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ABSTRACT

The recent three-dimensional seismic reflection experiment at the décollement zone at the northern Barbados Ridge s
duction zone shows variations in the amplitude and polarity of the décollement reflection; this suggests variations in fault-zone
velocity and density, hence in porosity and pore-fluid pressure that drives the fluid and influences fluid/rock reactions. The two
sites drilled across the décollement zone on Ocean Drilling Program Leg 156, Sites 948 and 949, representative of positive
negative polarity reflections, are located 4 and 2 km, respectively, west of the deformation front.

Geochemical and temperature depth profiles indicate a mainly lateral, focused along faults, flow (eastward) of a warm flu
significantly fresher than seawater at both the positive and negative polarity sites. The fluid with the lower than seawater chlo-
ride concentration observed at the top of the décollement zone at Site 948 (~18% dilution) and enriched in I, Ca, Sr, Ba, M
Mo, Zn, and Co, is advecting from a source region that is situated deeper than the drilled depths and more arcward. A sl
increase in methane concentration relative to background level indicates a source region rich in organic matter. The fluid ori-
nates from transformation reactions, including dehydration, of terrigenous clay minerals as indicated by the radiogenic stro
tium and helium-isotope ratios of the source fluid. In situ volcanic ash alteration reactions considerably overprint th
geochemical signatures of the end-member low-Cl fluid.

The chemistry and isotopic composition of the carbonate vein minerals indicate that they have precipitated from
geochemically distinct fluid from the in situ pore fluids. Injection of fluid from a deeper and hotter source caused hydrofractur-
ing and mineralization. The multiple generations of vein carbonates imply episodic fluid-flow events, and the strong in si
diagenetic overprinting of the pore fluids suggests that a major fluid-flow episode has not occurred recently. The methane pe,
however, signifies active fluid advection.

The pore fluids in the accreted and underthrust sediments are geochemically distinct, indicating little vertical advection.
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INTRODUCTION AND GENERAL BACKGROUND

Recent advances in subduction zones research have reinforced the
notion that fluids play a critical role in virtually all geologic processes
in this environment (e.g., von Huene, 1984; Moore et al., 1990, and
references therein). Tectonic forces in subduction zones cause migra-
tion and expulsion of pore fluids by thickening the sedimentary load
and reducing porosity (e.g., Bray and Karig, 1985; Shi and Wang,
1988; Bangs et al., 1990; Moore and Vrolijk, 1992) and generate flu-
ids by dehydrating, transforming, and dissolving hydrous minerals.
These fluids may induce high pore-fluid pressures and hydrofractur-
ing, trigger earthquakes, and are also involved in arc volcanism. The
associated fluid/rock reactions influence the physical, chemical, and
thermal properties of the accreted and underthrust sediments. Fur-
thermore, the expelled fluids contain key geochemical components
that they carry into the ocean, including environmentally important
ones (i.e., CO2, CH4, and others; e.g., Peacock, 1990; Gieskes et al.,
1990a; Kastner et al., 1991, and references therein) that may be a sig-
nificant factor in seawater chemistry (e.g., Han and Suess, 1989;
Kastner et al., 1991; Martin et al., 1991).

Previous field studies as well as geochemical and thermal model-
ing of the nature of fluid flow have emphasized the importance of fo-
cused flow along the décollement and other major faults, thro
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vents or mud volcanoes, and along sand horizons (e.g., Kulm et
1986; Henry et al., 1989, 1992; Fisher and Hounslow, 1990; Fouc
et al., 1990; Moore et al., 1990). The orders of magnitude discrepa
between calculated maximum possible rates of fluid discharge 
the few, short-term measurements of rates of focused fluid discha
that are greater than the fluid input rate (i.e., Carson, 1977; Carso
al., 1990; Foucher et al., 1990; Le Pichon et al., 1990; Linke et 
1994), most likely implies that the flow is episodic and may be rel
ed to earthquake activity. Heat-flow modeling (Fisher and Hounslo
1990), the recent study of the geochemistry of vein minerals at 
northern Barbados Ridge décollement (Labaume et al., Chapte
this volume), and modeling of the low-Cl fluid at that horizo
(Bekins et al., 1995) support this conclusion. In addition to focus
flow along tectonic or sedimentologic conduits, expulsion of fluid
also occurs by dispersive flow through the sediments. Determin
the relative importance of the two modes of fluid flow and the as
ciated mass fluxes is an ultimate goal for understanding the fun
mental hydrogeological and geochemical processes in subduc
zones and their global environmental significance.

