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[1] We use coupled heat and mass transport models to investigate the basement permeability distribution
and hydrothermal circulation patterns in an area with large basement relief below flat seafloor on the
eastern flank of the Juan de Fuca Ridge. If heat transport around Ocean Drilling Program Sites 1026 and
1027 were purely conductive, the top of basement at Site 1027 (below 600 m of sediment) would be
50°C warmer than at Site 1026 (below 250 m of sediment), but the top of basement in this area is
nearly isothermal. Vigorous fluid circulation in hydrothermal (uppermost) basement is required in order to
maintain a near isothermal sediment-basement contact. We estimate the magnitude of hydrothermal
basement permeability, test the reliability of conductive-proxy models used to estimate basement
permeability for this setting, and examine the evolution of the hydrothermal circulation system as sediment
accumulates. We find hydrothermal basement permeabilities 1010 m2 are required for the top of
basement near Sites 1026 and 1027 to be nearly isothermal, consistent with results from the conductiveproxy models. Modelled fluid circulation in the direction that allows both the observed sign of temperature
difference between Sites 1026 and 1027 (warmer in the basement high) and a close approximation of the
observed relative basement pressures is only achieved with a heterogeneous permeability distribution,
connected high permeability conduits hosted within low permeability rock. This suggests that ridge flank
hydrothermal circulation in this setting occurs dominantly within narrow zones of elevated permeability,
consistent with observed, scale-dependent variations in permeability in this region, and conceptual models
of heterogeneous hydrogeologic systems in general.
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1. Introduction
1.1. Oceanic Basement Hydrothermal
Circulation
[ 2] Seafloor hydrothermal circulation through
ridge flanks (seafloor areas 1 m.y. in age) is
responsible for a significant fraction of global heat
loss from the lithosphere, and the majority of fluid
flow through oceanic crust [Parsons and Sclater,
1977; Mottl and Wheat, 1994; Stein and Stein,
1994]. This circulation affects the chemical and
physical evolution of the crust and overlying
ocean, influences seismic and magmatic conditions
at subduction zones, and helps to sustain vast
microbial ecosystems below the seafloor [e.g.,
Elderfield and Schultz, 1996; Alt et al., 1998;
Peacock and Wang, 1999; Cowen et al., 2003].
[3] Seafloor hydrothermal circulation systems on
ridge flanks can be considered to fall into two
general categories: open circulation systems that
extract a measurable quantity of lithospheric heat,
and closed systems that redistribute heat locally but
do not advect large quantities of heat from the plate
[e.g., Jacobson, 1992]. Estimates of the global
extent of ridge-flank circulation are based mainly
on assessments of local heat flow anomalies, deviations in thermal conditions at the seafloor relative
to conditions predicted by conductive cooling
models for the lithosphere [e.g., Parsons and
Sclater, 1977]. Estimated fluxes based on these
heat flow anomalies have large uncertainties because (1) the conductive thermal reference used as
the basis for anomaly calculations is not well
constrained by observations for young seafloor
(largely because young seafloor is advectively
cooled at virtually all locations) [Parsons and
