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Abstract

Multiple, long-term measurements of aqueous and chemical flux through regions of active fluid seeps and gas vents
on Hydrate Ridge, Cascadia accretionary prism, were accomplished during 1998 and 1999 as part of the international
TECFLUX project. These measurements indicate that flow is highly heterogeneous in both time and space with areas
of inflow, outflow, and outflow of fluids of both altered and seawater-like composition. While tectonics is the
dominant underlying driving force in fluid expulsion, we suggest that much of the shallow expression of this flow is
modulated by more complex hydrological processes. These dynamic processes may include gas expulsion-driven
pumping and aqueous entrainment in migrating gas, buoyancy-driven fracturing of overlying sediments, rapid
changes in the permeability distribution due to injection of gas and the formation of gas hydrates, migrating flow
conduits, and tidally driven flow oscillations. By placing the flow rate observations obtained during the two field
seasons in the context of the distribution and nature of the seepage sites, we develop a conceptual model of the spatial
and temporal interactions between various processes that appear be active at Hydrate Ridge. We further discuss:
(1) evidence for the existence of a subsurface gas transport system and discuss the mechanisms which maintain it,
(2) estimates of the in situ permeability of seep settings and evidence for, and the mechanisms controlling temporal
changes in permeability, and (3) changes in seep output fluid chemistry which may relate to the above hydrological
processes. : 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Cascadia accretionary prism has been the
focus of international research for more than ten

years, primarily due to the early recognition of its
active hydrological system and the widespread gas
hydrates present there (e.g. ODP Leg 146 and the
upcoming 2002 Leg 204). Much of this research
has focused on gas hydrates because they may
represent a valuable global energy source [1], a
potential source of methane which could contrib-
ute to global warming (e.g. [2^4]), and a possible
geologic hazard with the potential to create mas-
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sive landslides [5]. Recent theoretical work has
focused on the strong linkages that can occur be-
tween methane generation, hydrate development,
heat £ow, and £uid migration patterns [6]. Con-
ceptual models of £uid £ow have generally pre-
dicted simple patterns of £ow that vary on tec-
tonic/earthquake time scales (e.g. [7,8]). Ground
truthing of these models by direct measurements
of £uid £ow, however, has proven to be quite
di⁄cult, principally due to the predominance of
very low £ow rates. Gas hydrates are present in a
range of tectonic environments, each with distinct
physical and hydrological processes associated
with the hydrates. One end-member system is
best exempli¢ed by Blake Ridge, o¡ the south-
eastern coast of North America. Here gas hydrate
appears to primarily exist within the pore spaces
of sediments and gas transport is principally by
way of di¡use porous £ow in its aqueous dis-
solved phase. In contrast to this relatively
steady-state system, Hydrate Ridge (HR), Casca-
dia, represents the dynamic end-member dominat-
ed by focused aqueous £ow with episodic expul-
sion of free gas and massive near-surface gas
hydrates. While HR is certainly one of the best
studied examples of this end-member, similar en-
vironments have been found elsewhere in the Cas-
cadia region, the Gulf of Mexico, and may exist in
other accretionary prisms as well. Our purpose in
this paper is to present a synthesis of data col-
lected during two seasons of instrument deploy-
ments, in the context of a general conceptual
model of this dynamic end-member gas hydrate
environment.

2. Background

The HR ¢eld program was conducted during
August^September 1998 and July^August 1999
as part of the TECFLUX project, a collaborative
research e¡ort between several institutions, in-
cluding Oregon State University, GEOMAR Re-
search Center for Marine Geosciences, and
Scripps Institution of Oceanography. The ¢rst
year’s work was conducted on the R/V Brown
using the ROPOS unmanned submersible, which
made a series of dives near the summit of north-

ern HR. The second ¢eld season was conducted
aboard the R/V Atlantis using the submersible
Alvin. These dives continued the work on north-
ern HR but with a focus on the summit of south-
ern HR as well.

2.1. Geologic setting

At the Cascadia convergent margin, an up to
3.5 km thick incoming sedimentary sequence of
continental-derived turbidites and hemipelagic
mud overlaid by Quaternary fans from the Co-
lumbia River and the Straits of Juan de Fuca
has led to rapid seaward growth of the accretion-
ary wedge of about 30^50 km over the last 2 Ma
[9]. This rapid incorporation of organic-rich sedi-
ments and pore £uids has led to a hydrologically
dynamic environment with widespread occurrence
of cold seeps, methane gas, and gas hydrates.
Incoming sediments have average porosities of