The observation of focused fluid flow from an arcward sourc
mostly along faults, with the décollement as the main conduit at 
northern Barbados Ridge, made on Ocean Drilling Program (OD
Leg 110 (e.g., Moore et al., 1988; Gieskes et al., 1990a, 1990b; Fi
and Hounslow, 1990; Vrolijk et al., 1990) was followed by a three d
mensional (3-D) seismic reflection experiment Shipley et al. (199
conducted, with its main objective to better image and map the 
collement off Barbados. The 3-D data show variations in the amp
tude and polarity of the décollement reflection, suggesting variatio
in fault-zone velocity and density, and hence in porosity and po
fluid pressure and flow at this major thrust boundary (Shipley et a
1994, 1995; Moore et al., 1995; Bangs et al., 1996).

One of the main objectives of ODP Leg 156 thus was to und
stand the relations between the spatial variations of the in situ ph
311RQWHQWVRQWHQWV 1H[W�&KDSWHU1H[W�&KDSWHU
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cal properties, especially pore-fluid pressure and porosity, and
seismic-reflection signatures of the décollement. The two sites dr
across the décollement zone on Leg 156, Sites 948 and 949, ar
resentative of positive and negative polarity regions, and are loc
approximately 4 and 2 km, respectively, west of the thrust front (
1). Site 948 is located next to Site 671, which was drilled on Leg 1
Site 949 was not drilled previously. The décollement zone was p
trated at both sites.

SITES DRILLED

The important characteristics that influence the hydrogeoche
try in the vicinity of the décollement zone at the northern Barba
Ridge subduction zone are summarized below. Further details a
these sites are provided mostly in Shipley, Ogawa, Blum, e
(1995), Moore et al. (1995), Underwood and Deng (Chapter 1, 
volume), and Meyer and Fisher (Chapter 27, this volume).

Site 948 is situated ~4 km arcward of the deformation front (F
1) and within about 200 m of Hole 671B of Leg 110 (Moore et 
1988). Average core recovery was high, >90%, and the sedimen
clay rich. At the décollement zone, the clay content ranges betw
70% and 90% (Meyer and Fisher, Chapter 27, this volume), an
mineralogy changes considerably, from 60% to 10% smectite, w
corresponding increase in illite and kaolinite contents (Underw
and Deng, Chapter 1, this volume). Organic C content is low, mo
<0.05%, but in specific thin layers below the décollement it rise
>1%. The accreted section is ~500 m thick and composed of Qu
nary to lower Miocene clay-rich sediments, and the underthrust 
tion is also ~500 m thick and consists of lower Miocene to Oligoc
mudstones. Except for two anomalously high-porosity thin layer
the décollement (Moore et al., 1995), between ~400 mbsf and
lithologic break in the décollement zone, porosities vary betw
50% and 60%; below the lithologic boundary porosity varies mo
between 40% and 55%. The little cementation found suggests
porosity reduction is principally due to consolidation by loading.

The décollement is characterized by a normal polarity reflect
The décollement zone, which is ~35 m thick, is located at ~494−530
m below seafloor (mbsf) and is characterized by scaly fabric a
major lithologic change that occurs at ~514 mbsf. The litholo
break is reflected in pronounced changes in physical prope
across the décollement zone, as seen in the various logs. The
fluid pressure rises from hydrostatic in the uppermost 100 m of
accreted section to >90% lithostatic below thrusts in the prism an
the décollement (Moore et al., 1995). Veins filled mostly with c
bonate minerals occur only in the accreted section, above the dé
ment zone. The geothermal gradient is very high, at 92° to 97°C
in the first 100 m, and is 66°C/km deeper in the hole. At the top of
décollement zone, an important fluid conduit was identif
geochemically. Other less intense or “dead” conduits, situated a
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faults, also exist. A CORK was installed to provide temperature a
pressure records for >2 yr.

Site 949 is situated ~2 km arcward of the deformation front (Fi
1). Core recovery was very poor, but on the basis of the limited 
covery it seems that the sedimentology and vein distribution at t
site are similar to that at Site 948. At this site, however, average 
rosities are higher by ~5% both above and below the décollem
zone. The accreted sediment section is thinner, and the décollem
is shallower by ~100 m; the décollement zone is at about 400−437
mbsf and characterized by a negative polarity reflection of interm
diate amplitude. An important thrust fault that acts as a fluid cond
occurs at 292−302 mbsf. The deformation is less intense than that
Site 948, and the geothermal gradient is ~80°C/km and linear. D
spite the low recovery, on the basis of Cl concentrations, three mi
fluid conduits were identified, of which the deepest at 425 mbsf is a
sociated with the décollement zone.

A CORK was installed, and in addition to temperature and pre
sure measurements, a continuous fluid osmo-sampler will collect f
ids for ~2.5 yr. The sampler is described in Kastner (1996) and Ja
asch and Kastner (1995).