Sclater, 1977; Stein and Stein, 1994], (2) the time
required for thermal rebound after the cessation of
near-ridge cooling is not well known [Fisher,
2003a], (3) estimated chemical fluxes are strongly
influenced by the assumed fluid temperature [Mottl
and Wheat, 1994; Wheat and Mottl, 1994], and (4)
regional heat flow anomaly calculations provide an
estimate only of the influence of open circulation,
generally neglecting closed circulation that redistributes heat locally. Although the mean age at
which advective heat loss from oceanic lithosphere
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ends is about 65 Ma [Parsons and Sclater, 1977;
Stein and Stein, 1994], observations at many sites
and numerical models demonstrate that chemicallyand thermally-significant (and perhaps biologicallysignificant) fluid flow can occur within very old
seafloor [e.g., Noel and Hounslow, 1988; Fisher et
al., 1994; Von Herzen, 2003].
[4] Much of what we know about ridge-flank
hydrothermal systems and their impacts is based
on direct observations made through surface surveys and drilling at a small number of sites, and on
studies that use these observations to guide numerical model design and as constraints on output. In
the current study, we present results of coupled
heat-fluid flow models of a young ridge-flank site
where observational constraints are particularly
strong. Our primary goals are (1) to assess the
magnitude and nature of basement permeability,
(2) test the reliability of conductive-proxy models
for representing coupled heat and fluid flow, and
(3) assess the importance of system evolution and
model initial conditions in determining the directions of fluid flow within the oceanic crust.
[5] Estimates of hydrologic properties in the oceanic crust are based on laboratory testing of core
samples, field measurements of thermal, chemical,
and pressure conditions during active and passive
testing in boreholes, near-seafloor measurements of
thermal and chemical conditions, and modeling of
coupled heat and fluid flow [e.g., Davis et al.,
1999, 2000; Becker and Davis, 2003a; C. G. Wheat
et al., H. W. Jannasch, M. Kastner, J. N. Plant, and
E. DeCarlo, Seawater transport and reaction in
upper oceanic basaltic basement: Chemical data
from continuous monitoring of sealed boreholes in
a ridge flank environment, manuscript submitted to
Journal of Geophysical Research, 2003.]. As
occurs in studies of hydrologic properties in heterogeneous (particularly fractured) rock systems on
land, measurements and models of the seafloor
yield widely different properties depending on the
scale of measurement [e.g., Clauser, 1992; Gelhar
et al., 1992; Person et al., 1996; Butler and Healy,
1998; Fisher, 1998; Becker and Davis, 2003b].
Core-scale measurements generally indicate relatively low permeabilities, single-hole tests yield
intermediate values, and modeling studies (includ2 of 19
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ing analysis of formation tidal response) suggest
the highest permeabilities. The apparent scaling of
crustal hydrogeologic properties in the seafloor can
be reconciled if most of the fluid flow occurs
within a relatively small fraction of the rock
[Fisher and Becker, 2000]. Seafloor thermal measurements combined with modeling are especially
effective at constraining large-scale fluid flow rates
in the underlying crust, but the relatively efficiency
of thermal conductivity makes it difficult to resolve
the details of flow paths [Langseth and Herman,
1981; Davis et al., 1999; Rosenberg et al., 2000].