Fig. 1. Location of HR o¡shore Oregon in the US Paci¢c
Northwest.
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s 50% which reduce to V10% or less due to
gravitational and tectonic stress as they are incor-
porated into the wedge. This £uid source is aug-
mented by mineral dehydration and diagenetic re-
actions deeper within the wedge. These £uids take
various pathways to exit the wedge depending on
the local structure and their position within or
beneath the wedge [10^12].
Convergence at this margin is oblique to the

trench axis with the shear component taken up
by a series of strike-slip faults cutting transversely
across the slope and shelf and extending to the
basaltic basement [13]. Both seaward and land-
ward dipping thrust faults are also common along
the lower slope and extend to beneath the hydrate
stability zone (HSZ) where they can tap sub-hy-
drate £uids and gas [14]. The lower slope of the
wedge is also characterized by a series of subpar-
allel anticlinal ridges developed in response to this
thrusting [15^17]. HR, located 90 km o¡shore
central Oregon, is one such anticline elevated
0.5^1.6 km above the surrounding slope basins
and extending V25 km along the strike of the
subduction front (Fig. 1). Water depths at the
northern and southern crests are approximately
600 and 800 m, respectively. The ridge is cut by
several out-of-sequence thrust faults, one of which
was shown to be hydrologically active during
ODP Leg 146 [18].
Early evidence for tectonic dewatering and

methane in this area was from calcareous precip-
itates [19] and from diagnostic benthic organism
assemblages [16,20]. Interest in constraining the
nature of £uid £ow in this environment led to
ODP Leg 146, which drilled through a thrust fault
west of the summit of HR where an upward de-
£ection of the bottom simulating re£ector (BSR)
was observed. Drilling con¢rmed that the de£ec-
tion was due to transport of warm £uids from
below the BSR up along the fault [8]. More re-
cently, vigorous streams of methane bubbles were
observed emanating from vents on the sea£oor on
the northern peak of HR [21].
On northern HR (Fig. 2) we observed a highly

hydrologically active region largely covered by
a massive fractured carbonate chemoherm and
pavement (V1.5 km2) developed in response to
prolonged anaerobic methane oxidation and car-

bonate precipitation [22,23]. Focusing of aqueous
and methane gas £ow up the anticline has led to
the widespread but spatially heterogeneous devel-
opment of £uid seeps and episodic methane gas
venting [21]. The many seeps and gas vents appear
to be associated with fractures in the carbonate
carapace. Seep sites consisted of patches of clams
of 6 1 to V25 m2 located in sedimented areas
amongst the massive carbonates and microbial
mats on sediment or within cracks in the carbon-
ates. Often linear patches of clams or shells were
found extending for meters within sedimented
areas. Free gas expulsion was only observed
near the highest point of the local topography.
The northern HR dives generally characterize

the western chemoherm area as dominated by sev-
eral meter thick massive carbonates with deep
fractures with little to no sediment and relatively
infrequent seep indicators. Between the chemo-
herm and the northeastern summit is a mix of
carbonate pavement and rocky sediment cover
with occasional patches of clams and bacterial
mats. In the northeast of the survey area is a
topographic high dominated by rocky outcrops
with patches of rocky sediment, clams, and micro-
bial mats, primarily near the top. Near the sum-
mit is the methane vent site where high discharge
rates were recorded [24]. Vents were seen to ex-
tend for several meters along a fracture. Flow was
observed to go from dormancy to vigorous £ow
in as little as 30 min and to remain in this state







were determined by isotope dilution inductively
coupled plasma mass spectrometry after combin-
ing adjacent samples to give su⁄cient £uid vol-
ume [30].
Seven CAT instruments were successfully de-

ployed each ¢eld season. The resulting records
span approximately 30 and 45 days in 1998 and
1999, respectively. Sites were located on both the
northern and southern crests of HR at water
depths of 600 and 800 m, respectively, close to
regions of active methane gas venting and hydrate
development. CAT systems were placed in arrays
of two to four instruments across regions with
di¡erent seep biological communities. Our goals
were to quantify the £ux rates as well as any
associated temporal and spatial heterogeneity in
these types of seep settings, and to ascertain
whether the biological communities could be de-
veloped into a visual proxy to assist in providing
semiquantitative estimates of £ux rates. The typ-
ical locations of the meters were non-seep settings
(no visible biology), chemosynthetic clam colonies
(primarily Calyptogena paci¢ca) [31], and micro-
bial mats.
The results of the two ¢eld seasons are reported

in Tryon et al. [32,33] and are brie£y summarized
here. All of the clam sites (Fig. 2, Clam 1, 3, and
99D in inset) exhibited relatively low net £ow
rates, generally 10 cm/yr or less, often with com-
plex short period variability and reversals in £ow
direction (Fig. 5). Down£ow was most common,
suggesting that this may be the typical mode at
clam sites. High rates of out£ow were recorded at
the microbial mat site (Fig. 2, 99F and 99C in
inset). Both high frequency and long-term £uctu-
ations in £ow are indicated in these results (Fig. 6,
99F and 99C). The high frequency signal is as-
sumed to be tidal, although our resolution is in-
su⁄cient to resolve this. Similar patterns of oscil-
lating £ow were recorded alongside these two