MAIN OBJECTIVES

The main geochemical objectives of ODP Leg 156 were to 

1. document the presence of fluid flow and map the spatial va
ability of the flow;

2. constrain the dominant fluid/rock reactions that control th
geochemistry of the pore fluids;

3. establish the extent of geochemical “communication” acro
the décollement zone between the underthrust and accre
sediment sections;

4. determine the relative importance of focused and dispers
fluid flow, and thus establish the role of faults in fluid trans
port;

5. determine if the fluid conduits are connected;
6. identify the source(s) of the fluid(s), especially of the fluid a

sociated with the décollement zone;
7. find evidence for the nature of fluid flow, if episodic or con

stant;
8. evaluate the relations between the polarity and amplitude

the décollement reflection waveform and the nature and inte
sity of fluid flow; and

9. deploy a sampler for long-term continuous monitoring of th
chemistry of the fluid at the décollement.

The techniques used for obtaining these objectives includ
chemical and isotopic analyses of pore fluids, terrigenous sedime
and authigenic minerals (i.e., vein-filling minerals) as well as petr
Figure 1. Schematic section of the Leg 156 drilling 
sites (from Shipley, Ogawa, Blum, et al., 1995). NBR 
= northern Barbados Ridge, and LWD = logging-
while-drilling.
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graphic, X-ray, and SEM observations of the solid phases. Samples
used consisted of pore fluids separated from deep-sea sediments by
squeezing and squeezed and intact sediment samples. In addition to
the shipboard chemical analyses described in Shipley, Ogawa, Blum,
et al. (1995), the shore-based chemical and isotopic results are docu-
mented in Zheng and Kastner (Chapter 12, this volume), Kastner and
Zheng (Chapter 29, this volume), and Labaume et al. (Chapter 5, this
volume).

RESULTS AND DISCUSSION

Main Results from ODP Leg 110

The main geochemical results obtained on Leg 110 as described
in Moore et al. (1988) Gieskes et al. (1990a, 1990b) and Vrolijk et al.
(1990) show that a low-Cl fluid originates arcward, which explains
the observed overall decrease in Cl concentrations away from the de-
formation front. At Site 671 (which is adjacent to Site 948), the max-
imum Cl dilution of about 10%, located within the décollement zo
is accompanied by a small methane spike and shows a slight inc
in the δ18O value. In addition, the nonsteady-state Cl concentra
depth profiles suggest that focused flow occurs along faults, th
collement, and apparently through an Oligocene to Eocene sand
in the underthrust section; the sandstone was not reached durin
156. The major element chemistry, especially the Ca and Mg con
tration depth profiles and the few preliminary Sr-isotope values, 
gests that the important diagenetic reactions are volcanic ash 
ation and exchange with formation water in the underlying oce
basement. The concentration profiles of the major constituent
served do not support pervasive fluid advection. Membrane filtra
or clay minerals dehydration were proposed as possible process
the origin of the low-Cl fluid. The latter reaction is favored beca
the observed slight increase in the δ18O value at the décollement zon
at Site 671 (Vrolijk et al., 1990) is difficult to explain by membra
filtration.

Main Results from ODP Leg 156

The shipboard geochemical methods used and data obtaine
ing Leg 156 are summarized in Shipley, Ogawa, Blum, et al. (19
the shore-based methods and data are provided in Zheng and K
(Chapter 12, this volume) and Kastner and Zheng (Chapter 29
volume).

The nonsteady-state concentration depth profiles of the m
constituents with concentration maxima and minima centered
faults at both sites (Figs. 2 through 4) indicate that focused fluid 
is the prevailing mode of fluid migration. At Site 948, the good
covery and high-resolution pore-fluid sampling in the vicinity of 
décollement precisely locate the main fluid conduit at the top o
décollement zone, instead of within it, and indicate that the Cl 
other components) concentration in the fluids is almost twice a
lute (~18% seawater dilution) as was observed on Leg 110 a
671. The extent of dilution at Site 948 is equal to the maximum C
lution observed during Leg 110 at the western-most drill site, 
674, located about 13 km arcward from Site 948. The Ca, Mg, Li
Rb concentration depth profiles and Na/Cl values (Figs. 2C, 2D
affirm the importance of in situ volcanic ash alteration reactions
pecially in the accreted section, and emphasize that the exch
with oceanic basement formation fluids is most important in the
derthrust section (for detailed discussion see Martin et al., 1
Kastner et al., 1995). Especially on the basis of Li data, the base
reactions occur at moderate temperatures of ≤100°–120°C. The
above mentioned chemical data also rule out membrane filtratio
a possible process for the generation of the advecting low-Cl 
that strongly influences the geochemistry of the pore fluids, par
larly in the accreted sediments. Detrital clay transformation reac
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accompanied by dehydration are clearly responsible for the gen
tion of the advecting low-Cl fluid, as discussed below.

