occurs between the volcanic ash and fluid from 50 to 200 °C.
At higher temperature, however, *’Sr/*Sr of the fluid increases from 0.708693 at 200
°C to 0.708693 at 250 °C, and 0.709189 at 350 °C, approaching the smectite value
(Table 3.3.1c and Fig. 3.3.11).

The Sr isotope ratio in the experiment suggests that Sr exchange is not
confined to high-temperature reactions, but begins to occur at a temperature as low as
50 °C. Considering the large fluid fluxes inferred for ridge flank hydrothermal systems
(Elderfield et al., 1999), even a small degree of exchange at ridge flank temperature
could make a significant contribution to the oceanic Sr isotopic budget (Davis et al.,
2003). Sr mass balance calculations have shown that for a very low A Sr concentration
value of 10 p mol kg™' in pore fluids overlying young (~ 5 m.y.) oceanic basement and
a ¥'Sr/*°Sr value of 0.7070, with 5 cm yr' fluid advection from basement, the Sr ridge
flank flux is more significant than the axial hydrothermal flux, thus, may help to
resolve the apparent Sr imbalance in the ocean (Elderfield et al., 1999; Butterfield et

al., 2001; Davis et al., 2003).
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3.3.3 The Alteration of the Solids

X-ray diffraction (XRD) analyses of the starting and ending solids (basalt and
smectite) show significant mineralogical changes. In the bulk ending solids, in
addition to the minerals produced at 350 °C, retrograde products, which are the lower
temperature "overprints" from the quenching procedure from 350 °C to 25 °C in 24
hours (Seyfried et al., 1979), may also be present.

Based on the XRD results, the reactions at 350 °C could be summarized as:

J basaltic ash + sw/asw reaction:
basaltic glass + calcite + traces of smectite + Mg > >
recrystallized smectite + mordenite + analcime + albite + Ca®" + Na”™ + K +

Li"+Rb" + Cs"+ HySiO4
Ca®" (Sr*") + SO4 % = anhydrite forms in the sw experiments
J smectite + sw/asw reaction:
smectite + chlorite + traces of illite + traces of volcanic ash + quartz + Mg > >
recrystallized smectite + illite-smectite + quartz + traces of albite + Ca*" +Na”

+K"+ Li"+Rb" + Cs"+ H4SiO4

Ca®" (Sr*") + SO4* > anhydrite forms in the sw experiments
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Two smectite experiments (005 and 016) were terminated at 150 °C and 226
°C, respectively, due to suspicion of leakage. Hence, the solid products at these two
temperatures were obtained. The progressive mineral change is clearly demonstrated
by XRD results: relative intensity of the chlorite peak is decreasing with increasing
temperature until it is no more present at 350°C whereas the intensity of the illite-
smectite peaks increase. The relative intensity of illite peak reaches its maximum at
150 °C. A poorly crystallized mixed layer chlorite-smectite may form at 350 °C but
was not detected by XRD (Seyfried et al., 1998).

The chemical changes in the solids are listed in Table 3.3.2. The main results
are: Mg concentration increases while Ca, Na, K, Li, Rb concentrations decrease. No
significant change of Cs concentration is detected in the solids, because the Cs leached
from the solid into the fluid is < 3% of the total Cs in the solid, within the analytical
error. Overall the elemental concentration changes in the solids correspond to these in

the fluids (Fig. 3.3.3 and 3.3.4).
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Table 3.3.1. Major and trace element concentrations in the reacting fluids from 35 to
350 °C in different experiments: (a) basalt + sw; (b) basalt + asw; (¢) smectite + sw; (d)
smectite+ asw; (e) basalt/smectite (2/1)+ asw.

(a)- part 1. major and trace element concentration data in basalt + sw exp (001).

Sample temp time ClI SO, Mg Ca Sr K Li Rb Cs
ID °C day mM mM mM mM pyM mM uM pM M
SW 20 0 536 28.6 52.1 104 83 95 33 1.4  0.003
001-1 37 1 534 284 519 174 122 8.7 41
001-4 50 10 539 274 495 184 116 89 43 09 0.003
001-6 75 28 531 269 484 18.0 114 86 39 14 0.006
001-7 94 29 518 262 451 179 154 87 59
001-9 100 51 500 26.0 419 218 111 95 62 15 0.002
001-10 150 52 501 252 303 299 130 9.0 74 20 0.013
001-12 148 62 496 12.6 180 335 112 95 &4 2.1 0.011
001-13 200 62 48 4.1 58 308 106 9.1 98 22 0.017
001-18 253 82 470 06 02 259 89 6.0 155 2.1 0.041
001-22 303 94 466 0.7 02 263 41 6.1 251 34 0.053
001-26 353 107 459 0.6 0.1 326 68 233 458 11.7 0.075
quench 20 107 439 48 0.8 475 99 15.0 495 48 0.032

(a)-part 2. Li and Sr isotopic ratio data.