Fig. 6. Flux plots from the high £ow rate mat sites. Meters
99C and 99F were located on a microbial mat sites and indi-
cate predominantly high out£ow rates and multifrequency
temporal variability. Note the transition at about 7/22^7/27
to higher £ow rates and higher amplitude variability at 99C
coincides with a change to lower amplitude variability and
somewhat lower £ow rates at 99F. A more subtle and gradu-
al change occurs later in the series as well. 99H was adjacent
to the orange mats, mounds, and gas discharge at southern
HR and indicates the highest £ow rates.

C

Fig. 7. Seep output £uid concentrations recorded with meters 99C, F, and H located at microbial mat sites. Pore £uid pro¢les
taken within mats on northern and southern HR are shown to the right, indicating the range of compositions present in other-
wise hydrologically and geochemically similar environments. S concentration is total sulfur. Long sample storage times during de-
ployment allow any sul¢de sampled to be oxidized to sulfate. Meter C indicates slow £ushing of the collection chamber with typ-
ical pore £uids. Changes in output composition at meter F may be due to migrating £ow pathways through a heterogeneous
distribution of pore £uids. Meter H exhibits seawater-like seep £uids. More information regarding the pore £uid pro¢les may be
found in the companion paper in this volume.
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meters by a GEOMAR VESPA instrument with a
5 min resolution, which clearly indicated that the
oscillations were tidally driven [34]. These instru-
ments recorded pore £uid composition changes
between seawater-like and a concentration signi¢-
cantly lower in Ca and S (Fig. 7, 99F and 99C).
One instrument recorded high £ow rates but rel-
atively constant seawater-like pore £uid composi-
tions (Figs. 6 and 7, 99H). This meter was placed
outside the edge of an extensive site of microbial
mats and active gas expulsion (Fig. 3, 99H). In-
struments placed away from sites of seep biota
(Fig. 3, 98B,D,H, 99A,B) recorded tidal oscilla-
tions with little or no apparent net £ow.

3. Discussion I: conceptual model of HR
hydrogeology

By placing the £ow rate observations obtained
during the two ¢eld seasons in the context of the
distribution and nature of the seepage sites, we

can develop a conceptual model of the spatial
and temporal interactions between deep and shal-
low £ow processes that appear to be active at HR.
Our current conceptual model of HR is shown in
Fig. 8 and incorporates the observations and rel-
atively shallow hydrological processes discussed in
Tryon et al. [32,33], as well as the links this shal-
low system may have with the deeper, large-scale
processes which they overly. While tectonics is the
dominant underlying driving force in £uid expul-
sion, we suggest that much of the shallow expres-
sion of this £ow may be modulated by more com-
plex hydrological processes, tidal forcing, gas
hydrate dynamics, and the presence of free gas
and transient gas discharge. Four generalized
shallow hydrological environments are envisioned
including: (a) gas vents, (b) dense microbial mat
sites, (c) clam colony sites not adjacent to mat or
vent sites, and (d) non-seep areas. The former two
environments are proposed to be directly coupled
to the deeper £ow system, while the processes at
clam sites may be only peripherally linked.

Fig. 8. Simpli¢ed cartoon of HR hydrological environments. (a) Gas venting, entrainment-driven circulation of £uids, and gas-
driven pumping of £uids through the shallow subsurface. (b) Transient gas discharge and injection into near-surface sediments
leading to formation of hydrate-¢lled mounds and gas-driven shallow convection. (c) Tidally driven oscillation of £uids through
permeable sediments overlying hydrate deposits or methane-rich sediments with dispersion-driven out£ux of methane and in£ux
of sulfate. (d) Tidally driven oscillation of £uids in non-seep areas where no signi¢cant source of methane is available.
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Deep within the HR system, £uid £ow is be-
lieved to be primarily compaction-driven with
£ow focused along dilated fault systems and per-
meable sand-dominated stratigraphic horizons
[35]. Updip aqueous £ow is indicated at HR by
the strong concentration of out£ow at the anti-
cline’s crest. Buoyancy-driven transport of free
gas also favors updip migration pathways and,
as a result of the permeability characteristics of
two-phase £ow systems, would also tend to favor
fracture networks over stratigraphic pathways
[36,37] (Fig. 10). Gas migration is also compli-
cated by the presence of the HSZ in the upper
V100 m of the sedimentary section. The bottom
of the HSZ can create a barrier to gas £ow due to
the formation of hydrate, sealing conduits, and
potentially allowing large reservoirs of gas to ac-
cumulate beneath the ridge crest.
Gas vents and high £ow sites are located on