The high sulfate concentration in the pore fluids at Site 948 
cludes generation of methane in substantial amounts; therefore
peak in methane concentration at the top of the décollement is ca
by advection of fluid from an organic source region. The low-Cl flu
is also enriched in I, Ca, Sr, Ba, Mn, Mo, Zn, and Co (Kastner a
Zheng, Chapter 29, this volume; Zheng and Kastner, Chapter 12
volume). Specifically, the I, Mo, Zn, and Co enrichments support
organic-rich sediment at the source. The Sr- and He-isotope ratio
dicate a continental (detrital) source.

The pore-fluid chemistries of the accreted and underthrust s
ment sections are noticeably different. In the accreted section 
fluid, the concentrations of Cl, Br, Li, K, Rb, Ca, Mg, Sr, Mn, C
ammonium, and alkalinity are lower; Mo concentration and K/R
values are higher; Sr/Cl, Na/Cl, and ∆Ca/∆Mg values are lower (∆
designates deviations from modern seawater concentration); 87Sr/86Sr
values are less radiogenic; and δ18O values are less negative (the d
tailed data are in Shipley, Ogawa, Blum, et al., 1995; Kastner 
Zheng, Chapter 29, this volume; Zheng and Kastner, Chapter 12
volume). Although minor chemical differences exist above and 
low the incipient décollement already at the “reference” Site 6
(Gieskes et al., 1990a, 1990b), the majority of the differences m
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Figure 2. Depth profiles of Cl concentration in pore fluids from (A) Site 948
and (B) Site 949, and Na/Cl values from (C) Site 948 and (D) Site 949. The
stippled areas delineate the décollement zone. The vertical arrows ind
modern seawater composition, and the horizontal arrows marked by “F” i
cate a fault zone (based on data in Shipley, Ogawa, Blum, et al., 1995).
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have developed since the hemipelagic section has crossed the defor-
mation front. In situ fluid/rock reactions with the different lithologies
above and below the décollement zone (Shipley, Ogawa, Blum, e
1995; Underwood and Deng, Chapter 1, this volume) under diffe
pore-fluid pressure regimes must have produced some of the
served geochemical differences. The more pervasive lateral 
flow in the accreted section, hence, more extensive mixing betw
the exotic fluid advecting from deeper and farther arcward in the 
duction zone and the in situ pore fluid, is also responsible for th
chemically distinctive fluid regimes. The lack of pervasive verti
dispersive advection is thus clear; vertical advection at >1 mm
would have erased some and smoothed out the other geochemic
ferences described. Either the very high pore-fluid pressure, al
lithostatic, at the décollement zone (Moore et al., 1995) or the pe
ability anisotropy in this clay-rich subduction zone may be respo
ble for the little geochemical “communication” between the accre
and underthrust sediments at this region of the northern Barb
subduction zone.

Chemical and Isotopic Evidence
for Fluid Flow and Sources

Site 948, where a continuous high-resolution pore-fluid data
was obtained, is emphasized over Site 949 in the following dis
sion.

Chloride and Methane

The most distinctive characteristics of the concentration de
profiles of dissolved chloride are (1) the sharp Cl minimum (461 m
~18% seawater Cl dilution) at Site 948, situated at the top of the
collement zone (Figs. 2A, 3A; Shipley, Ogawa, Blum, et al., 199
which is a dilution almost twice that observed at adjacent Site 
(within ~200 m of this site); and (2) the observation that at both s
all the pore fluids in the accreted sediments are fresher than seaw
whereas in the underthrust section they are not fresher (Figs. 2A,
suggesting that whatever the origin of the low-Cl fluid is, its inf
ence on the geochemistry of the accreted section is more pronou
and that the vertical communication between the fluids in the ac
ed and underthrust sections is minimal. The width and shape o
main Cl anomaly peak at Site 948 suggest that injection of the 
Cl fluid occurred a few thousand to 20,000 yr ago. The asymmet
this Cl anomaly peak is most likely caused by the change in litho
and in the physical properties, including formation factors (inperm
abilities and sediment diffusion coefficients), within the décollem
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Figure 3. Depth profiles of (A) Cl, and (B) CH4 concentrations in pore fluids
of Site 948 (based on data in Shipley, Ogawa, Blum, et al., 1995). Arrow
symbol as in Figure 2.
314
t al.,
ent
 ob-
luid
een
ub-
ese
al
/yr
l dif-
ost

me-
si-

ted
dos

set
us-

pth
M,
 dé-
5),
71

tes,
ater,
2B),
-
ced,
ret-
 the
w-

y of
gy
e-
nt

zone (Shipley, Ogawa, Blum, et al., 1995). The minor Cl minimum
at Site 948, at ~453 mbsf, may suggest a less intense fluid injec
episode or may be a relict of an old event. The former option is 
ferred because of the presence of the minor methane maximum 
3B).