Sample temp time &/Li ° St/*°Sr
ID  °C day %

SW 20 0 30.95 0.709189
001-1 37 1

001-4 50 10 20.95 0.709184
001-6 75 28 22.90

001-7 94 29 19.66

001-9 100 51 21.02

001-10 150 52 17.41 0.708480
001-12 148 62

001-13 200 62 14.40 0.707694
001-18 253 82

001-22 303 94 9.53  0.706235
001-26 353 107 7.33  0.705770
quench 20 107 8.31




Table 3.3.1. (continued)
(b) major and trace element concentration data in basalt-artificial sw experiment (017)

Sample temp time Cl SO, Mg Ca Sr K Li Rb Cs
ID °C day mM mM mM mM pM mM upM pM uM
asw 35 00 630 02 514 89 159 89 36 0.7 0.005
017-1 35 7 648 03 514 162 9.0 0.6 0.001
017-2 52 14 637 03 499 165 173 87 41 0.6 0.002
017-3 52 21 634 04 508 172 176 93 46 0.8 0.008
017-4 77 28 624 04 487 170 175 93 49 0.8 0.023
017-5 77 35 608 0.4 463 182 180 10.1 74 1.1 0.014
017-6 102 43 617 0.4 459 185 182 10.0 61 1.0 0.007
017-7 102 50 610 05 41.5 21.8 182 10.7 70
017-8 124 56 601 04 39.0 223 176 9.7 69 13  0.007
017-9 128 62 609 06 321 285 187 9.8 77 1.5 0.012
017-10 150 68 601 07 283 31.7 192 98 80 1.5 0.012
017-11 150 76 603 10 123 459 209 95 93 1.7 0.017
017-12 176 83 600 11 6.0 497 210 87 93 1.6 0.013
017-13 200 &9 596 17 30 515 203 88 103 1.8 0.022
017-14 224 97 584 0.0 0.8 488 185 86 106 1.8 0.036
017-15 250 104 585 00 04 474 172 7.6 107 19 0.043
017-16 275 111 582 00 04 441 152 63 141 19 0.059
017-17 301 121 579 0.2 03 415 97 59 206 23 0.061
017-18 323 133 596 00 02 551 89 213 468 9.1 0.074
017-19 352 179 593 0.0 02 527 113 288 664 11.6 0.071
017-20 35 00 590 0.0 01 392 151 353 706 15.8 0.094
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Table 3.3.1. (continued)
(c)-part 1. major and trace element concentration data Smectite- sw experiment (002)

Sample temp time Cl SO, Mg Ca Sr K Li Rb GCs
1D °C day mM mM mM mM pM mM uM uM  uM
swW 20 0 536 276 S51.6 103 83 103 25 1.4  0.003
002-1 35 1 567 29.0 48.1 187 119 87 65

002-4 50 10 542 265 415 202 126 85 55 0.5 0.011
002-5 50 28 539 285 436 213 125 89 75 0.5 0.010
002-7 94 29 551 272 415 205 129 98 125 0.5 0.011
002-9 92 51 512 251 375 199 126 95 181

002-12 150 62 535 27.0 364 21.8 125 11.8 222 09 0.015
002-13 200 62 542 96 320 94 64 141 293 2.1 0.023
002-18 251 82 530 34 203 6.7 53 164 400 45 0.100
002-22 295 94 527 1.8 153 64 42 170 844 75 0.160
002-26 350 107 535 12 7.8 6.6 48 17.6 1929 127 0.466
quench 25 107 473 108 132 132 65 132 1,626 142 0.120

(c)-part 2. Li and Sr isotopic ratio data in smectite- sw experiment (002)

Sample temp time &'Li  *’Sr/*°Sr

D °C day %

SW 20 0 30.95 0.709189
002-1 35 1

002-4 50 10 13.68 0.708167
002-5 50 28

002-7 94 29 15.80

002-9 92 51 14.71

002-12 150 62 11.91 0.708138
002-13 200 62 11.34 0.708139
002-18 251 82 0.708693
002-22 295 94 5.65 0.709016
002-26 350 107  6.15  0.709189
quench 25 107  5.97
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Table 3.3.1. (continued)
(d) major and trace element concentration data in smectite-artificial sw experiment
(016)

Sample temp time Cl SO, Mg Ca Sr K Li Rb GCs

ID °C day mM ™M mM mM pyM mM uyM uM uM
asw 20 630 02 516 90 159 100 61 0.7 0.005
016-1 35 0 657 05 479 163 8.9

016-2 35 7 642 0.7 436 191 18 83 51 1.5 0.017
016-3 50 14 522 0.8 342 155 150 7.0 67

016-4 50 21 550 0.6 334 154 162 69 63 03 0.010
016-5 75 28 584 07 377 181 170 89 91

016-6 74 35 585 0.7 377 182 173 80 95 04 0.008
016-7 104 43 609 0.7 376 190 173 9.6 127

016-8 102 50 610 0.8 379 193 172 93 138 0.5 0.011
016-9 125 56 610 0.8 36.7 19.1 170 103 176