local topographic highs (Fig. 2) and are typically
occupied by dense microbial mats and associated
with output of altered £uids (Fig. 7). These types
of sites are proposed to be more directly coupled
to the deeper £ow system, with an overprinting of
shallower processes, including gas pumping, hy-
drate-driven changes in the permeability structure,
and tidal forcing (Fig. 8a,b). Down£ow, £ow re-
versals, and changes in aqueous £ow rate at both
mat and clam sites may be coupled to the episodic

discharge of free gas from subsurface reservoirs
(Fig. 9). This sort of cyclic gas expulsion process
may occur on many scales. In Tryon et al. [33], we
describe the largest expression of this process

Fig. 10. Two-phase £ow. Fractured and porous sediment re-
spond in distinctly di¡erent manners to the presence of free
gas. Relative permeability (kr) functions for two-phase £ow
have been developed to characterize the reduction in £ux of
one phase due to the interference of the other [52]. These
functions have been derived empirically and generally de-
scribe the two end-members, unconsolidated porous media
(Corey-type) [37] and fractured media [36]. A fracture-domi-
nated system is favorable to the transport of gas while
greatly restricting liquid transport, even at high water/gas ra-
tios. In contrast, in porous media, transport of both liquid
and gas are greatly inhibited by the introduction of small
amounts of gas. Signi¢cant gas transport does not occur un-
til the porosity contains sV50% gas.

Fig. 9. A three stage model for gas-driven transient £uid £ow. (A) Stage I: slow charging of the gas reservoir and displacement
of pore water along permeable pathways. (B) Stage II: buoyancy-driven fracture propagation and rapid gas discharge establishes
a vertical gas-¢lled conduit, decreasing £uid pressures to below hydrostatic, leading to lateral and downward in£ow of seawater.
(C) Stage III: gas depletion and recovery of hydrostatic pressure.
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where the gas reservoir is located below the BSR
with a major gas vent site above it. We now pro-
pose that this is the most active end-member of a
spectrum of similar systems. Our recent observa-
tions of pockets of free gas suggest that shallow
hydrate-lined gas reservoirs may exist within the
HSZ and that injection of gas into shallow sedi-
ment may occur in addition to surface gas expul-
sion. Out£ow rates may also be a¡ected by the
changes in conduit permeability driven by the
presence of free gas and hydrate formation. Tran-
sient injection of gas and gas hydrate formation in
near-surface sediments will cause migration of
£ow conduits over time as permeable pathways
become blocked with hydrate and £ow is diverted
into alternate pathways or new pathways are
formed by hydrofracture. When combined with
episodes of down£ow of seawater, these processes
can form a patchwork of near-surface pore £uid
compositions.
The behavior of the clam sites are likely to be

governed by their proximity to the microbial and
gas vent sites. Clam sites are often found at the
periphery (6 10 m) of microbial mats but are also
found distant (50^150 m) from sites of signi¢cant
out£ow. The behavior at clam sites positioned
locally to the main out£ow sites are proposed to
be governed by, on the meter scale, sur¢cial pro-
cesses that lead to down£ow and re£uxing of £u-
ids, including density-driven convection and £uid
entrainment within conduits venting gas (Fig.
8a,b) [38,39], relatively short period tidal pumping
e¡ects, and, on the centimeter scale, the pumping
of £uids by clams themselves [40]. In the case of
the density and gas entrainment-driven convec-
tion, £ow would be directly coupled to changes
in the out£ow rates of the primary seep/vent.
These processes are considered to be local phe-
nomena of the main £ow settings and typically
are expected to occur either over short durations
(i.e. tidal pumping e¡ects) or on centimeter-to-
meter scales. In contrast, the observation of sig-
ni¢cant prolonged periods of in£ow at clam sites
(e.g. meters 99A,E,F, Fig. 5) remote from any
indications of signi¢cant £ow or gas suggests their
behavior may be linked to a larger-scale process
such as the gas pumping mechanism discussed
above (Fig. 9). These distant clam sites (Fig. 8c)

are better described as relatively inactive seep en-
vironments, some of which are responding pas-
sively to the underlying £ow system. These may
be former sites of active seepage where hydrate
deposits and/or large amounts of buried organic
matter remaining from the site’s active stage sup-
ply the methane necessary to fuel the ‘seep’ biota.
Former seep sites would be expected to have rel-
atively high permeability, allowing the pumping
action of tides to transport seawater sulfate and
the underlying methane into the shallow microbial
‘reaction zone’, creating a chemical and biological
environment supplying sul¢de to the clams.