circulation patterns with upflow in the basement
peaks and downflow in the basement troughs [e.g.,
Hartline and Lister, 1981]. For systems with basement topography that is thickly sedimented (i.e.,
with a nearly flat seafloor), temperatures are lower
at the same elevation under basement peaks than
under basement troughs, and the flow direction
may be reversed (upflow in basement lows, downflow in basement highs) [e.g., Wang et al., 1997].

[6] It is also difficult to use thermal measurements,
modeling, or direct measurements of basement
pressure to resolve flow directions [Davis and
Becker, 2002, 2003; Fisher, 2003b]. This is because ridge-flank circulation often occurs within
very permeable basement, where flow is extremely
vigorous (even chaotic), and gradients in pressure,
temperature, and fluid chemistry may be small.
Coupled models of these systems are sensitive to
the distribution of basement permeability, not just
the absolute magnitude of bulk properties, and it
can be difficult to achieve numerical stability when
basement rocks are extremely permeable. Flow
directions within coupled models are also highly
sensitive to the selection of initial conditions.
Initial conditions are ideally based on the geological evolution of these systems, but as a practical
matter, most coupled models are started in a
computationally-convenient, hydrostatic state.

[8] The young, eastern flank of the Juan de Fuca
Ridge is one of the most-studied regions of ridgeflank, hydrothermal circulation [e.g., Davis et al.,
1992, 1997a]. Thick turbidite-rich sediments deposited mainly during Pleistocene sea level lowstands blanket 0–4 Ma seafloor in this area, with
basement exposed close to the spreading center and
at isolated outcrops (seamounts) to the east. Several ridge-flank hydrothermal systems have been
documented in this region: large-scale, open circulation that mines lithospheric heat close to the
spreading center [e.g., Davis and Lister, 1977;
Davis et al., 1999]; slow seafloor seepage of
highly-altered (but relatively young) fluids that
may penetrate deeply into the crust through a
buried basement high 20 km from the spreading
center [Wheat and Mottl, 1994; Giambalvo et al.,
2000; Spinelli et al., 2004b]; circulation between
seamounts located 50 km apart on older seafloor
that raises (lowers) seafloor heat flow adjacent to
discharging (recharging) seamounts [Mottl et al.,
1998; Becker et al., 2000; Fisher et al., 2003]; and
closed circulation within basement that redistributes heat between buried basement highs and lows
[Davis et al., 1997a; Davis and Becker, 2002]. We
know that these flow systems are distinct based
largely on patterns in fluid chemistry [e.g.,
Elderfield et al., 1999; Wheat et al., 2000], but
the details of flow paths and rates of transport are
not well understood.

[7] The direction of fluid flow within hydrothermal
circulation systems also depends on the boundary
conditions, and may change as the system evolves.
Conceptual models [Lister, 1972], numerical models [e.g., Wang et al., 1997], and Hele-shaw cell
experiments [e.g., Hartline and Lister, 1981] suggest that circulation directions may be different for
thinly and thickly sedimented settings, but if and
how a transition or reversal of flow direction
occurs with the addition of sediment is not well
understood. Temperature-controlled variations in
fluid density influence the direction of fluid circulation. For basement topography that is thinly
draped with sediment, temperatures are higher at
the same elevation under basement peaks than
under basement troughs. This tends to set up

1.2. Setting, Observational, and Modeling
Constraints

[9] Surface surveys across this area have revealed
several characteristic observations thought to be
indicative of vigorous fluid circulation in basement. Close to the spreading center on the western
edge of this region, where bare rock is exposed
3 of 19
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Figure 1. The study area is located on the eastern flank of the Juan de Fuca Ridge, around Ocean Drilling Program
(ODP) Sites 1026 and 1027. The young basaltic crust around these sites is covered with a thick blanket of terrigenous
sediment derived from the nearby margin.

over a large area, heat flow is suppressed relative to
conductive lithospheric cooling models by 85%
[Davis et al., 1992, 1999]. Heat flow rises to
predicted lithospheric values within 20 km of the
point of sediment onlap, and estimates of lateral
specific discharge in basement required to match
these thermal observations are on the order of
meters to tens of meters per year. Actual flow
velocities may be 10 – 1000x greater based on
considerations of fluid chemistry, depending on
the distribution of flow paths and the nature of
diffusive exchange between flowing and stagnant
regions within the crust [Fisher, 2003b; Stein and
Fisher, 2003].

cooler than thickly sedimented basement under
conductive conditions. Ocean Drilling Program
(ODP) Leg 168 completed a transect of sites across
this region, including sampling of sediments, rock,
and fluids from uppermost basement, and emplacement of long-term, borehole observatories to monitor thermal, pressure, and chemical conditions
after passage of the disturbance due to drilling
[Davis et al., 1997a; Davis and Becker, 2002].
One pair of observatories was established near the
western end of the drilling transect, and another
pair was emplaced at the eastern end of the
transect, at ODP Sites 1026 and 1027, 100 km
from the active spreading center (Figure 1).

[10] On other parts of this ridge flank, estimated
and measured temperatures in uppermost basement
are remarkably homogeneous despite significant
basement relief [Davis et al., 1997a, 1999; Davis
and Becker, 2002]. This is a strong indicator of
vigorous circulation within uppermost basement,
because thinly sedimented basement should be

[11] This modeling study focuses on a closed hydrothermal circulation system within basement
around ODP Sites 1026 and 1027. Basaltic basement in this area is topographically rough, comprising a combination of dominantly-ridge-parallel,
abyssal hills and volcanic edifices. Although the
seafloor above the two sites is practically flat, the top
4 of 19
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Figure 2. Reflection seismic data and ODP core lithology for Sites 1026 and 1027 [Shipboard Scientific Party,
1997]. The basement at Site 1026 is approximately 350 above the basement at Site 1027. A large channel filled with
sandy turbidites overlies silty turbidites and hemipelagic sediment. Owing to the greater thermal resistance of the
sediment column at Site 1027 than Site 1026, the difference in temperature at the top of basement between the two
sites based on 1-D vertical heat conduction would be 66°C. The observed difference is temperature is less than 2°C
and based on two-dimensional conductive models, would be 51°C. Vigorous fluid circulation within the basement
must redistribute a large amount of heat.