016-10 125 62 610 0.7 357 192 173 10.8 188 0.7 0.014
016-11 150 68 608 0.8 334 190 169 11.8 224

016-12 150 76 604 0.8 325 188 169 11.9 228 09 0.014
016-13 175 83 594 08 292 182 164 132 260 1.6 0.013
016-14 202 89 574 07 245 175 162 152 329 21 0.015
016-15 226 97 509 08 17.8 147 135 16.0 351 3.1 0.077




Table 3.3.1. (continued)

(e) Basalt/smectite(2/1)-artificial sw experiment (003)

Sample temp time ClI SO4 Mg Ca Sr K Li
1D °C day mM mM mM mM pM mM pM
asw 20 0 633 0.2 515 98 151 95 39
003-1 40 0 652 0.6 492 156 170 95 31
003-3 47 9 645 0.6 49.7 174 176 10.2 22
003-4 50 25 649 0.6 49.0 17.1 178 104 48
003-5 76 26 646 0.6 489 179 11.7 58
003-7 74 47 621 1.1 431 18.6 178 10.6 58
003-9 98 48 594 0.7 40.6 18.9 109 58
003-11 100 68 609 0.7 372 237 173 10.7 81
003-13 117 69 609 1.0 346 262 182 11.1 85
003-15 133 90 608 1.0 19.6 39.5 183 10.7 104
003-16 150 91 600 1.0 174 393 190 10.6 110
003-18 154 112 602 1.0 6.7 47.1 183 9.6 115
003-19 171 113 606 1.2 45 515 198 104 130
003-21 171 131 605 13 25 503 208 9.0 150
003-22 197 131 593 12 1.8 500 9.3
003-25 199 143 588 14 13 494 187 84 143
003-27 225 150 586 09 12 47.1 7.4
003-30 243 161 585 13 1.1 485 174 74 231
003-33 271 169 589 2.0 12 637 163 9.0 254
003-36 208 180 605 14 14 644 90 94 721
003-38 320 182 587 22 06 625 8 11.7 919
003-41 355 192 591 16 09 651 83 16.6 989
quench 25 192 608 2.6 48 755 120 9.0 966
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Table 3.3.2. Major and trace element compositions in the Starting and Ending Solids

at 350 °C

Basaltic ash Smectite

ODP 836A-3H4 10-51cm ODP Legl110-671B-51x

Starting solid Ending Solid Starting solid Ending Solid
Element (ppm) (ppm) (ppm) (ppm)
Mg 20357 24739 19989 25386
Ca 53289 47569 8990 7752
Na 15283 13729 6875 3557
K 2189 2189 7308 7050
Li 15 2.3 88.1 3.0
Sr 156 184 99 103
Ba 71 84 207 180
Rb 7 6 58 55
Cs 1 1 4 4
8'Li 7.04 2.30 4.41 7.60
Y7Sr/*Sr 0.702520 0.712386




119

Table 3.3.3. Estimated reactivity, distribution coefficient (K) and fractionation factor
(o), Li concentration and 8'Li (calculated and measured values) with temperature in
basalt-sw and smectite-sw reactions.

temp reactivity K o 8'Li Li 8'Li Li

(‘C) R (%) (umvkg)  (%o) (nm/kg)
Basalt calculated calculated measured measured
Experiment values values values values
50 0.010 1.7 0.985 21.48 55 20.95 43
75 0.010 1.41 0.986 21.44 55 22.90 39
100 0.013 1.17 0.988 21.40 55 21.02 62
100 0.013 1.17 0.988 19.73 62 19.66 59
150 0.020 0.8 0991 17.27 77 17.41 74
200 0.033 0.55 0.993 14.43 105 14.40 98
300 0.100 0.26 0.995 10.14 250 9.53 251
350 0.200 0.18 0.997 8.71 464 7.58 458
Smectite

Experiment

50 0.005 33 0.985 14.58 87 13.68 55
100 0.005 9.5 0.989 13.64 94 15.80 125
100 0.007 9.5 0.989 12.08 113 14.71 181
150 0.020 8.5 0991 8.05 262 11.91 222
200 0.025 4 0.993 7.16 332 11.34 293
300 0.071 3 0.995 5.78 843 5.65 844
350 0.222 3 0.996 5.83 2076 6.15 1,929

Note: the calculated Li concentration and 8'Li are derived from the fluid-rock interaction model
(equation 1 and 2), and compared with the measured values.
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3.4 Implications

3.4.1 Oceanic Cycles of Alkali Metals and L.i isotopes

Previous studies have shown estimates of oceanic crust alteration control on K,
Rb, and Cs in seawater (Hart, 1969; Hart et al., 1982), and of Li and Li isotope cycling
in the ocean (e.g. (Edmond et al., 1979; Holland, 1984; Huh et al., 1998; Zhang et al.,
1998)). Important questions are how alkali elements recycle in the ocean, what the
important sources and sinks are, and whether the steady state in the ocean is
maintained. The hydrothermal experimental data acquired in this study, especially at
the low temperature range (50 to 300°C), provide new insights on mass balance
calculations for the four alkali elements (Li, K, Rb, and Cs).