4. Discussion II: complex hydrological processes in
regions of gas venting and gas hydrate

The above conceptual model of HR hydrogeol-
ogy centers on gas transport processes, two-phase
£ow dynamics, and the e¡ects of gas and hydrate
on the permeability of the £ow system. The fol-
lowing sections will focus on these processes in
more detail including: (1) additional evidence
for the existence of an underlying gas transport
system and the mechanisms which maintain it
within the HSZ, (2) estimates of the in situ per-
meability of seep settings and evidence for, and
the mechanisms controlling, temporal changes in
permeability, and (3) changes in seep output £uid
chemistry which may relate to the above hydro-
logical processes.

4.1. Gas transport processes and hydrate formation

Gas transport systems, such as the highly active
site at the crest of northern HR, appear capable
of sustaining intermittent activity for extended pe-
riods, in spite of the fact that the gas must be
transported 70^100 m through the HSZ. Recovery
of grab samples of hydrates with a bubble texture
also suggests that free gas occurs within the HSZ.
Here we propose that the processes responsible
for both of these observations rely on the rapid
formation of hydrate skins which segregate the
water and gas domains.
A surprising observation during the Alvin dives

was the release of gas bubbles from the shallow
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sediment or from beneath microbial mats when
they were disturbed. Free methane gas is generally
considered unstable and ephemeral here within
the HSZ. The basic requirements for hydrate for-
mation are a su⁄ciently low temperature and high
pressure (i.e. the HSZ), the presence of methane
in excess of solubility, and su⁄cient available
water. Other factors which may have a lesser ef-
fect are salinity [41], gas composition [42], and
capillarity [43,44]. Gas bubbles in water within
the HSZ are virtually instantaneously encased
within a thin shell of hydrate. This shell, however,
subsequently inhibits further precipitation of hy-
drate by separating the gas and water domains.
This has been observed within hydrate samples
recovered by dredges in 1996 and 2000 [21,45].
Ultimately di¡usion across the shell will lead to
the remaining gas becoming incorporated in hy-
drate. However, this may take signi¢cant time
and, in some cases, such as with dense aggrega-
tions of bubbles, may be limited by availability of
water [43,46].
The gas bubbles could not, however, have

formed within the HSZ by any process presently
understood except under extraordinary circum-
stances. It has been suggested that in£ux of
warm bottom water could be responsible for de-
stabilization of hydrates and formation of gas
bubbles in this area [47], yet the highest bottom
water temperature recorded during the ¢eld work
was 4.25‡C, well below the dissociation temper-
ature of methane hydrate in seawater of 7.0 and
9.8‡C [48] at the depth of the northern and south-
ern sites, respectively. It is conceivable that a mi-
croenvironment could exist in which the gas may
form due to high salinity. Rickert et al. [49] report
Cl3 concentrations of s 800 mM in sediments
surrounding a 3^4 cm layer of hydrate at HR,
however, this is only su⁄cient to depress the
stability boundary by approximately 1‡C below
that in seawater [41].
Our working hypothesis on the origin of the gas

bubbles is that the active seep regions are under-
lain by a fracture network through which gas may
be transported fairly rapidly from below the HSZ
(V70^110 mbsf). This is overlain by relatively
thin sediment, often capped with thick ¢lamen-
tous microbial mats, through which gas cannot

readily penetrate. Fracture networks are relatively
permeable to gas, even in small quantities. In a
porous medium, however, signi¢cant permeability
to gas does not occur until the pore space is
nearly gas-¢lled [36,37] (Fig. 10). Once trapped
in the sediment, the gas bubbles may persist for
some time (days to weeks?). We propose that
these observations of trapped free gas are evi-
dence of a transient gas transport system below
seep settings, even where no active gas venting
exists at the surface. They are merely the less ac-
tive of a spectrum of gas transport settings. Tran-
sient, rapid injections of gas into near-surface
sediments, displacing pore £uids, will certainly
have a signi¢cant impact on surface aqueous
£ux rates. The realization that gas-¢lled, hy-
drate-lined fracture networks may exist within
the HSZ suggests that the gas pumping model
(Fig. 9) may also be extended to shallow gas res-
ervoirs within the HSZ.
In the gas pumping model [33] we call upon

