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Abstract
A sealed borehole observatory (CORK) was deployed on South Chamorro Seamount, an active serpentinite mud volcano in the Mariana
forearc to explore subduction-related processes on a non-accretionary, convergent plate margin. Formation fluid was overpressured relative to
ambient hydrostatic conditions. Fluid flowed from the borehole at ~0.2 L/s when the observatory was opened to recover instruments 2 yr after it
was installed. The chemical composition of the formation fluid is similar to that extrapolated from trends in pore water data collected during Ocean
Drilling Program Leg 195 when the observatory was established. Reduced sulfur is present in this highly-alkaline (pH 12.4) formation fluid,
indicative of microbial activity at or below the depth of the screened casing, 149–202 m below the seafloor. Discharge from the open borehole
continued for 37 days, until the observatory was resealed. This discharge requires significant permeability at depth (N 6 × 10− 14 m2). Zones of high
permeability may be associated with the formation of headwall scarps, consistent with numerous slumps on the southeastern flank of the
seamount, and likely shape a geochemical environment suitable for an active microbial community.
© 2008 Elsevier B.V. All rights reserved.
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Hydrogeologic processes at convergent plate margins play a
critical role in geochemical cycling, seismicity, deformation, and
the subsurface biosphere. Most of the fluid transport studies at
convergent plate boundaries have focused on accretionary
convergent margins (e.g., Kastner et al., 1993; Carson and
Westbrook, 1995; Maltman et al., 1997) where large wedges of
accreted sediment form on the outer toe of the overriding plate.
Fluids are expelled at depth and flow through this material before
venting at the seafloor. During this transit, fluids are subjected to
chemical exchange with sediment and alteration by microbial
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Fig. 1. South Chamorro Seamount is located at 13° 7'N, 146°00'E, about 125 km east of Guam. The summit is at a water depth of ~2950 m as determined from
multiple surveys of the forearc (Fryer et al., 2000, 2006). The contour interval for the regional map is 250 m with labels every kilometer. The summit figure is based on
DSL120 side-scan data and EM300 bathymetry with 20 m contours. Dashed lines are drawn along fault planes and locations for each of the boreholes are shown. Note
the general slumping to the southeast. An idealized cross-section schematic of the summit knoll is shown. This knoll is built upon foraminiferal sands/sandstone with
general slumping to the southeast. ODP hole 1200C was drilled into the summit and penetrated a permeable zone, allowing the formation fluid to vent at the seafloor
once the seal was removed. Microbial activity in the formation at or below the depth of the screened portion of the borehole reduces dissolved sulfate in the highlyalkaline (pH 12.4) fluid that ascends from the subducting slab below. This activity is likely associated with permeable zones (i.e., slip planes or headwall fractures).

processes. These interactions often obfuscate original fluid
compositions, which otherwise can provide constraints for
pressure and temperature conditions at depth that are required
to constrain geophysical models of subduction processes (e.g.,
Wang et al., 1995; Harris and Wang, 2002). In contrast, nonaccretionary systems lack an overlying sediment burden and, in
the case of the Mariana forearc, provide direct access to deepsourced fluids via active serpentinite mud volcanism. This mud
volcanism provides a window to the décollement and deep-seated
microbial processes using readily-available technologies.
Ocean Drilling Program (ODP) Leg 195 drilled Site 1200 on
the South Chamorro Seamount (Shipboard Scientific Party, Site
1200, 2002), one of 14 large (up to 50 km in diameter and rising
up to 2 km above the surrounding seafloor) active serpentinite and
blueschist mud volcanoes on the Mariana forearc (Fryer and
Fryer, 1987; Fryer, 1996; Fryer et al., 2000, 2006) (Fig. 1). One
objective for drilling this seamount was to establish a long-term
borehole observatory (CORK (e.g., Shipboard Scientific Party,
Site 1200, 2002; Davis et al., 1992)) that would allow researchers
to (1) examine mass transport, geochemical cycling, and the
influence of transient “events” on physical and chemical
characteristics of the formation fluid; (2) distinguish between

seismic shaking and static strain; and (3) conduct manipulative
experiments to elucidate microbial processes involving Bacteria
and Archaea. This CORK is the only seafloor observatory in an
active serpentinite mud volcano. Two years after ODP Leg 195,
we returned to the CORK, recovered borehole instrumentation
that recorded temperature and pressure (Davis et al., 2003),
collected fluid samples from the open borehole, and resealed the
observatory. Here we present results from this CORK-servicing
expedition that provide insights regarding the chemical composition of the formation fluid at depth and hydrogeologic conditions
within the formation surrounding the borehole.