The suggested ultimate sinks of alkali elements in the ocean are altered oceanic
crust and sediments (Holland, 1984). Alkali elements are conservative in the ocean,
hence, if in steady state, the total input fluxes (F) from hydrothermal (ht) and river
should equal the total output fluxes removed by altered oceanic crust and newly

formed sediments:

th + 1:river = Faltered basalt +F sed (34)

Estimate of Fni + Friver . despite the fact that the ash sample used in this
experiment has somewhat higher Li concentration and 8’Li value compared to average

MORB, which has generally Li of ~5ppm and 8’Li value between 3 and 5%o (Chan et
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al., 1992), all the alkali concentrations in the fluids in the basalt-sw experiment are
within the range of the corresponding values in natural hydrothermal fluids (Elderfield
et al., 1996), and the 8'Li value 7.3 %o is close to the average value of 7 %o in
hydrothermal fluids at ridge crests (Chan et al.,, 1992; Bray, 2001; Bray, 2001;
Foustoukos et al., 2004), as shown in Table 3.4.1. Therefore, the alkali elements at
350°C in the experiments are used to represent the average concentration in natural
hydrothermal fluids. Using the hydrothermal water flux of 3 to 6 x10" kg/yr
(Elderfield et al., 1996), the range of Fy; (Input 2) is estimated and shown with Fiiyer
(Input 1) in Table 3.4.2. For Li, the river input is updated by Huh et al. (Huh et al.,
1998).

Estimate of Fajtered basait + Fseq: the alkali metal fluxes into altered oceanic crust
have been estimated by Hart and Holland and are listed in Table 3.4.2 (Hart et al.,
1982); (Holland, 1984). Flux into sediments is a major sink for alkali metals and only
the Li flux has been calculated to be 1- 4x10'" g/yr (Holland, 1984). Given that clay
minerals represent ~60% of the detrital fraction in sediments (Griffin et al., 1968), and
the Li/Al ratio of 0.88x107 in the detrital smectite from Barbados is within the range
of 0.77-0.95 x107 in sediments suggested by Holland (Holland, 1984), it is suggested
that the smectite used in our experiments represents average altered sediment. Using
the Li concentration in the smectite, Li flux to sediment is calculated to be ~3x10'"
g/yr, within the range obtained by Holland (1984) (Holland, 1984). Fluxes of K, Rb,
and Cs were also obtained, following a similar calculation, and are listed in Table

3.4.2.
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In Table 3.4.2, the total output fluxes for K, Li and Rb are on the same
magnitude of the total input fluxes, implying that K, Li, and Rb are in steady-state in
the ocean. For Cs, however, the sink into the sediments is about one order of
magnitude higher than the input fluxes from high temperature hydrothermal fluids
(350°C) and rivers. As shown in Fig. 3.3.3, Cs release from basalt to the fluid is
already significant at 100°C. Based on these experimental results, it is suggested that
ridge flank circulation is probably responsible for a significant input flux to the Cs
cycle in the ocean.

The Li isotopic data obtained from the hydrothermal experiments also help to

resolve the imbalance of the oceanic Li isotope cycle. Under steady state conditions

(Chan et al., 1992; Huh et al., 1998):

(87Li)input = friver (67Li)river + fht (67Li)ht (35)

o = (°Li/"Li)inpu/(*Li/ Li)ocean = (*Li/"Li)outpu/(°Li/ Li)ocean (3.6)

where fiiver and fi; are fractions of the total flux due to river and hydrothermal
inputs to the ocean, respectively; o is Li isotope fractionation factor. For
(6Li/7Li)output/(6Li/7Li)ocean, the empirical o was obtained based on low temperature
weathering of seafloor basalt of 0.019 (Chan et al., 1992).

Based on Li flux data summarized in Table 6, the average (8'Li)iver value of

19-23 %o (Huh et al., 1998), and the update average (8'Li)y value of 7 %o (Foustoukos
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et al., 2004), o is 1.019 to 1.012, slightly lower than the pervious estimate of 1.023
(Chan et al., 1992; Huh et al., 1998). These Li fluxes, however, did not include the
input from subduction zones. If the Li flux at subduction zones (sz) is considered as
well in the mass balance calculation, with the value of 8'Li sz 0f 22%0 (Chan et al.,
2000) and Li flux of 0.2-1.4 x10° mol/yr based on the data from Costa Rica and Peru
convergent margins (Kastner et al., 1991; Martin et al., 1991), a is only changed
slightly to the range of 1.019 to 1.021.