buoyancy-driven fracturing to open conduits
through the HSZ and keep the gas transport sys-
tem active over extended periods of time. A sim-
ilar process may also be active in the shallow sedi-
ment systems described above. Suess, et al. [21,45]
describe shallow hydrates recovered from south-
ern HR which have a bubble texture occupying
fractures and space created by pushing apart sedi-
ment layers. In no instance was it found that hy-
drate occupied the original sediment pore space,
but rather appears to be the result of both lateral
interbed injections of gas as well as vertical injec-
tions through fractures which cross bedding. This
buoyancy-driven fracturing and injection of gas
would result in a mounded topography much
like what was observed on the summit of southern
HR. In order to lift and fracture the sediment, the
pressure exerted by a column of gas on the over-
lying sediment would need to exceed lithostatic
pressure or, for typical near-surface sediment
with a bulk density of 1.5 g/cm3, a head of
V0.5 times the thickness of the overburden. For
example, a 50 cm column of gas passing upwards
through a vertical fracture would be su⁄cient to
fracture and inject the gas into a 1 m thick sedi-
ment cap.
Other processes may be required to keep other
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gas transport systems open, particularly the peri-
odic vents which have been observed to remain
active for periods of over a year [24]. During ex-
pulsive events the conduit is gas-¢lled and so in-
su⁄cient water is available for hydrate formation.
As the event begins to wane, water will enter the
fracture, allowing the formation of hydrate-
skinned gas bubbles which will quickly block the
system and inhibit further formation of hydrate.
The next pulse of gas from the underlying cham-
ber will easily penetrate this fragile blockage and
pass through to the surface.

4.2. Free gas, gas hydrates, and permeability

Permeability is arguably the dominant control
on the spatial and temporal distribution of £uid
£ow. Here we provide evidence that the variability
in £ow recorded during our CAT meter deploy-
ments may indicate temporal changes in the per-
meability distribution resulting from the presence
of gas and gas hydrates.
Tidal £ow oscillations in near-surface sediments

are a result of two linked processes: (a) a time-
varying upper boundary £uid pressure oscillation,
and (b) a time-varying sediment loading, both re-
sulting from the rise and fall of tides [50]. The
primary control on the oscillation amplitude
(aside from the tides themselves) is the sediment
permeability. Secondary parameters can be
loosely grouped as the sediment column compres-
sibility (see Appendix A for more detail). Both
permeability and compressibility can be signi¢-
cantly a¡ected by the formation and dissolution
of free gas and gas hydrates in the near-surface
sediment. However, gas hydrate and free gas will
have opposite e¡ects on sediment compressibility
while they will both reduce permeability. For all
of the above reasons, changes in permeability are
likely the primary source of changes in tidal os-
cillation amplitude.
As methane gas and methane-rich £uids pass

upwards through conduits, gas hydrate may
form, reducing the permeability along that path-
way causing a lateral shifting of the focus of £ow.
Small amounts of hydrate precipitation on the
walls of conduits can have large e¡ects on perme-
ability. Two end-member examples illustrate this :

a planar fracture and a round conduit. Fracture
£ow is approximately proportional to the third
power of the fracture opening (simple Poiseuille
equation) [51], so that a 25% reduction in fracture
opening results in a 58% reduction in £ow. Sim-
ilarly, £ow through a round conduit is propor-
tional to the fourth power of its radius (Pois-
euille’s law), so that a 25% reduction in its
opening results in a 68% reduction in £ow. This
reduction in permeability results in a commensu-
rate reduction in the amplitude of the tidally gen-
erated oscillations.
Tidal oscillations may be used to determine the

source of the longer-term variability in £ow rates
in our records. Darcy’s law states that £ow rates
are proportional to the product of the permeabil-
ity and the pressure gradient; therefore, all sour-
ces of £ow variability must a¡ect the permeability
and/or the pressure gradient. We can use this then
as a tool for narrowing down the possibilities for
the driving mechanism behind £ow variations. An
increase in both £ow rate and tidal amplitude
may be indicative of an increase in permeability
while an increase in only £ow rate may be indi-
cative of an increase in the underlying pressure
gradient.
Meters 99C and 99F (Fig. 2), located within a

few meters of each other on thick microbial mats,
record £ow rates that are somewhat anticorre-
lated, i.e. as average rates increase in one they
decrease in the other (Fig. 6). Both of these re-
cords also exhibit oscillations that increase and
decrease in amplitude during periods of higher
and lower average £ow, respectively. These
changes do not correlate with changes in the am-
plitude of the tidal sea level. This suggests that
temporal changes in the local permeability distri-
bution may be responsible for some of the ob-
served changes. Meter 99H, however, shows a
very high £ow rate and no high frequency vari-
ability. This would be indicative of a high pres-
sure gradient upon which the tidal pressure oscil-
lations are insigni¢cant. Long-term variability in
this record may be dominated by pressure varia-
tion rather than permeability changes. Clearly,
these systems are complex, and no single explana-
tion for the observed variability can describe
them. For example, the early portion of 99F ap-
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pears to be a period of high permeability without
high £ow.