2. Geologic setting and CORK instrumentation
South Chamorro Seamount is located ~85 km from the Mariana
Trench. Here, the down-going slab lies ~26.5 km below, based on
earthquake data (Fryer et al., 1999), although more recent multichannel seismic data is consistent with a slab depth of only 20 km
(Oakley et al., 2005, 2007). The seamount is composed primarily
of unconsolidated flows of serpentinite mud with clasts consisting
of serpentinized mantle peridotite, with minor blueschist fragments
(Shipboard Scientific Party, Site 1200, 2002; Fryer et al., 2006;
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Fig. 2. Cartoon of fluid composition and reaction when the data logger is removed and an image of crystals forming in the open borehole. Once the data logger was
removed formation fluid vented. Bottom seawater was able to enter the upper 69 cm of the borehole through slots that are used to latch the data logger in place. This
mixture of fluids produced fine white crystals that formed within and along the rim of the borehole. Chemical constraints are consistent with brucite and carbonate
formation. When the data logger is deployed, the slots are sealed preventing the formation fluid from venting.

Fryer and Todd, 1999). The broad summit is covered with
foraminiferal sands and a small 200-m-high serpentinite knoll that
overlies the foraminiferal sands. Some solid pieces of foraminiferal
sandstone enclosed in the serpentinite mud matrix were found on
the top of the knoll indicating significant consolidation (dissolution
and reprecipitation) of the former during and after transport.
Seepage of slab-derived fluid accompanies the flow of mud,
supporting a megafaunal assemblage on the summit of the
seamount. The assemblage includes mussels, gastropods, tube
worms, and galatheid crabs (Fryer and Mottl, 1997). Subsurface
fauna supported by this fluid include Archaea (Mottl et al., 2003;
Curtis and Moyer, 2005) and Bacteria (Takai et al., 2005).
Although there is compelling evidence for a formation fluid that
originates from great depth, subsurface temperatures are elevated
only slightly relative to those of bottom seawater (Shipboard
Scientific Party, Site 1200, 2002). Measured heat flow near active
seepage sites averages just 15 mW/m2, whereas in the zone of
maximum seepage the heat flow is 101 mW/m2 (Shipboard
Scientific Party, Site 1200, 2002).
The chemical composition of a deep-sourced fluid from South
Chamorro Seamount has been estimated from pore waters
recovered during coring (Mottl et al., 2003, 2004). Formation
fluid from this seamount is similar to that from other active
serpentinite seamounts that are located at similar distances from
the trench axis (e.g. Conical Seamount is ~640 km to the north
Mottl et al., 2004; Mottl, 1992). These similarities are consistent
with subseafloor reactions depending mainly on depth (temperature)-related processes with little or no regional differences
resulting from differences in slab composition. Formation fluid
from South Chamorro Seamount is distinctly different from that
of other serpentinite seamounts closer to the trench (e.g., Pacman
and Blue Moon Seamounts Fryer et al., 1999; Mottl et al., 2004).
Compositions range from calcium-rich, low-alkalinity, and lowmagnesium fluids in mud volcanoes near the trench (e.g., Pacman
and Blue Moon Seamounts), to calcium- and magnesiumdepleted, high-alkalinity (60 mmol/kg), and high-pH (~12.5)

fluids in mud volcanoes further from the trench (e.g., Conical and
South Chamorro Seamounts). This difference is attributed to
depth-dependent decarbonation of the down-going plate, setting
constraints for pressure and temperature conditions along the
décollement (Fryer et al., 1999; Mottl et al., 2004).