Another important unknown in the Li isotope cycle is the ridge flank flux. As
shown in the hydrothermal experiments, Li concentration and isotope ratios of the
reacted fluid have been significantly modified already at temperature as low as 50 °C
(Fig. 3.3.9), with the lighter isotope °Li preferentially leached from the solid into the
fluid. Equation (4) is thus modified to include the inputs from ridge flank and

subduction zones:

(67Li)input = friver (67Li)river + fht (67Li)ht + fsz (67L1) Sz +f ridge flank (87L1) ridge flank (3 7)

If Li input flux through ridge flank is taken as the total output flux (4.1 x 10"
mol/yr) minus the total input flux (2.9 x 10" mol/yr) shown in Table 6, and (8'Li) ridge
flank Value is between ~20%o at 50°C to 10 %o at 200°C, based on the Li isotope data
from the hydrothermal experiments (Fig. 3.3.9), the range of « is significantly greater,

from 1.017 to 1.021. The calculation suggests that the ridge flank must play an
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important role in the 8’Li input to the ocean, thus also contributes to the Li isotopic

mass balance problem in the ocean.

3.4.2 Geothermometry

Several chemical and isotopic reactions have been used as geothermometers to
estimate reservoir temperatures (Fournier, 1981). The best known ones are silica
concentration (Von Damm et al., 1991), Mg/Li ratio (Kharaka et al., 1989), Na/Li ratio
(Fouillac et al., 1981) and Na-K-Ca (Fournier et al., 1979). The results from these
experiments (Fig. 3.3.4 and 3.3.5) demonstrate that the mobility of each alkali metal
between the fluid and solid is distinct, i.e. each has a characteristic behavior in terms
of temperature-dependent fluid phase partitioning, which gives rise to the observed
fractionation among the alkali metals at all temperatures from 25 to 350°C.
Accordingly, alkali elements may be used as geothermometers to constrain the
temperature of the deep fluid at the source.

At the Costa Rica subduction zone, the upper 160m of the subducted
hemipelagic sediments consist of mainly volcanic ash and clays (ODP Leg 170 Initial
Reports). The detrital smectite used in the hydrothermal experiments is considered as a
proxy for the subducted clays in Costa Rica, as its chemical composition (Table 3.3.2)
is close to the average detrital smectite chemistry (Perry et al., 1970). The K
concentration and Li/K profiles with depth at ODP Sites 1040 and 1254 from Costa
Rica subduction zone are shown in Fig. 6-1. The K concentration-depth profile (Fig.

3.4.1) shows minima at the décollement and fault zone (200 mbsf) while Li
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concentrations show maxima at the same depths (Chan et al., 2000). Based on a
calculation that the fluid at the décollement consists of ~70-100% of the deep sourced
fluid (discussed in chapter 2), the Li/K ratios of the deep sourced fluids is 80 x 107 to
115 x107, which are up to twice as high as the experimentally observed value at
275°C in the basalt-sw experiment, but are similar to those observed in the
basalt/smectite (2/1) mixture -asw experiment (Fig. 3.4.2). Assuming no retrograde
reactions (You et al., 2001), the K concentration together with the Li/K ratio constrain
the temperature range of the deep-sourced fluid at 100 - 275°C and suggest the
involvement of sediments similar in composition to the hemipelagic sediments at the
reaction site.

Alkali concentration- temperature profiles may as well be used to identify
sediment recycling at subduction zones, using the alkali metal enrichments in the
sediments relative to the basalt. During plate subduction, with increasing temperature
with depth, fluids are released by compaction or hydrous mineral dehydration,
together with volatiles and elements having strong affinity for the fluid, such as alkali
metals. When the fluids enter the zone of magma generation and trigger melting of the
mantle wedge, arc magmas may reflect their enrichments. For example, it was
suggested that in Central American arc volcanoes, based on comparison of input and
output fluxes of the arc, the alkali elements are efficiently recycled and transferred
from the subducted slab to the mantle wedge (Chan et al., 1999; Patino et al., 2000;

Chan et al., 2002).
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Table 3.4.1. Alkali metal concentrations and 8'Li values at 350 °C in the basalt+sw
experiments (001 and 007) and in natural hydrothermal fluids

Conc. at 350 °C in Exp

Conc. in submarine hydrothermal fluids

Exp# 001 017

mol/kg mol/kg mol/kg
Li 474 n 664 1 411-1322 p (Elderfield et al., 1996)
K 23 m 35.5m 17-32.9 m (Elderfield et al., 1996)
Rb 11.73 p 158 10-33 p (Elderfield et al., 1996)
Cs 75n 98 n 100-202 n (Elderfield et al., 1996)

7.2 - 89%; average 7% (Bray, 2001;

8'Li 7.3%o Foustoukos et al., 2004)