4.3. Seep output £uid chemistry

Additional evidence for migrating £ow conduits
and in£ow of seawater may be found in the tem-
poral record of the chemistry of £uids exiting
seeps. When seep output rates are su⁄ciently
high to £ush the water initially contained within
the CAT meter collection chamber, a record of
output £uid chemistry will be retained in the sam-
ple tubes. Generally this requires a net displace-
ment of s 5 cm or more during the deployment
period or, in the case of the 1999 ¢eld season, a
£ux rate of V50 cm/yr. Three of the instruments
met this condition and recorded strikingly di¡er-
ent output compositions.
Meter 99C was deployed in an area of dense

bacterial mats located above a shallow escarp-
ment (Fig. 2). It recorded variable £ow rates of
V20^200 cm/yr, which show long-term changes
in £ow on the scale of days to weeks (Fig. 6).
The £uid chemistry asymptotically approaches a
composition typical of the shallow subsurface
pore £uids recovered from push cores below mi-
crobial mats in the HR area (Fig. 9). Using a
simple box model, the aqueous £ux rate may be
determined from the change in £uid composition
in the collection chamber. Assuming an input Ca
concentration of 5.5 mM, a chamber volume of
18 l, and good mixing (debatable), an average £ux
rate of 146 cm/yr results. The average £ux rate
from the tracer analysis is 124 cm/yr. Certainly
the assumption of good mixing is poor and there
could be additional complexities here. However,
for a ¢rst order approximation, this record ap-
pears to be a result of mixing of expelled £uids
with a constant composition with bottom water
initially trapped in the chamber.
Meter 99F was located on microbial mats a few

meters from meter 99C and exhibits a complicated
pattern of pore £uid compositions passing
through the instrument which may relate to mi-
grating £ow conduits which tap into di¡erent £u-
id sources (Fig. 7). Many of the processes cited
earlier relating to £ow of seawater into the sedi-
ment are transient and spatially heterogeneous

and may lead to a heterogeneous distribution of
pore £uid compositions as areas experience di¡er-
ing residence times and therefore di¡ering degrees
of biogeochemical modi¢cation. In a similar man-
ner, migrating out£ow conduits transport £uids
into near-surface sediments where they also expe-
rience varying residence times. The net result of
this is a heterogeneous distribution of near-sur-
face pore £uids resulting from varying degrees
of modi¢cation to in£uxing seawater and/or out-
£uxing deeper £uids by biochemical and geochem-
ical processes. This is shown in the pore £uid
pro¢les of Fig. 7, all of which were taken from
cores within microbial mats on HR, which exhibit
a range of compositions similar to those recorded
by the CAT meters. Note that core 21 exhibits a
seawater-like composition extending to the bot-
tom of the core, possibly indicating recent in£ow
of seawater. Also note that none of these cores
coincides in location with the CAT meters as we
did not want to create new £ow channels where
we were going to measure the natural £ow. In the
£ow record of meter 99F there is a change from
high amplitude £uctuations to a relatively steady
£ow which occurs shortly before the change to a
seawater-like composition. We suggest that this is
a record of the blockage of a high permeability
pathway and a lateral migration of £ow to a low-
er permeability pathway which had recently expe-
rienced an in£ux of seawater. The abruptness of
the change may result from a change in location
of the £ow into the CAT meter chamber from one
relatively far from the sampling port to one very
near it.
On southern HR, meter 99H recorded the high-

est out£ow rates at any of the sites, however, the
composition of the output £uids remained quite
seawater-like (Fig. 7). This meter was located at
the periphery of the area of the thick microbial
mats and mounded topography with widespread
transient discharge of free gas. We suggest that
some combination of the pumping action of emp-
tying and ¢lling gas reservoirs and entrainment-
driven convection may be circulating seawater
through the upper levels of the ridge in this area
more rapidly than the £uids can be modi¢ed by
subsurface biogeochemical processes. Sites of in-
£ow of seawater will be very di⁄cult to ¢nd, as
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they will appear no di¡erent than any non-seep
area.
In summary, these three records combined with

the pore £uid pro¢les (Fig. 7) indicate that there
is a patchwork of pore £uid compositions beneath
these active seep sites and that this may be a re-
sult of migrating £uid pathways and down£ow of
seawater into near-surface sediments.