ODP Hole 1200C was drilled to 266 m below the sea floor
(mbsf) prior to installation of the CORK. The final configuration
placed the base of the CORK at 202.8 mbsf, providing a screened
section from 148.8 mbsf to 202.3 mbsf. The screen allows
formation (pore) fluid and borehole fluid to exchange and
equilibrate. Initial borehole instrumentation installed with the
CORK included a data logger, pressure sensors, nine thermistors
on a cable (e.g., (Shipboard Scientific Party, Site 1200, 2002;
Davis et al., 1992) and two OsmoSamplers. OsmoSamplers are
continuous fluid samplers driven by the osmotic flow that is
generated across a membrane separating solutions of different salt
content (Wheat et al., 2003; Jannasch et al., 2004). These
instruments were retrieved in 2003 using the remotely-operated
vehicle (ROV) Jason II.
3. Methods and results
During their two-year deployment, high concentrations of
dissolved carbon dioxide, methane, and sulfide (e.g., Mottl et al.,
2003, 2004) diffused into the small-bore Teflon sample tubing in
the OsmoSamplers. These dissolved gases became supersaturated
upon recovery, resulting from a decrease in pressure (~290 to
1 atm) and an increase in temperature (~3 to 25 C). As a result,
excess pressure in the sample coil caused the entire two-year
continuous sample to be expelled during recovery.
Fortunately, the formation fluid at depth is overpressured
relative to hydrostatic conditions. When the CORK seal was
removed to recover downhole instruments, this overpressure
resulted in the immediate flow of formation fluid up the borehole to the seafloor. We returned 37 days later to collect two
fluid samples from the open borehole using Walden–Weiss
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titanium syringe samplers with the ROV Jason II. Before the
bottles were triggered, sample intakes were positioned ~ 30 cm
down the open borehole. Filtered bottom seawater was used to
prime these samplers, accounting for ~ 1% of the collected
sample. Immediately upon recovery these two samples were
filtered and stored in acid washed HDPE bottles and glass vials.
Shipboard measurement included analyses for pH, alkalinity,
chlorinity, and hydrogen sulfide. Numerous shore-based
analyses were conducted using techniques similar to those
used for pore water samples (e.g., Mottl et al., 2003, 2004), thus
minimizing analytical biases between the studies. Compositions
of borehole fluid samples and bottom seawater are tabulated in
Appendix A.
Formation fluid that flows from ODP Hole 1200C mixes with
bottom seawater near the top of the open borehole, forming a
wispy white precipitate (Fig. 2). On our return to the borehole
37 days after the data logger and down hole instruments were
retrieved, formation fluid continued to flow from the open
borehole. The velocity of fluid venting from the top of the unsealed
CORK system was estimated by collecting high-resolution video
images of the venting fluid, and tracing the rate of movement of
individual particles before the plume was influenced by bottom
currents. Exit velocities were determined by measuring the
distance that a feature traveled in ~0.1 s, avoiding particles that
showed evidence for lateral movement. Forty-three velocity
estimates were made, all from a 1-hour period 37 days after the
CORK seal was removed. The average exit velocity for these
estimates is 2 ± 1 cm/s, equivalent to 0.2± 0.1 L/s of fluid venting
to the ocean from the open borehole. This rapid flow rate
effectively flushed the entire open hole in only a few hours; thus
the fluid sampled after 37 days of sustained discharge is likely to be
highly representative of the formation surrounding the borehole.
There are no direct measurements for the permeability of
formation materials at ODP Site 1200, but similar materials were
collected in 1997 from nearby Pacman Seamount in an area of
small springs on the southeast edge of the seamount (Fryer et al.,
1999, 2006). Four sediment samples recovered by surface coring
from this area were tested to ascertain mineral composition and
sediment physical properties (Marks, 2000). Three of these
samples were “blue muds” collected in an area where pore water
upwelling speeds are ~0.5 cm/yr, estimated from systematic
variations in pore water chemical profiles. These samples were
collected a few hundred meters from “springs” sampled in 2003
where upward seepage speeds are tens of centimeters per year.
These three blue mud samples consist of 45–60% sand-sized
particles and are primarily chrysotile, iowaite, chloritoid, chlorite,
lizardite, and brucite. In contrast, the fourth sample, which was
collected far from the area of active springs, consists of 70% sandsized particles and is primarily calcite, anorthite, and quartz. This
sample is mainly vitric volcaniclastic sediment whose primary
source is the nearby volcanic arc.