of basement at Site 1026 is about 350 m higher than
that at Site 1027 (Figure 2). Seafloor and borehole
thermal measurements demonstrate that upper basement temperatures are nearly identical at the two
sites, within about 2°C. If heat transport within the
basement around Sites 1026 and 1027 was purely
conductive, basement temperatures at Site 1026
would be about 50°C cooler than those at Site
1027. Observatory pressure measurements at the
two sites indicate that vigorous fluid circulation in
basement around these sites is driven by very small
lateral pressure gradients, suggesting that effective
basement permeability must be high [Davis and
Becker, 2002, 2003]. Analysis of formation response to pressure perturbations resulting from
ocean tides suggests formation permeability on the
order of 109 m2 [Davis et al., 2000], at the upper
end of estimates from modeling studies (1010 to
109 m2) based on a conductive proxy for vigorous
fluid circulation within topographically-rough basement below a flat seafloor [Davis et al., 1997b].
[12] Several studies have examined closed hydrothermal circulation within a buried basement ridgetrough system such as that at Sites 1026 and 1027,

but none has explicitly modeled system properties,
basement geometry, and boundary conditions appropriate for this setting. Fisher et al. [1990, 1994]
created transient models of ridge-flank circulation
incorporating basement and seafloor relief around
Deep Sea Drilling Project Site 504 in the eastern
equatorial Pacific Ocean. In these studies, fluid
rose from depth below the peak of basement and
topographic highs and flowed laterally down the
sloping flanks of local ridges, consistent with
bench-top models [Hartline and Lister, 1981]. A
later study demonstrated that, if the basement
aquifer is sufficiently permeable and is isotropic,
wide convection cells will break up into smaller
cells [Fisher and Becker, 1995].
[13] Steady state modeling by Davis et al. [1997b]
and Wang et al. [1997] quantified the influence of
topography and basement relief on convection in
the upper oceanic basement of a ridge flank, and
determined relations between crustal properties,
convection geometry, and thermal and pressure
homogenization within a basement aquifer. In one
set of simulations, it was shown that the direction
of flow depends on the starting state of the numer5 of 19
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ical model. In addition, once convection became
sufficiently vigorous so as to homogenize basement
temperatures (generally a result of permeabilities so
great as to also make lateral pressure gradients very
small), flow in either direction would result in
similar pressure and thermal conditions within shallow basement. These models did not allow explicit
simulation of coupled heat and fluid flow with very
high basement permeability. Instead, a high-conductivity proxy and extrapolation of a relation
between Nusselt number and Rayleigh number were
used used to estimate effective permeability in
basement. In the present study, we test whether the
high-conductivity proxy is appropriate for the region around Sites 1026 and 1027.
[14] Borehole observatory pressure data from Sites
1026 and 1027 do not provide a direct indication of
the direction of fluid flow between the sites, in part
because the pressure difference between the sites is
very small [Davis and Becker, 2002]. A more
fundamental difficulty is that coupled heat and fluid
flow problems in which fluid properties vary with
pressure and temperature generally can not be
solved on the basis of static pressures considerations
[Fisher, 2003b]. The gradient in potential (pressure)
energy coincides with the gradient in fluid flow only
if both: (1) permeability is either homogeneous or is
anisotropic with the dominant flow direction coinciding with the steepest gradient, and (2) variations
in fluid density occur only in the vertical direction,
and surfaces of equal density correspond to surfaces
of equal pressure [e.g., Hubbert, 1956; Hickey,
1989; Oberlander, 1989]. There is no evidence that
either of these conditions is met at in upper basement
around Sites 1026 and 1027, requiring the use of a
transient, fully-coupled model to assess the possibility of preferential flow directions.
[15] Around Sites 1026 and 1027 the hydrothermal
circulation system is largely sealed below thick and
relatively impermeable sediment, and local basement relief is large. We examine how system
evolution may have influenced the geometry of
fluid flow in basement in the present study by
simulating hydrothermal activity through several
stages of sediment deposition, using results from
earlier phases of modeling as initial conditions for
the next set of simulations.