Table 3.4.2. Alkali metal budgets in the ocean

OUTPUT 1 through sediments
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Conc.in sed. Conc in ignenous  Total flux into sed Total flux into sed
rock *
ppm ppm x10" g/yr x10'"" mol/yr
K 7308? 2189* 2600 65
Li 88° 30° 29 42
Rb 58% 6 26 0.3
Cs 4% 1? 1.5 0.011
OUTPUT 2 through oceanic basement
Conc in altered Conc in unaltered Total flux into Total flux into Total
basement basement basement ** basement output
ppm ppm x10' g/yr x10'" mol/yr x10"
mol/yr
K 3990° 1064 °¢ 1500 40 105
Li 16 6° 5.8 0.84 49
Rb 9°¢ 1°¢ 4.2 0.05 0.354
Cs 02° 0.01°¢ 0.088 0.00066 0.012
INPUT 1 INPUT 2 Total Input Total
through river Hydrothermal Input
min max min max average
x10" mol/yr x10" mol/yr  x10' mol/yr x10' x10" x10'"
mol/yr mol/yr mol/yr
K 190° 23% 69*° 210 260 236
Li 0.8° 1.4% 2.7% 2.2 3.5 2.9
Rb 0.04° 0.03? 0.10° 0.0063 0.13 0.10
Cs 0.0005° 0.0003? 0.0006? 0.00077 0.0011 0.001
? this study

®Holland 1984

¢ Hart and Staudigel, 1982
¢ Chan et al., 1992

°Huh et al., 1998

f Chan et al., 1992; Bouman et al., 2004; Kelley et al., 2003
* based on the study in Holland (1984), rate of transport of sediments to the oceans=2x10'® g/yr with
25% being the weathering products of igneous rocks and high-grade metamorphic rocks
** based on the study in Hart and Staudigel (1982), the crustal production rate =5.3 x10" g/yr
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Figure 3.4.1. Depth profiles of (a) K concentration and (b) Li/K offshore Costa Rica
(ODP Sites 1040 and 1254). The sharp decrease in K and increase in Li/K at 200 mbsf
and at the décollement signify fluid flow from greater depths. The data are from ODP
Leg 170 Initial Reports (Kimura, 1997).
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Figure 3.4.2. Li/K (uM/mM) versus K concentration. The data above the green dashed
line are for the temperatures above 150 °C. The composition of the Costa Rica pore
fluid data at the fault (at 200 mbsf), and at décollement (at 350 mbsf), overlap with the
hydrothermal experimental data at ~ 275 °C in the basaltic and smectite mixture

experiment (003).

Chapter 3, in part, will be submitted to Earth and Planetary Science Letters,

Wei Wei, Lui H. Chan, Miriam Kastner, Robert Rosenbauer, Yishai Weinstein. Alkali

elements mobility, Li and Sr isotope exchanges in hydrothermal experiments:

implications for reaction temperatures and fluxes at ridge crests and subduction zones.

The dissertation author is the primary investigator and author of the paper.



CHPATER 4

SUMMARY AND PROSPECTIVES

4.1 Summary

4.1.1 Halogen concentrations and Cl isotope at convergent margins

This study has surveyed three subduction zones, the Nankai Trough (Ocean
Drilling Program Legs 131 and 190), the Middle America Trench Offshore Costa Rica
(ODP Legs 170 and 205), and the Mariana Forearc (ODP Leg 195), for chlorine stable
isotope ratios (8°'Cl) and halogen concentrations (F, Br and Cl) in pore fluid and solid
samples. The focus on solids is on the hydrous silicate serpentine from Mariana mud
volcanoes. The F, Br and Cl concentrations and 8°'Cl data were used to interpret the
fluid sources, paths, and fluid-rock reactions, to calculate fluid mixing between the in
situ and the deep-sourced fluids, and to estimate the 8°'Cl cyclings in the ocean.

Along the Nankai Muroto transect, the high resolution 8°'Cl-depth profiles
show that the 8°’CI minimum value, situated below the décollement, evolves laterally
from -7.8%o at the most arcward Site 808 (3.4 km from the trech), to -7.1%o at Site
1174 (~2 km seaward from Site 808), and to -5.8%o at the reference Site 1173 (Chapter
2.4.1). Along the Costa Rica transect, the 8°'Cl minimum value evolves similarly
along the décollement from -5.5%o at the most arcward Site 1040/1254 (1.6km from
the trench), to -3.2%o at Site 1043/1255 (~1km seaward from Site 1040/1254), and to

0%o at the reference Site 1039/1253 (Chapter 2.5.1). At both subduction zones, the

141
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Br/Cl ratios are higher than seawater value (1.5x107) and also show seaward
evolutions from the most arcward site to the reference site along the transects.

In contrast, the §°’Cl values in the pore fluids at the Mariana mud volcanoes
are higher than the seawater value, ranging from +0.3%o to +1.8%0. The Br/Cl ratios
are lower than the seawater ratio. The positive &°'Cl values in the pore fluid and the
high content of CI (hundreds of ppm) with positive 8*'Cl values (+1.2 to +4.2 %o) in
the serpentines, support the suggestion that hydrous minerals have relatively high
concentrations of Cl and become enriched in *’C1/**Cl upon formation by fluid-rock
reactions (Schauble et al., 2003). The evolved residual fluids thus become depleted in
Cl and *’C1/*°Cl, as shown in the pore fluids at Nankai and Costa Rica. In contrast, the
upwelling pore fluid at the Mariana serpentine mud volcanoes originates from
dehydration of the subducting slab (Fryer et al., 1999; Mottl, 2003), thus is enriched in

37C1%Cl1 and CI/Br ratios (chapter 2.6.1).