The four shallow core samples were trimmed and placed in a
uniaxial, floating-ring, back-pressured consolidometer for
geotechnical testing. The laboratory system used deionized
water saturated with helium to avoid oxidizing sediment during
testing. Vertical stresses were doubled every 24 h, ascending
from 25 to 3200 kPa, resulting in effective stresses equivalent to

400–500 m of burial. Permeability was tested at each
consolidation step using a modified medical flow pump to
sustain extremely stable, low flows across the samples (0.04–
2.0 mL/h), to avoid disturbing the grain fabric (e.g., Olsen et al.,
1985). Sample thickness was monitored with an electronic
strain gauge, allowing calculation of sample porosity at each
consolidation step. Sample permeability was determined after
steady-state conditions were achieved during each flow test
using Darcy's Law, by measuring the pressure difference across
the sample. Each sample was subjected to a range of flow rates
at each consolidation step.
Blue mud samples were found to be much less consolidated than
the background volcaniclastic sample and tended to lose porosity
more rapidly when subjected to increasing consolidation stresses.
The permeability of the blue mud samples ranged from 10− 15 to
10− 17 m2 across sample porosities of 0.65 to 0.33. In contrast, the
permeability of the volcaniclastic sample varied from 10− 13 to
10− 15 m2 across a narrower porosity range of 0.57 to 0.44 when
subjected to the same range of effective stresses (Marks, 2000).
4. Discussion
4.1. Chemical constraints
As formation fluid flows up the cased borehole, its composition may be altered because of interactions with the steel
casing (Wheat et al., 2004). Chemical change clearly occurred
when the data logger was removed, because this allowed bottom
seawater to enter the casing through slots (11.1-cm long) located
69 cm below the top of the casing. These slots are used to latch
the data logger in place (Fig. 2). When the data logger is in
place, seals below the casing slots keep the formation fluid from
venting. The venting fluid produced fine white crystals along
the inside rim of the casing and a white amorphous coating on
the exterior of the casing. Below we discuss the source for this
formation fluid, reactions within the uppermost section of the
casing where the precipitate formed, and inferences concerning
microbial activity at depth.
Mottl et al. (2003) present systematic variations in pore water
profiles that indicate a variety of diagenetic and microbial
reactions, representing a range of upward pore water seepage
velocities, and constraining the composition of the formation fluid
at depth within South Chamorro Seamount. They assert that the
least reactive components in the formation fluid are K, Rb and
δ18O in the sampled section, based on linear chemical relationships that define a mixing line between the ascending formation
fluid and bottom seawater. Na and B also are relatively unreactive
in the sampled section. Similarly, our borehole samples show a
linear relationship between δ18O versus δD of pore and borehole
waters (Fig. 3). This relationship indicates mixing of bottom
seawater with a deep-sourced formation fluid. Similar relationships exist among Na, Cl, and δ18O, confirming estimates for the
formation fluid composition based on pore water data. In contrast,
plots of other elements (e.g., K, Rb, and B) versus δ18O show
linear trends, but these trends are offset, likely a result of sampling
artifacts when recovering and handling pore waters from drilling
(e.g., de Lange et al., 1992) (Fig. 3), as has been observed
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Fig. 3. Plots of δD, Na, K and Rb versus δ18O or δD for pore waters (open squares Mottl et al., 2003), two samples from the borehole (filled circles), bottom seawater
from ODP Site 1200 (filled circle), and the estimated end-member composition based on the pore water data scaled to one standard deviation (filled diamond Mottl
et al., 2003). A linear relationship is consistent with conservative mixing of bottom seawater with a deep-sourced formation fluid. The offset in the K and Rb data are
consistent with known sampling artifacts during sediment retrieval and pore water extraction.

elsewhere (Wheat and Mottl, 2000). Other elements in borehole
fluid samples (e.g., Cs) maybe affected by processes associated
with the microbial generation of reduced sulfur at depth.
Collectively, our borehole analyses suggest that earlier studies
using pore water data (e.g., Mottl et al., 2003, 2004) generated a
reliable view of the formation fluid composition at ODP Site
1200.