No known in situ reaction could have generated the low-Cl flu
observed at the top of the décollement, where the porosity is ~5
and the temperature is ~40°C (Shipley, Ogawa, Blum, et al., 19
The most likely reaction that could generate the dilution is the sm
tite to illite transformation accompanied by dehydration, which b
gins at ~60° and proceeds more rapidly at 90°C (e.g., Perry and H
er, 1970; Freed and Peacor, 1989a, 1989b, and references the
Within this temperature window, to dilute in situ the pore-fluid Cl b
almost 20% at 55% porosity, a sediment containing almost 10
smectite would have to be fully transformed to illite. The detail
clay mineralogy analyses by Underwood and Deng (Chapter 1, 
volume), however, do not support such a scenario; they obse
very little clay diagenesis within the clay-rich sections drilled at bo
sites. Therefore, the source of the low-Cl fluid must be elsewhere
cated deeper and arcward.

At Site 949 in the accreted section, pore-fluid Cl concentratio
are also lower than in seawater; however, the Cl dilution is of les
intensity, most probably because this site is closer to the deforma
front and the fluid transport is from west to east.

In summary, the sharp Cl minimum at the top of the décollem
at Site 948 and the lesser minima at both sites (Figs. 2A, 2B), toge
with the pronounced differences in Cl concentrations in the accre
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Figure 4. Depth profiles of Br/Cl values in pore fluids from (A) Site 948 and
(B) Site 949, and I/Cl values from (C) Site 948 and (D) Site 949 (based on
data in Kastner and Zheng, Chapter 29, this volume). Arrows as in Figure 2.
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and underthrust sediment sections, highlights the dominance of later-
ally focused fluid transport at the northern Barbados subduction
zone.

Another important characteristic of the hydrogeochemical regime
at this region of the Barbados subduction zone is the distinct methane
concentration maximum at the top of the décollement of Site 
(Fig. 3B). Its occurrence at the exact depth of the sharp Cl minim
(Fig. 3A), is not coincidental, especially in these sulfate-rich p
fluids (~15mM sulfate). Because sulfate-reducing bacteria rap
oxidize methane, this methane peak could be obtained only by 
ing of fluids because of fluid flow. Mixing of a methane-containin
fluid with the in situ sulfate-rich pore fluid must have occurred in t
recent past. The large range in the δ13C methane values of −22‰ to
–36‰ (Laier, 1996), is most likely caused by the coupled sulfate
duction and anaerobic methane consumption reaction (e.g., Whi
et al., 1995) and less likely has a thermogenic origin. The shift in
methane δ13C values by methanotrophy makes it difficult to dete
mine its origin solely on the basis of the isotopic value. The high p
portion of methane relative to higher hydrocarbons (C2–C5) points to
either a bacterial source or to a highly mature source rock (C2 hydro-
carbons having been cracked to methane at >200°C), which mu
situated deeper in the sediment section, having higher organic m
content than the <0.1% total organic carbon (TOC) observed in m
of the sediments drilled. The sulfate-concentration profiles decre
more rapidly with depth, and ammonium concentrations increas
the Paleocene sediments close to the base of the sections drilled
pley, Ogawa, Blum, et al., 1995), suggesting that at greater depth
arcward, organic-matter-rich sediments exist and most probably
the source for the methane. The belief that the source region o
low-Cl fluid has sediments enriched in organic matter is also s
ported by the observations that the freshest fluid at the top of the
collement zone, Site 948, has elevated concentrations of Mo, Zn
and I, but not Br (for example, see Fig. 4), as discussed in Zheng
Kastner (Chapter 12, this volume) and Kastner and Zheng (Cha
29, this volume).

Strontium Concentrations and Strontium-
and Oxygen-Isotope Ratios

Sr concentrations provide information on the composition of 
solids that react with the fluid. Reactions of fluid with volcanic m
terial and most detrital silicates, other than quartz, would raise it
concentrations. The Sr concentrations, although lower at the déc
ment at both sites (Kastner and Zheng, Chapter 29, this volume)
considerably less diluted than Cl. In the accreted sediment secti
100 mM depletion in Cl (~18%) corresponds to a 30 µM (~13%) 
pletion in Sr, as shown in the almost vertical line in Figure 5. Th
the low-Cl fluid is enriched in Sr relative to the fluid with the hig
Cl concentration. Figure 5 also emphasizes the distinctive chem
of the underthrust sediment pore fluids, as represented by the a
horizontal line.