10.1029/2003GC000616

2. Numerical Modeling
2.1. Sediment and Basement Stratigraphy
and Physical Properties
[16] Sediment at Site 1026 is approximately 250 m
thick, at Site 1027 approximately 600 m thick. There
is very little seafloor topography; the basement at
Site 1026 is approximately 350 m higher than the
basement at Site 1027. The sediments at both sites
are subdivided into three units (Figure 2). From the
basement to the seafloor they are:(1) hemipelagic
mud, (2) dominantly silty turbidites, and (3) dominantly sandy turbidites [Shipboard Scientific Party,
1997]. The hemipelagic sediment is more acoustically transparent than the overlying units dominated
by turbidites. The base of a channel with reflectors
onlapping it marks the contact between silty turbidites and sandy turbidites. We use the distribution of
sediment types and the position of the sedimentbasement contact from the reflection seismic profile
to delineate boundaries between materials within
our model.
[17] Modeled sediment and rock properties are
summarized in Table 1. Sediment porosity, permeability, and thermal conductivity are assigned
based on the sediment type and the depth below
the seafloor. Porosity in most marine sediments
tends to decrease with depth below the seafloor;
the trend is strongest for the shallow (<30 mbsf)
silty turbidites and hemipelagic sediment [Bryant
et al., 1975; Bouma et al., 1986; Davis et al.,
1997a; Giambalvo et al., 2000; Spinelli et al.,
2004a]. Sediment permeability varies with both
sediment type and porosity. Permeability measurements have been made on sediment samples from
ODP sites [Giambalvo et al., 2000] and shallow
sediment cores [Spinelli et al., 2004b] 60 km to
the west of Sites 1026 and 1027. These measurements on samples from the Juan de Fuca Ridge
flank are consistent with permeability versus porosity trends fit to global data sets for each sediment type [Spinelli et al., 2004a], which we use to
define sediment permeability in our model. Sediment thermal conductivity varies with depth and
sediment type [e.g., Davis et al., 1999; Pribnow et
al., 2000]. For each sediment type we use a
constant thermal conductivity for the sediment
6 of 19
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Table 1. FEHM Model Parameter Values
Material
Sandy turbidite
Silty turbidite
Hemipelagic sediment
Basement
0 – 100 m
100 – 300 m
300 – 600 m
600 – 1000 m
1000 – 3000 m
‘‘loops’’
Water

Porositya
0.004

Permeability (m2)b
7

Grain Thermal Conductivity, W/m °K
57.83

0.441 z
0.84 z0.125
0.909 z0.073

1.4  10 (n/(1  n))
3.66  1018 e1.68(n/(1n))
1.05  1018 e2.17(n/(1n))

2.3
2.0
3.0

0.15
0.10
0.05
0.02
0.01
0.15

1015 to 109
1015 to 109
1015 to 109
1017
1017
13
10
to 109

2.05
2.05
2.05
2.05
2.05
2.05
0.62

a
z
b

is depth below seafloor (km). For z < 0.001 km a constant value, z = 0.001 km, is used.
n is porosity (decimal) and e is the natural exponential function.