If we use the Na and δD composition estimated for the
formation fluid (Mottl et al., 2003) and compare it with the
composition of bottom seawater, our most altered fluid is ~60%
bottom seawater and 40% formation fluid. Calculations using the
δ18O and Cl data result in a 50:50 mixture; however, these
calculations are less certain, given the small observed differences
between the compositions of bottom seawater and formation fluid
for these chemical constituents and complications associated with
calculating Cl from chlorinity measurements in samples with
significant amounts of sulfide. This mixing occurs when the
ascending formation fluid reaches the last 69 cm of the casing
where bottom seawater is entrained through slots in the casing,
resulting in mineral precipitation. One of the precipitates is
brucite, which forms from Mg in seawater and hydroxyl ions in
the formation fluid. This reaction must occur rapidly, based on the
short travel distance (~39 cm [69 cm to slots minus 30 cm that the
snorkel on the sampler penetrated in the borehole during sample
collection) and a flow rate of 2 cm/s.
This reaction “resets” the Mg end-member concentration,
indicating that the reaction was not only rapid but complete.
Therefore, in plots of relatively conservative elements (e.g., K and

Rb) versus Mg there is a linear mixing relationship; however, the
calculated composition of the formation fluid using the Mg data in
this fashion is compromised and results in incorrect values that are
different from the analysis above (Fig. 4). Using the same
approach we note the non-conservative behavior of other
elements (e.g., Ca, Sr, and the rare earth elements) relative to
Mg, consistent with continued, but not complete, carbonate
precipitation as the formation fluid mixes with seawater and the
mixture rises and vents from the borehole (Fig. 4).
Given a mixture of 60% seawater (52.5 mmol Mg/kg and
0 mmol OH/kg) and 40% formation fluid (0 mmol Mg/kg), the
concentration of Mg in the sample should be 31.5 mmol/kg if no
reactions occur when the two fluids are mixed in the upper 69 cm
of the borehole. This concentration is higher than the measured
concentration of 26.3 mmol/kg. Given the high pH of the
formation fluid (~12.5 Mottl et al., 2003), brucite must form when
these two fluids mix at the ratio listed above. If we assume the
difference between the Mg concentration from mixing
(31.5 mmol/kg) and the measured concentration of the venting
fluid (26.3 mmol/kg) results from the formation of brucite, then
the hydroxyl concentration in the formation fluid is 26 mmol/kg,
greater than the measured concentration of ~0.1 mmol/kg (pH
10.1). Using a pKw of 14.8 at 2.4°C and an empirical activity
coefficient that accounts for complexing (Mottl et al., 2003), the
calculated in situ pH is 12.2. This pH is in good agreement with
pore water data (pH of 12.5 Mottl et al., 2003), but does not
account for the effects of microbial activity. When one accounts
for this activity (see below) there is better agreement between our

Fig. 4. Plots of K, Rb, B, Ca, Y and Nd versus Mg in two samples from the borehole at ODP Hole 1200C and bottom seawater (filled symbols). Lines project to an endmember (formation fluid) concentration; however, this concentration is different from the analysis presented earlier (open symbols) because of the “instantaneous” in
situ removal of Mg in the upper 69 cm of the borehole after seawater mixes with formation fluid. Non-linear relationships between Ca, U, and Nd (proxy for the rest of
the rare earth elements) versus Mg are consistent with the continued, but not complete, removal of these elements as they ascend in the upper 69 cm of the borehole.
Mixing lines for these relationships connect concentrations of bottom seawater and a formation fluid based on pore water data.
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estimate for the pH of the formation fluid and that based on pore
water data.
Similarly, if we assume the same 60:40 mixture, measured
Ca and alkalinity data from venting fluid samples are consistent
with carbonate formation in the upper 69 cm of the borehole.
The measured concentration of Ca in this sample is 1.8 mmol/
kg, which is 4.3 mmol/kg lower than the calculated concentration based on a 60:40 conservative mixture. Thus the calculated
titration alkalinity for the formation fluid is 104 mmol/kg (a
60:40 mixture results in a 43 mmol alkalinity/kg solution that is
then reduced by carbonate [2 × 4.3 mmol/kg] and brucite
precipitation [10.4 mmol/kg]). This calculated alkalinity is in
good agreement with that measured from pore water data in the
active microbial zone (maximum of 130 mmol/kg Mottl et al.,
2003).