4.1.2 Implications for fluid flow and fluid mixing

The &°’Cl data of the pore fluids acquired are used to interpret the fluid origins
at the three subduction zones. At the Nankai subduction zone, due to the high
geothermal gradient (~110°C/km), in situ smectite dehydration could account at most for
~13% dilution of Cl concentration in the pore fluid, whereas 19% of CI dilution was
observed. In addition, smectite dehydration alone does not explain the observed

negative &°'Cl signature because dilution does not fractionate the CI stable isotopes or



143

Br/Cl ratios. Mass balance calculations show that the in situ clay mineral reaction can
only decrease the pore fluid §*’Cl from the seawater value to -0.1%o, compared to the
8*'Cl value of -7.8%o observed. Hence, the very negative &°'Cl observed in the lower
Shikoku Basin requires mixing with a fluid having a negative &°'Cl signature of < -
7.8%o, that originated from greater depths where higher temperature (Sharp et al.,
2004) hydrous mineral formation, such as serpentine, uptake Cl, preferentially with
37Cl, and exclude Br (Chapter 2.4.1).

At the Costa Rica subduction zone, the geothermal gradient is low (~10°C/km)
thus the smectite-illite transition does not contribute to the in situ CI freshening at the
fracture zone and décollement at Site 1043/1255 and 1040/1254. The fresher than
seawater pore fluid along the décollement and fracture zone represents a mixed fluid
involving a fluid advected from the underthrust sediments where CI concentration is
close to the seawater value, and a deeply sourced fluid flowing along the décollement
(Saffer et al., 2003). On the basis of transient advection-diffusion modeling in one
dimension for the underthrust section (Desaulniers et al., 1986) (Crank, 1975), with
the ratio of diffusivities of Cl (D37¢//D3sci=0.99857), the &°’Cl value of the in situ fluid
should be ~-1%o at both Sites 1040/1254 and 1043/1255. The lower than ~-1%o &°'Cl
values of -3.2 to -5.5 %o observed along the Costa Rica décollement, thus, suggest that
a deep-sourced fluid along the décollement has CI concentration of < 480mM and
8*'Cl of < -5.5 %o (Chapter 2.5.1).

By combining the mass balance equations (in Chapter 2.4.2) for Cl

concentration and Cl stable isotope ratios, the pore fluid sample at the Cl
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concentration minimum depth in the lower Shikoku Basin at Nankai is estimated to
consists of ~50% in situ fluid and ~50% deep-sourced fluid at Site 808 and a ~55%
and 45% mixture, respectively at Site 1174. Accordingly, the Cl concentration of the
deep sourced fluid is ~410 mM and &8°'Cl is ~-16.9%o. At the Costa Rica décollement
at ODP Site 1040, the sampled pore fluid is estimated to have CIl concentration of
~480-450 mM and &°'Cl of -5.5 to -7.9 %o. Hence, ~0-30 % of the in situ measured
fluid is from advection/diffusion from the underthrust section, and ~100-70% consists
of the deep sourced fluid at Site 1040; at Site 1043, the calculated fluid mixing is 40-

55% and 60-45%, respectively (Chapter 2.5.2).

4.1.3 Cl and Cl isotope cyclings in the ocean

Serpentines are estimated to compose 10-20 % of oceanic crust (Carlson,
2001) and contain ~13 wt% H>O and hundreds to thousands of ppm of Cl. They are
the most important Cl and H,O solid phase reservoir in the subducting plate and the
mantle wedge, thus may impact Cl and &°'Cl cyclings in the ocean. Therefore, in
addition to Mariana, serpentines collected from Hess Deep and various other locations
also have high Cl concentration (up to ~600 ppm) and positive §°'Cl (~+1.2 to +6.0
%0). Using TG-DSC, three different forms of serpentine, chrysotile, lizardite, and
antigorite, can be identified, thus may explain the various Cl concentrations in

serpentines (Chapter 2.6.2 and 2.7.1).
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In summary, three fluid sources carrying distinct &°’Cl signals into the ocean
have been identified. They are (1) pore fluid refluxes with negative &°'Cl values (-
7.8%0 to -5.5%0) observed at the Nankai and Costa Rica subduction zones. The deep
sourced fluid is originated from hydrous minerals formation; (2) the recycling of CI
associated with the upwelling fluid from slab dehydration with higher than seawater
8*'C1 values of +1.8 %o; and (3) fluids through hydrothermal vents with end-member
8*'Cl values of +2.4 to 4.1%o. Serpentines and evaporites constitute the sink for Cl and
37Cl. The oceanic &°’Cl mass balance calculation indicates that when the minimum
8*'Cl value of each input and output flux is used, the ocean &°'Cl is at steady state,
whereas if the maximum values are used, the ocean &°'Cl decreased by at most ~0.4%o

over the past 200 Ma (Chapter 2.7.2).