grains; the thermal conductivity of the bulk sediment is calculated from the porosity and the
conductivity of the sediment grains and seawater
using a geometric mean mixing model. The thermal conductivity of the sediment grains is chosen
such that the cumulative thermal resistance with
depth at Site 1027 matches that calculated by Davis
et al. [1999].
[18] The stratigraphy and physical properties of the
basaltic basement are not as well constrained as for
the sediments. One of the goals of modeling hydrothermal circulation in this setting is to better constrain basement permeability by fitting model output
to field observations. On the basis of reflection
seismic data, the boundary between pillow basalts
and sheeted dikes on the Juan de Fuca Ridge flank
was estimated to be 600 m below the top of
basement [Rohr, 1994]. Assuming the entire section
of extrusive basalt has a relatively high permeability
provides an upper limit for the thickness of the most
permeable portion of the basement [Davis et al.,
1996]. The modeled basement is separated into an
upper and lower basement. We fix the permeability
of the basement below 600 m at a value which will
not support thermally significant fluid flow
(1017m2). The upper 600 m of basement is subdivided into three layers that parallel the top of
basement (Figure 3a); we change the permeability
of these layers in order to investigate the response of
the circulation patterns within the basement. That
part of basement assigned a permeability greater
than the deep, background value of (1017m2) is
referred to in subsequent discussion as ‘‘hydrothermal basement.’’ Variations in basement porosity

with depth are based on observations within the
basaltic basement on the Costa Rica Rift flank in
Deep Sea Drilling Project hole 504B [Cann and Von
Herzen, 1983]. The thermal conductivity of basement rock grains is assigned a typical value for
basalt (2.05 W/m °K), and bulk conductivity is
calculated using a geometric mean mixing model.
[19] In order to examine the potential role of thin,
high permeability conduits hosted within surrounding basement with a lower permeability, we run a
separate series of models with elevated permeability
within the uppermost 50 m of basement, the basement between 550 and 600 m below the top of
basement, and in vertical conduits that pass through
basement peaks and troughs (Figure 3b). This effectively creates a network of high permeability basement material which occupy approximately
one-sixth of the upper 600 m of basement. The
layers parallel to the top of basement represent high
permeability strata at the top of basement (pillows,
breccia, and flow boundaries) and at the contact
between pillow basalts and sheeted dikes, where
mechanical decoupling might tend to occur. The
vertical conduits represent intensely tectonized
regions along the axes of basement peaks and
troughs, where faulting and fracturing may be most
extensive. In the simulations run with these loops of
high permeability material, the permeability of the
basement outside the loops is 1014m2; the permeability of the loops varies between runs and ranges
from 1013m2 to 109m2. The inclusion of narrow,
well-connected, subhorizontal regions of elevated
permeability follows the conceptual approach de7 of 19
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Figure 3. Vertical cross-section in which hydrothermal circulation is modeled (no vertical exageration). The
sediments are separated into layers of sandy turbidites (yellow), silty turbidites (brown), and hemipelagic sediment
(green). In the simulations, the upper 600 m of basement (three red layers in Figure 3a) have high permeability and
support vigorous fluid flow. Additional simulation are run with high permeability only conduits which take up a small
fraction of the upper basement area (blue layers and vertical connections in Figure 3b). Heat input at the base of the
model decreases with lithospheric age (i.e., across the model from west to east, Figure 3c).

veloped by Fisher et al. [1990] and Fisher and
Becker [1995]. The imposition of narrow vertical
zones of elevated permeability within upper oceanic
basement follows the conceptual approach of Yang
et al. [1996], although those authors distributed a
larger number of such zones randomly.

boundaries. Both side boundaries are located at
basement ridges; when there is heat and fluid
convection in this system, the sides of the
convection cells tend to be located at basement
peaks and troughs, so we allow no heat or fluid
flow across the side boundaries due to symmetry.

2.2. Boundary Conditions and Model
Parameters

[21] We model two-dimensional hydrothermal circulation along the profiles shown in Figure 3, using
a transient, finite element heat and mass transport
code (FEHM) [Zyvoloski et al., 1996]. The thermal
conductivity of seawater is held constant (Table 1).
Fluid density, viscosity, and enthalpy within the
model vary with temperature and pressure [Harvey
et al., 1997].