Most importantly, however, because Sr isotopes do not fract
ate during geochemical processes, they clearly indicate the so
and sinks of the materials involved in the processes. The pore-
Sr-isotope data of both sites are significantly less radiogenic (lo
87Sr/86Sr values) than modern or contemporaneous seawater
isotope values (e.g., Burke et al., 1982; Kastner and Zheng, Ch
29, this volume). Mostly in situ volcanic glass alteration with so
contribution from basement alteration are responsible for this s
represented by Line A in Figure 6; it shifts the pore waters tow
less radiogenic Sr isotopes and elevated Sr concentrations. Li
represents the décollement zone and shows mixing between t
situ geochemically highly altered pore fluids and a significantly m
radiogenic fluid that is also rich in Sr. To test if reactions with the 
trital fraction of the sediments composed primarily of terrigeno
clay minerals could be the source of the radiogenic Sr, carbonate
bulk sediments were analyzed for Sr concentration and isotopic c
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position. The data summarized in Table 1 clearly support the con
sions that the generation of the low-Cl fluid and the dehydration a
transformation reactions involving the terrigenous clay minerals 
intimately related; the advecting low-Cl fluid is enriched in Sr fro
a continental radiogenic source. The He-isotopic ratios discusse
the following section also point toward a continental source. Line
in Figure 6, which represents the pore fluids in the underthrust s
tions of Sites 948 and 949, shows that below the décollement z
Sr-isotope ratios remain constant, whereas Sr concentrations incr
with depth.

The existence of veins indicates focused fluid flow, and vein m
erals are excellent recorders of hydrogeochemistry (e.g., Sib
1981; Vrolijk and Sheppard 1991, and references therein). Inter
ingly, at Sites 948 and 949 carbonate and other veins occur only in
above the décollement zone and do not occur below it (Labaum
al., Chapter 5, this volume). Most of the veins are spatially associa
with fault zones. Labaume et al. (Chapter 5, this volume) identif
and characterized four vein types, all consisting of mostly Mn-ri
carbonates, rhodochrosite, and Mg-kutnohorite. Vein microstructu
indicate that their formation is related to episodes of dilatancy, dur
which high pore pressures cause hydraulic fracturing. The best-de
oped veins are those of Type 4 described in Labaume et al. (Cha
5, this volume). They consist of several generations of carbonates
were analyzed for Sr-, C-, and O-isotope ratios. Figure 7, represen
figure 14 in Labaume et al. (Chapter 5, this volume), indicates that
carbonates have precipitated from a fluid distinct from the prese
day in situ fluid, as plotted within the field described by the dash
line. The vector connecting the in situ pore fluids with Generation
and 3 (G1 and G3) Type 4 vein carbonates shows that the carbo
of each vein generation has a different chemical and isotopic com
sition and that the first generation is isotopically closer to the in s
diagenetically altered pore fluids than the third generation. Also, 
trend of increasing Sr concentrations and 87Sr/86Sr values from Gen-
erations 1 to 3 is evident. Because the Sr distribution coefficien
carbonate is also temperature dependent, the different Sr conce

Figure 5. Mixing relations between Cl and Sr concentrations of pore fluids
from Hole 948C. The numbers next to the data points mark their depths in
mbsf. Straight lines indicate mixing between two end members. The nearly
vertical line represents mixing relations in the accreted section and déc
ment zone, and the nearly horizontal line represents the underthrust se
(based on data in Shipley, Ogawa, Blum, et al. [1995] and in Kastner 
Zheng [Chapter 29, this volume]).
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Figure 6. Mixing relations between 87Sr/86Sr and 1/Sr 
concentrations (in µM) of pore waters from (A) Hole 
948C and (B) Site 949. Seawater is designated 
“SW”. The numbers next to the data points mark 
their depths in mbsf. The solid lines with arrows 
indicate the directions in which the pore-fluid Sr 
concentrations and isotopic compositions change 
within the marked depth intervals. Straight lines indi-
cate mixing between two end members. Line A rep-
resents the accreted section, Line B represents the 
décollement zone, and Line C represents the under-
thrust section. The reduced figure in the upper right 
shows the spatial relation between the pore-fluid data 
field enlarged in the main figure and seawater on this 
mixing diagram (based on data in Kastner and Zheng 
[Chapter 29, this volume]). 87Sr/86Sr value of modern 
seawater is 0.70917 (Table 1).
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tions of the vein generations could originate from changes in the Sr
concentration of the fluids and/or from variable temperature. The ox-
ygen and carbon isotopic compositions of these vein-filling genera-
tions are also different, vary systematically with the Sr isotopes, and
show a decreasing trend from Generations 1 to 3 (Kastner and Zheng,
Chapter 29, this volume; Labaume et al., Chapter 5, this volume).
Within the décollement zone of Site 948, the δ18O values of the pore
fluids are about −2.1‰ SMOW (standard mean ocean water). At t
in situ temperature of ~40°C, an inorganically precipitated calc
carbonate would have a δ18O value of −7.2 ‰ PDB (Peedee belem
nite; O’Neil et al., 1969; McCorkle et al., 1990). The δ18O values of
Generations 1 and 3 vein carbonates, however, are considerably
er, 5.3‰ and 3.1‰ PDB, respectively. Assuming these Mn- an
Mg-rich vein carbonates do not have extremely different fractiona
factors than pure calcite, the positive δ18O values of the vein carbon
ates indicate that the δ18O values of the pore fluids from which the
precipitated were approximately 8‰ to 10‰ SMOW at the in s
temperature of 40°C. At higher in situ temperatures, the pore-f
δ18O values would have been even more positive. Thus, the ox
isotopic data of these vein carbonates are consistent with the su
tion that clay mineral dehydration and transformation reactions a
evated temperatures of at least 150°–200°C are responsible fo
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freshening of the pore fluids. After the precipitation of the vein-fillin
carbonates, in situ alteration of mostly volcanic ash has shifted
δ18O value of the pore fluid to −2.1‰ SMOW.