Typically, microbial sulfate reduction in Mariana mud volcanoes is limited to the upper meter of sediment (Mottl et al., 2003;
Takai et al., 2005). In addition to this near-surface population,
South Chamorro Seamount has a (N 1 mbsf) “secondary” microbial
population. In ODP Hole 1200E this population is at a depth of
~20 m. Curtis and Moyer (2005) note that the shallow “primary”
microbial population is distinctly different from the deeper
“secondary” population. In ODP Hole 1200C we find dissolved
sulfide, high-alkalinity and low sulfate concentrations in the
formation fluid that enters the screened section (148.8 mbsf to
202.3 mbsf), requiring the presence of a microbial population
within this depth range or deeper.
Mottl et al. (2003) showed that the formation fluid that
upwells in South Chamorro Seamount is reduced by Archaea
via anaerobic oxidation of methane (AOM):
−
2−
2−
CH4 þ SO2−
þ 3H2O
4 þ 2OH ¼ CO3 þ S

ð1Þ

Using this general reaction we account for microbial effects
on the deep formation fluid composition. For example, given a
decrease in the sulfate concentration of 10.3 mmol/kg (both
bottom water and the deep formation fluid have a concentration
of ~ 28 mmol/kg), the calculated formation fluid has an alkalinity
of 83 mmol/kg, in good agreement with pore water data (62 ±
8 mmol/kg Mottl et al., 2003). Likewise Eq. (1) predicts a
consumption of hydroxyl ions. Thus the calculated formation
fluid would have a hydroxyl concentration of 47 mmol/kg
(26 mmol/kg based on brucite formation and 21 mmol/kg from
microbial production). This is in excellent agreement with an
earlier estimate and a calculated pH of 12.4 (pH 12.5 and
57 mmol hydroxyl ion/kg Mottl et al., 2003).
Interestingly, at South Chamorro Seamount, the deeper
secondary microbial zone correlates with the pore water upwelling
speed; faster pore water upwelling speeds are associated with a
deeper secondary microbial zone. But are flow rate and the depth
of the microbial population related? This trend is not consistent
with observations of shallow primary microbial populations
present on other Mariana forearc mud volcanoes, where faster
flow rates result in shallower and more concentrated sulfide zones.
We believe that the deep microbial community observed at South
Chamorro Seamount is related to the local geologic setting and
hydrologic flow pattern as described below.

Fig. 5. Plot of borehole discharge as a function of the time following the opening
of the CORK in ODP Hole 1200C. Symbols indicate calculations based on
assumed formation permeabilities of 6 × 10− 15 m2 (open squares), 6 × 10− 14 m2
(filled circles), and 6 × 10− 13 m2 (open triangles) using an excess fluid pressure
of 150 kPa. Vertical error bars indicate results if fluid overpressure were 50 kPa
higher or lower. The observed rate of formation fluid discharge within the casing
below the slots is 0.08 ± 0.04 L/s indicated as a gray horizontal band. The time at
which the flow rate was measured is indicated with the dotted vertical line.
These calculations assume a uniform permeable zone for the entire thickness of
the screened casing from 150 to 200 m depth. If flow were focused within one or
more thinner zones, as discussed in the text, the effective permeability of these
zones would scale linearly with thickness.

4.2. Hydrogeologic constraints
Removing the data logger from the ODP Hole 1200C
resulted in the sustained flow of formation fluid from depth,
requiring significant formation permeability around the
screened borehole. We estimate the formation permeability
necessary to sustain the observed rate of flow using a radial
diffusion equation (e.g., Becker et al., 1983; Fisher et al., 1997);
Q ¼ 8 k H D P I ðsÞ=ðp uÞ;

ð2Þ

where (Q) is the observed flow from the formation (0.08 ±
0.04 L/s), r is the radius of the open hole where discharge was
measured (5.55 cm), k is the effective bulk permeability (treated
as an unknown), H is the thickness of the open hole from which
fluid originates (assumed initially to be the length of the
screened section of casing, H ~ 50 m), ΔP is the equilibrium
excess formation fluid pressure measured before removing
borehole instruments (overpressured by ~ 150 kPa Davis et al.,
2003), I (τ) is an integral function (Jaeger and Clark, 1942), and
τ is dimensionless time (τ = k t / [φ u β r2]; where t is time in
seconds, φ is sediment porosity (0.45), u is dynamic viscosity
(0.0001 Pa s) and β is the fluid compressibility (4 × 10− 10 Pa− 1).