4.1.4 Hydrothermal Experiments

Although the §*’Cl and Br/Cl data are powerful tools to trace the type of fluid-
rock reactions, they can only be used to differentiate low temperature diagenesis from
higher temperature hydrous mineral formation, or dehydration. Therefore, a different
approach was taken to better constrain the fluid-rock reaction temperatures by
conducting hydrothermal experiments. Two types of solids, basaltic ash from Lau
Basin and smectite from Barbados, and two types of fluids, filtered seawater (sw) or

sulfate-free artificial seawater (asw), were used as the starting materials. The
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water/rock mass ratio was ~5-8, and the temperature is from 35 to 350°C at 25°C to
50°C increments, at 600 bar pressure (Chapter 3).

The mobilities of major (Ca and Mg), trace elements (Sr, Ba, and U), and
especially of alkali metals (Li, K, Rb, Cs) were studied in detail. In general, the loss of
Ca, Si and alkali elements from the solids and the loss of Mg from the fluid in the
basalt and smectite experiments agree well with the behaviors of these elements in
natural submarine hydrothermal systems (Edmond et al., 1979; Elderfield et al., 1996).
In both basalt and smectite experiments, all four alkali metals show different release
patterns as a function of temperature, implying that alkali elements fractionate during
hydrothermal reactions and may be used as approximate geothermometers, to derive
fluid source temperature at subduction zones. An example discussed in Chapter 3 is
using K concentration and Li/K ratio of the pore fluids to constrain the temperature
range at the deep fluid source along the décollement between 100 - 275°C at the Costa
Rica subduction zone.

The hydrothermal experiment data also show that Cs and Li concentrations,
and Li and Sr isotope ratios in the reacted fluids have already been significantly
modified at temperature as low as 50 °C. This observation suggests that their
exchanges between the solids and fluids are not confined to the high-temperature
hydrothermal ridge crest environment, but also occurs to a lesser extent at lower
temperatures (50-200°C). Hence, Cs, Li and *’Sr/*Sr fluxes at ridge flanks most

probably contribute significantly to their oceanic budgets. The newly obtained data for



147

alkali metals, especially for Cs, and Li and Sr isotopes in the hydrothermal

experiments may partially resolve their apparent imbalances in the ocean.

4.2 Prospective

4.2.1 Cl isotopes of hydrothermal fluids

The hydrothermal flux may exert an important influence on Cl isotope cycling
in the ocean due to its large fraction in the total Cl fluxes (Chapter 2.7.2). In this study,
the newly acquired 8°'Cl values for the hydrothermal fluids from EPR (9°N) obtained
by Seyfried are used to estimate the &°'Cl input from hydrothermal vents. The
available data of hydrothermal fluids from EPR (9°N), however, may not represent the
average 8°'Cl value of global hydrothermal fluids. In addition, the published &°'Cl
data of hydrothermal fluids to date are rather variable and different methodologies
were used. For sites at EPR (9°N), the data range from +7.1 to +6.5 %o, analyzed by
Secondary Ion Mass Spectrometry (SIMS) (Bach et al., 2002), and +2.4 to 4.1 %o,
analyzed by TIMS in this study. For Logatchev site (Mid-Atlantic Ridge), the data
range from +4.6%o analyzed by SIMS (Bach et al., 2002), to -0.03 %o analyzed by
Isotope Ratio Mass Spectrometer (IRMS) (Bonifacie et al., 2005). Thus, for better
average 8°'Cl value of natural hydrothermal ridge crest fluid, it would be necessary to
conduct a global survey and have an inter-laboratory calibration of Cl stable isotope

analysis for different methods.
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4.2.2 Br element and Br stable isotope ratio

Although bromine is two orders of magnitude less abundant than chlorine, it
accounts for approximately one-third of halogen-catalysed ozone depletion. It has
been suggested that local ozone depletion and small ozone “holes” may occur in the
vicinity of active volcanoes, and that the amount of bromine emitted from volcanoes
might be sufficiently large to play a role in both stratosphere and troposphere
chemistry (Bobrowski, 2003). Therefore, future research on Br concentration in
volcanoes is especially important for environmental concerns.

Based on the relative mass difference of the two Br stable isotopes (' Br and
*Br) and observed Cl stable isotope variations, the expected range for the natural
environment Br isotopes is at least 5-6 %o. The combination of the Cl and Br systems

could provide unique constraints on fluid/mineral reactions and temperatures.

4.2.3 Geothermometry

Alkali metals have been shown to be potential approximate geothermometers
that may be used to estimate temperatures at greater depths where the deep-sourced
fluid originates in subduction zones (Chapter 3.4). The current estimated temperature
based on alkali concentrations is based on curve fitting. Similar to existing cation
geothermometers, such as Li-Mg, Na-Li, Na-K-Ca (Martin, 1993), the empirical

equation is yet to be derived in order to better constrain the temperature calculations of
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fluids originated in various geologic settings. To achieve this goal, it is essential to
conduct a series of fluid-rock hydrothermal experiments with different type of
minerals and reach fluid-mineral equilibria, thus determine the controlling mineral(s)

during the fluid-rock reactions at given temperature and pressure.
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