Thus, the chemistry and isotopic compositions of Type 4 vein c
bonates indicate that these vein-filling carbonates precipitated fro
non-in situ fluid that was injected from a deeper and hotter arcw
source, causing hydrofracturing and mineralization. Generatio
represents the latest, most pristine subpulse of fluid injection of 
episodic fluid-flow event along the Barbados décollement, wh
must have influenced the regional thermal regime. Although 
present-day pore fluid is highly overprinted by in situ diagenetic 
actions with volcanic glass and/or basement alteration, sugges
that a major fluid-flow episode has not occurred recently, the me
ane peak, however, indicates that some active fluid advection 
sists.

He-Isotope Ratios

Helium is a conservative element, unaffected by chemical or b
logical reactions. Therefore, it uniquely defines its source. He-isot
ratios provide important constraints on the input of mantle gases 
crustal systems.
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Seven pore-fluid samples were collected for He-isotope analyses;
four from Hole 948C and three from Hole 949B. The samples were
also analyzed for their Ne concentration, a valuable indicator of air
contamination. Sampling drilled cores for pore fluids uncontaminat-
ed by air for He-isotopic composition is a rather delicate process. The
results of He and Ne concentrations and He-isotope ratios of the three
samples found to be uncontaminated are listed in Table 2.

The He-isotopic compositions of these three samples from the vi-
cinity of the Barbados décollement zone have R/RA values (3He/4He
ratio relative to the atmospheric ratio) of 0.395 to 0.558, which in
cate that at the Barbados subduction zone, most of the He is c
radiogenic and derived from production of 4He from U and Th decay
Interestingly, the sample associated with the fluid conduit at 
thrust fault at Site 949 (interval 156-949B-5X-2, 110−150 cm) has
the most elevated He concentration, twice as high as the othe
samples, and the isotopic composition is more radiogenic (R/RA =
0.395), indicating that more of its He has a crustal origin. The o
other available data on He-isotopic composition of gases from
Barbados subduction zone are those reported in Poreda et al. (1
Three of the four samples analyzed by them are totally devoi
mantle He, having R/RA values of <0.02, and a fourth sample ha
primarily crustal ratio of 0.108. All other subduction zones analy
for He-isotope ratios contain considerably more mantle 3He than at
Barbados. At the Nankai subduction zone, the He-isotope ratios r
from 0.523 at 400−600 mbsf in the accreted section to 1.915 bel
the décollement (Kastner et al., 1993), and at six other subdu
zones (Taiwan, New Zealand, Philippines, Indonesia, Thailand,
Alaska) where a mantle He component was documented, the 3He/4He
values (R) of the natural gases range from 0.5 to 3.8 times the a
spheric value (RA) (Poreda et al., 1988). The absence of mantle H
Barbados suggests that extensional tectonics is unimportant a
subduction system.

CONCLUSIONS

The most significant conclusions are as follows.

1. Unlike at Cascadia or Nankai, where terrigenous matter c
trols the in situ pore-fluid geochemistry, at Barbados in s
volcanic ash alteration and exchange with formation fluids
oceanic basement dominate the signatures.