We use Eq. (2) to calculate the expected rate of fluid flow from
the formation up the open borehole as a function of time after the
data logger was removed (Fig. 5). Given the parameters listed
above, the observed flow rate 37 days after opening the
observatory is best matched with a bulk formation permeability
of 6 × 10− 14 m2. This permeability is likely to be a conservative
lower limit. If the formation fluid ascends through a fault zone,
then the effective permeability of the fault zone would scale with
thickness, i.e., if H = 5 m, k = 6 × 10− 13 m2. On the basis of the
sharp transitions observed in pore water data from ODP Hole
1200E, a thin (meters-thick) highly permeable zone is most likely.
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Bulk permeabilities estimated in these calculations are considerably greater than values measured on blue serpentinite mud
from Pacman Seamount under effective stresses appropriate for
the depth of Hole 1200C, 10− 15 m2 to 10− 17 m2, but there are
several probable reasons for this difference. First, lab measurements of small samples of unconsolidated, fine-grained marine
sediments generally provide a lower limit of effective properties, particularly where the formation is overpressured (e.g.,
Fisher and Zwart, 1996; Screaton et al., 1997). The most
important flow pathways for large-scale fluid migration in such
systems are likely to be cracks and fractures that are not represented in core-scale samples. In addition, uniaxial laboratory
analyses measure vertical permeability, whereas flow from the
formation to the borehole must include a horizontal component.
South Chamorro Seamount is undergoing deformation and
failure, likely resulting in the development of thin discrete zones of
elevated permeability. ODP Hole 1200C is located on the
northwest edge of a 200-m-high knoll constructed on the southeast
side of the seamount summit (Fig. 1). This knoll is constructed near
the edge of apparent headwall scars that penetrate the southeastern
side of the seamount summit. High backscatter regions on the
southeastern flank of the seamount show that there are debris flows
that travel at least 70 km down the flank of the seamount toward the
trench (Fryer et al., 2000). Observations from Shinkai 6500
submersible dives (Fryer, 1996) confirm that the high-backscatter
material is loose rubble that is essentially unsedimented and
relatively recent. The arcuate scarps observed in the side-scan and
bathymetry data from the summit knoll region are most likely
headwall scars of slumps or debris slide masses. Thus, masswasting events have affected both the body of the edifice (largerradius scars) and the summit knoll (small-radius scars).
A few discrete springs were identified by submersible
observations before drilling near clusters of mussel beds and
other associated megafauna. These features and organisms are
confined to the northwest region of the summit knoll and follow
fractures in the serpentinite mud exposed on the surface. This is
the same area in which the high-resolution side-scan imagery is
consistent with numerous arcuate, en echelon scarps. If these
scarps are headwall fractures of mass-wasting bodies, they are
highly probably sites of focused fluid egress. Application of an
elastic model of deformation to the mechanics of mass-wasting
processes and the nature of headwall fracture development
(Martel, 2004) shows that peak tensile stresses occur at the apex
of the up-dip area of a slip plane during movement of a landslide
or slump mass with semi-major to semi-minor axis ratios of 0.5
to 1.0. On the basis of the curvature of the arcuate scarps on the
summit region of South Chamorro Seamount, the calculated
ratio of the semi-major to semi-minor axis ratio is 0.8, within the
range above. Furthermore, the concentration of tensile stress at
this point (and along the entire perimeter of the slip surface) is
greater at depth than at the surface (Martel, 2004). Fluid egress
could result from the concentration of tensile stress and opening
of fractures at depth, which then propagate toward the seafloor
from the slip plane.
The key implication of these observations and inferences is
that if slumping occurs beneath the body of the summit knoll, and
extends across the subvertical conduit that guides the deep
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formation fluid to the surface, then the slip surface could channel
fluid that migrates from depth towards the open borehole. If we
assume that the arcuate scarps indicate slumping toward the
southeast, as the concavity of the scarps suggests, then the slip
surface will be inclined downslope to the southeast. Fluid that
migrates along the slip surface would move toward the northwest
and concentrate in the zone of initial opening of a headwall
fracture at depth. This fluid would then propagate to the surface
along growing fracture traces, but more diffusely due to the lesser
permeability. ODP Hole 1200C may have either penetrated such a
slip surface or the base of a headwall fracture (Fig. 1).