5. Conclusions

The observations and measurements presented
here characterize HR as a hydrologically dynamic
environment resulting from the presence of free
gas and gas hydrates. Presently active seep sites
are located in fractures in the thick carbonate
chemoherm or in sediments overlying deeper frac-
ture systems. The latter contain near-surface gas
hydrates and are capped with microbial mats. In
Fig. 8 we present a summary of the processes we
propose here. Our mental image of the subsurface
plumbing of this system is much like a river delta
system in three dimensions, with deep £uid and
gas £ow focusing up major fault controlled path-
ways and branching out through a system of con-
duits which are continuously changing. Major re-
arrangements of these pathways probably occur
on tectonic time scales, the most signi¢cant being
the 300^500 year subduction thrust earthquake
cycle. Minor changes occur on the scale of days
as pathways through the shallow sediment be-
come blocked with gas and hydrate. This new
view of this environment as a dynamic system
with rapid changes in the £ow regime and re£ux-
ing of seawater through the system will require
reevaluating estimates of £uid and geochemical
mass balance and its a¡ect on the large reservoir
of gas hydrates present here.
Both past and future climate change, tectonics,

and sea£oor slumping have signi¢cant e¡ects on
the stability of gas hydrate reservoirs by changing
the pressure^temperature regime. During times of
falling sea level, for example, gas hydrates are
destabilized from the bottom up, creating large
reservoirs of free gas. Scenarios such as this could
transform relatively steady-state systems, such as
Blake Ridge, into more dynamic systems similar

to HR, potentially leading to enhanced transport
of methane to the atmosphere.
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Appendix A. Estimates of the permeability of
active seep sediments

Due to the extremely heterogeneous nature of
near-seep sediment and the impossibility of recov-
ering undisturbed cores in an environment of hy-
drates, gas, shells, carbonates, and seep biota, no
direct measurements of near-surface sediment per-
meability have been made at seeps. Some general
constraints are possible, however. By using the
maximum £ow rates measured at HR seeps we
can estimate the minimum necessary permeability.
The relationship between permeability and £uid
£ow is given by Darcy’s law:

X ¼ kbg
W

dh
dl

ð1Þ

where X is £ow rate, k is permeability, b is £uid
density, g is gravity, and W is £uid viscosity. In
this equation the term dh/dl denotes the £uid
pressure gradient, also referred to as pressure
head. Using Eq. 1, the maximum possible £uid
pressure gradient of V0.5 (lithostatic), and our
peak rates of 1^10 m/yr (Fig. 6), we ¢nd that
the permeability must be at least V10310 to
1039 cm2. Where fracture conduits directly pene-
trate to the surface (such as the northern HR gas
vent site), permeabilities and £ux rates many or-
ders of magnitude higher are likely. However, the
clam beds and microbial mat patches where our
£ux measurements were taken appear to be asso-
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ciated with di¡use £ow through sediment, possi-
bly overlying deeper fracture systems. Sediments
recovered from seep sites are generally clayey silt
to silty sand in texture. These types of sediment
generally fall in the 10311 to 1038 cm2 permeabil-
ity range, consistent with the above estimate.
An alternative method for estimating the in situ

permeability of seep sediments relates to the os-
cillating £ow produced in near-surface sediments
by the rise and fall of tides. The model of tidally
induced pore pressure variations of Wang and
Davis [50] predicts subsurface pressure gradients
throughout a tidal cycle. When combined with
Darcy’s law (Eq. 1), the oscillating £ow produced
may also be predicted. By varying the model pa-
rameters, the most sensitive of which is permeabil-
ity, an estimate of the conditions necessary to
produce the observed oscillations is determined.
Meters 99F and 99C, located on the microbial
mat site on northern HR (Fig. 2), exhibit a range
of tidal oscillations from V20 cm/yr to V60 cm/
yr (Fig. 6), with the former the most common.
Tidal oscillations of this magnitude would be ex-
pected in sediments with permeabilities of about
1U1039 and 8U1039 cm2, respectively. A sensi-
tivity analysis of the factors which make up this
model suggests a factor of 2 potential error.
The primary factors that are used in the model

of Wang and Davis [50] are: tidal period, tidal
amplitude, porosity, permeability, matrix grain
bulk modulus, Poisson’s ratio, and temperature.
All other factors such as £uid viscosity, sediment
bulk modulus, etc. are computed from these pri-
mary factors. The model predicts the pore £uid
pressure pro¢le over the tidal cycle. We extend
this model to compute £uid £ux rate against
time based on this pressure gradient and Darcy’s
law. For this exercise we determined the average
value of the tidal £ux rate to account for averag-
ing by the CAT meter’s sampling frequency. The
model is run using the chosen parameters and the
permeability varied until the desired tidal £ow
oscillation amplitude is achieved. For the sensitiv-
ity analysis we vary porosity, matrix grain bulk
modulus, and Poisson’s ratio. The known values
for the period, amplitude, and temperature are
used. The nominal values are: porosity = 0.7, ma-
trix grain bulk modulus = 5U1010, and Poisson’s

ratio= 0.1. Porosity was varied X 0.1 and matrix
grain bulk modulus and Poisson’s ratio were var-
ied by a factor of two. The permeability required
to reproduce the tidal £ux oscillations varied by a
factor of 1^2.5 for individual changes in the pa-
rameters and by a factor of 5 or less for additive
changes. The mean for all permutations is ap-
proximately a factor of 2.
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