2. Terrigenous smectite and/or mixed-layer smectite/illite de
dration and transformation reactions generate water, which
lutes the concentrations of major and minor components
addition, the other components generated alter the chem
and isotopic compositions of the pore fluids at the source 
along the pathways of fluid migration by mixing with the po

Table 1. Strontium concentration and isotopic composition of carbonate-
free bulk sediments.

Core, section, 
interval (cm)

Depth 
(mbsf)

Sr 
(ppm) 87Sr/86Sr 2σ

156-948C-
3X-5, 120-150 437.9 98.4
8X-6, 120-150 487.6 104.9 0.714059 18
9X-4, 115-150 494.2 103.6 0.711313 23
10X-3, 110-150 502.4 120.0 0.714413 20
13X-4, 115-150 532.6 128.7
17X-2, 120-150 567.0 107.4 0.724502 19

156-949B-
4X-1, 125-150 274.5 88.9 0.719553 22
7X-6, 110-150 310.9 142.1
15X-5, 110-100 367.2 82.0
19X-2, 60-100 401.1 113.9

156-949C-
4R-1, 0-4 425.2 155.3 0.718169 22
25H-3, 110-150 460.7 84.4
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fluids and induce elevated pore-fluid pressures. Thus, most
the expelled fluids are fresher than seawater and geochemi
ly distinct from the in situ pore waters and seawater.

3. Geochemical profiles indicate focused, mainly lateral (ea
ward) flow along faults of a warm to hot low-Cl fluid, at both
the normal and negative polarity sites.

4. The source of the low-Cl fluid, which is fresher than seawat
by ~18%, enriched in methane, I, Ca, Sr, Ba, Mn, Mo, Zn, a
Co concentrations, and isotopically distinct, is in sedimen
containing organic matter, situated arcward from Site 948 a
greater burial depth than drilled, where temperatures are e
vated enough for efficient dehydration and transformation 
the detrital hydrous clay minerals to occur.

5. The fluids in the accreted and underthrust sections a
geochemically distinct.

6. The extent of Cl dilution and the spatial distribution of vein
indicate that focused fluid flow is more intense in the accret
sediment section.

7. The geochemistry and mode of occurrence of vein-filling ca
bonate minerals indicate that the fluid flow at the top of the d
collement zone at Site 948 is episodic and associated w
hydrofracturing.

8. The present-day pore fluid is highly overprinted by in situ dia
genetic reactions with volcanic glass, suggesting that a ma
fluid-flow episode has not occurred recently. Some fluid ad
vection is, however, indicated by the minor methane peak
the top of the décollement at Site 948.

9. The He isotopic composition of the pore fluids indicates som
mantle-derived He, but most of the He has a continental orig
as does the Sr.

10. Preliminary interpretations of some of the geochemical da
(i.e., Ba concentrations) seem to support the interpretation t
the polarity and amplitude of the décollement seismic refle
tion are related to the fluid content and intensity of flow. Ac
cordingly, the negative polarity of the décollement reflectio
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Figure 7. Mixing relations between 87Sr/86Sr values and 1/Sr concentrations
(in ppm) of the Site 948 pore fluids from Type 4 carbonate veins, as described
in Labaume et al. (Chapter 5, this volume). The pore fluids are from Hole
948C, and the veins are from Hole 948D. G1 and G3 mark the first and third
generations of vein carbonates, respectively. The dashed lines delineate the
pore-fluid data. The insert diagram in the top right emphasizes the relation-
ship between the in situ pore-fluid field and modern seawater compositions
(based on data in Kastner and Zheng [Chapter 29, this volume]).
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Table 2. Helium and neon concentrations and helium isotopic values in pore waters.

Notes: The He isotopic results are reported as 3He/4He values (R) relative to the atmospheric ratio (RA). The upper mantle value is eight times the atmospheric value (RA); uncertainty
of the error is 0.004.

Core, section,
interval (cm)

Depth
(mbsf)

He
(10-8 cm3/g) R/RA

Ne
(10-8 cm3/g) Comments

156-948C-
4X-5, 110-150 448 9.99 0.516 17.14 In the accreted section, ~50 m above the décollement zone

156-949B-
5X-2, 110-150 286 19.20 0.395 18.43 At a main thrust fault that is a fluid conduit
22X-2, 110-150 430 9.02 0.558 16.35 At the base of the décollement zone
 

in
s

r

N

m
o

o
r

n

o

s
m

to
li

o

 

in

0

-

 t
j

 
e

 P.,
n of
 of

uid
ling.

 of

nd

93.
ai

,

ar-
sis

nd
sis

.,
,
gon

r-

a-

nd
at

re

0.
of

.,
.,
a,
s,
ge:

id

.,
k-
he
.

at Site 949 implies more fluid and/or higher pore-fluid pres-
sure at this site than at Site 948, where the polarity of the
collement reflection is normal.
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