Relations between zones of elevated permeability and distinct
microbiological environments at depth remain unclear. Serpentinite mud is slowly ascending from depth towards the summit of
South Chamorro Seamount. In some areas pore water ascends
faster than the mud, at centimeters to tens of centimeters per year,
leading to curved chemical pore water profiles. There appears to
be a single source for the formation fluid, based on systematic
variations in the chemical composition of shallow pore waters
and from borehole fluids that ascended from 200 m depth in
ODP Hole 1200C. Generally, an active subsurface biosphere is
evident only near the seafloor (b 1 mbsf). The exception is South
Chamorro Seamount, which has a secondary deep biosphere
comprised mainly of sulfate-reducing Archaea. This deep
biosphere appears to be associated with the high permeability
zone and does not occur ubiquitously throughout the seamount,
as indicated by the presence of sulfate in shallow pore waters
elsewhere in the seamount. If this biosphere were ubiquitous,
then there would be no measurable dissolved sulfate in any of the
pore water samples, except for samples near the seafloor where
diffusive exchange with seawater sulfate occurs. This apparent
hydrologic restriction for the biosphere could be related to
specific chemical and thermal conditions that are appropriate for
metabolism. For example, highly permeable zones in the
formation may attract and concentrate ions and/or dissolved
gases (e.g., methane, H2) required for metabolic activity. A
fundamental component for metabolic activity is likely methane,
which is present in pore waters with a concentration of
~ 17 mmol/kg at the depth of sulfate reduction zone in ODP
Hole 1200E (Mottl et al., 2003).
Three possible mechanisms could concentrate dissolved
gases in a permeable zone where there is rapid fluid flow. First,
given the magnitude of possible tensile stress within the knoll
associated with headwall formation, a gas-rich phase might be
generated within the permeable zone. Such mechanism for
concentrating dissolved gas phases is evident in hydrothermal
systems (e.g., Sedwick et al., 1994) and seeps in other settings
(Fueri et al., 2005). A second scenario generates a gas-enhanced
phase through chemical reactions between the formation fluid
and fresh surfaces opened during fracture formation. Alternatively, because the small knoll is built upon a substrate of
foraminiferal sands and the casing reaches a depth of
202.3 mbsf, approximately the height of the knoll above the
surrounding older summit region that is covered with foraminiferal sands/sandstone, it is possible that organic matter from
these foraminiferal sands supplies necessary nutrients that
reactivate dormant microbes. Given any of these three cases,
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the metabolism of these Archaea in such a high-pH fluid
warrants additional study.
5. Conclusions
The ODP borehole observatory (CORK) on South Chamorro
Seamount is the first such observatory located in a serpentinite
mud volcano. Initial fluid sampling and chemical analyses coupled
with visual observations are consistent with (1) a relatively pristine
formation fluid from depth entering the borehole, representing the
deepest fluid retrieved from this site; (2) similar estimates for the
composition of the formation fluid based on pore water and
borehole samples, indicating that there are no discernable sampling artifacts from drilling and extraction processes for some
elements and only minor sampling artifacts for others; (3) brucite
and carbonate precipitation within the upper 69 cm of the borehole
as a result of bottom seawater flowing through slots in the casing
and mixing with the formation fluid with a ratio of 60% seawater
and 40% formation fluid; (4) a bulk formation permeability within
a 50-m thick region at depth that is on the order of 6 × 10− 14 m2 (or
greater if permeability is focused within one or more thin zones);
(5) the presence of an active deep microbial population, which is
different from that found in the upper meter of the sediment at a
number of Mariana forearc mud volcanoes; (6) the screened
section of the borehole intersecting a permeable zone, perhaps
bisecting a slip surface or a headwall fracture associated with mass
wasting; and (7) the possibility of an association between
microbial activity and subsurface deformation zones within the
seamount, suggesting that the faults that underlie the Mariana
serpentinite mud volcanoes may also be sites of microbial activity
at great depths within these edifices.
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