[20] Heat enters the system from below and exits at
the seafloor; fluid can move into and out of the
system across the seafloor, although thick sediments
and low sediment permeabilities greatly limit flank
discharge and recharge. The temperature at the
seafloor is fixed at 2°C, and fluid pressure is
hydrostatic (varies with water depth). The lower
boundary is a no fluid-flow boundary. Heat input at
the lower boundary is a function of lithospheric age:
473
q ¼ pﬃﬃﬃﬃﬃﬃﬃ
age

ð1Þ

[Parsons and Sclater, 1977], where q is heat flow
[mW/m2], and age is lithospheric age [Ma]
(Figure 3c). The side boundaries are no flow

2.3. Temporal Considerations
[22] We begin the coupled fluid and heat flow
simulations with no sediment cover on the basaltic
basement, then incrementally add the sediment to
the system (first add hemipelagic sediment, then
silty turbidites, and finally sandy turbidites). We
begin the (no sediment) simulation with hydrothermal basement permeability, khb, of (1015m2) with
8 of 19
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Figure 4. Temperatures along the modeled profile resulting from the heat input shown in Figure 3c, constant
temperature at the seafloor (2°C), and heat conduction (no fluid flow). The top of basement is shown with a bold
black line. The underlying layers shown for reference are 100, 300, 600, and 1000 m below the top of basement.
Conductive refraction reduces the temperature difference at the top of basement between Sites 1026 and 1027 from
66°C to 51°C, but vigorous hydrothermal circulation is still required to make the top of basement nearly isothermal.

the temperature distribution from a purely conductive simulation and with ambient (warm) hydrostatic
fluid pressures. Successive ‘‘no sediment’’ simulations are run with khb increased by a factor of ten; the
initial conditions for each simulation are the final
temperatures and pressures for the simulation with
khb ten times lower. With khb 1012m2, convection
is stable and temperatures and pressures monotonically approach steady state values. With higher khb,
convection becomes oscillatory. Temperatures and
pressures approach a dynamic equilibrium. Under
these conditions, temperatures oscillate with an
amplitude up to 1°C. Pressures also oscillate, but
because khb is so high, these variations are very
small, generally no more than a few kPa or less [e.g.,
Stein and Fisher, 2003].
[23] With steady state, or dynamic equilibrium,
conditions achieved for each of the no sediment
simulations, the hemipelagic sediment is added
(instantaneously) and the models are run until a
new equilibrium state is reached. The procedure is
continued with the addition of silty turbidites and
the sandy turbidites. Each time sediment is added
to the system, the seafloor moves to the top of that
sediment layer and the sediment porosity, permeability, and bulk thermal conductivity are recalculated, based on new depths below seafloor. This
stepwise approach does not fully capture the processes of sediment thickening, diagenesis, and
consolidation, but it is a considerable improvement

over starting a single set of models with a complete
sediment layer under hydrostatic conditions.

3. Results
3.1. Conductive Simulations
[24] .A purely conductive simulation (i.e., no fluid
flow) provides a benchmark with which to compare the subsequent results. Conductive refraction
reduces the difference in temperature between the
top of basement at Sites 1026 and 1027 from that
calculated based only on 1-D vertical heat conduction by approximately 20%, from 66°C to 51°C
(Figure 4). Much more heat must be moved by
hydrothermal circulation than by conductive refraction in order to make the top of basement
around Sites 1026 and 1027 nearly isothermal.
[25] We also use conductive simulations to confirm
the results of Davis et al. [1997b] (with high
conductivity as a proxy for vigorous hydrothermal
circulation within layers) for the cross-section
geometry used in our modeling. The resulting
temperature distributions are compared to results
from coupled heat and fluid flow.

3.2. Coupled Heat and Mass Transport

3.2.1. High Permeability Throughout Upper
600 m of Basement

[26] The basement permeability that is required to
support fluid circulation vigorous enough to make
9 of 19
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Figure 5. Temperatures and fluid flow vectors showing the evolution of hydrothermal circulation as sediment is
incrementally added to the system (vertical exageration = 2.7:1). Permeability in the upper 600 m of basement is
1013m2 in Figures 5a –5d, and 1010m2 in Figures 5e – 5h. The models are run with no sediment (Figures 5a and 5e),
and the resulting temperatures and pressures are used as the initial conditions when the hemipelagic sediment is added
to the system. The process continues until the current sediment distribution is reached (Figures 5d and 5h). Vectors
are plotted on a log scale; vectors in panels a – d are scaled to the largest vector panel d (1.12 m/yr), vectors in
Figures 5e – 5h are scaled to the largest vector in Figure 5h 25.7 m/yr. For clarity, <10% of flow vectors are shown.
Fluid circulation is more vigorous at higher basement permeability and with increasing sediment thickness.

the basement-sediment contact nearly isothermal
varies inversely with the thickness of the permeable upper basement [e.g., Davis et al., 1997b].
The following results are for cases with high
permeability in the entire upper 600 m of basement. Results using this maximum thickness will
provide minimum khb estimates; thinner sections of
hydrothermal basement supporting vigorous fluid
flow will require higher khb to move the same
amount of heat laterally and homogenize temperatures [e.g., Rosenberg et al., 2000; Stein and

Fisher, 2003]. With both increasing khb and increasing sediment cover, circulation within the
hydrothermal basement becomes more vigorous
and the number of convection cells is reduced as
they increase in width.
[27] With no sediment cover, there are three general
categories of circulation in hydrothermal basement:
weak, poorly organized convection (khb < 1013m2),
more organized convection with cell aspect ratio
close to one (1013m2
khb
1010m2), and
10 of 19

Geochemistry
Geophysics
Geosystems

3 spinelli and fisher: rough basement hydrothermal circulation

G

10.1029/2003GC000616

Figure 6. Modeled direction of fluid flow (up, down, or horizontal) near the top of basement at Site 1026. Modern
sediment section includes three primary layers (bottom to top): hemipelagic silty turbidites, and sandy turbidites.
Models were run to evaluate evolution of hydrothermal circulation in basement during successive evolution of the
sediment section, as described in text. na, not applicable.

organized convection with much wider cells (khb =
109m2). With khb = 1015m2, convection is very
weak and disorganized, and the temperature distribution is similar to the purely conductive case. With
increasing khb, sluggish convection begins. At khb =
1013m2 to 1012m2 convection cells have fairly
uniform width (750 m) and fluid flows up in the
basement high at Site 1026 (Figure 5a). With khb of
1011m2 convection cells have more variable width
(ranging from 500–1000 m, but still averaging
750 m). The number and size of the convection
cells is similar with khb = 1010m2, but fluid flows
down within the basement high at Site 1026
(Figure 5e). At the highest permeability tested
(khb = 109m2), there are fewer and wider convection cells and, as with khb = 1010m2, fluid flows
down at Site 1026 (Figure 6).
[28] After the hemipelagic sediment section is
added and the system returns to a steady or
equilibrium state, there is a stronger trend of
decreasing the number of convection cells as
khb rises. Convection is still weak when khb <
1013m2. The maximum number of convection
cells (15) occurs with khb = 1013m2 (Figure 5b).
Circulation is still sluggish in this case; there are
large variations in temperature along the top of
basement and fluid flows up in the basement high

at Site 1026. At khb  1010m2, (Figure 5f),
circulation is more vigorous, the convection cells
are wider (Figure 7), and fluid flow is down in the
basement high at Site 1026.

Figure 7. Mean aspect ratio of convection cells as a
function of permeability, where the upper 600 m of
basement has high permeability. The aspect ratio of the
cells increase (the number of cells decrease) with
increasing permeability and with the addition of
sediment cover. The arrows indicate the progression of
the models; beginning with no sediment cover, then
sediment is incrementally added.
11 of 19
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efficient when hydrothermal basement is thinner,
requiring greater permeability to achieve an equivalent level of thermal homogeneity (Figure 8).

3.2.2. High Permeability Conduits in
Upper Basement

Figure 8. Difference in temperature at the top of
basement between Sites 1027 and 1026 (with all the
sediment in place), if the upper 100, 300, or 600 m of
basement has high permeability and supports vigorous
hydrothermal circulation. Sluggish fluid convection at
low permeability enhances the temperature difference,
as upflow in the basement lows warms the top of
basement and downflow in the basement high cools the
upper basement. At higher permeability, fluid circulation homogenizes upper basement temperatures. Only
with permeabilty 1010m2 in the upper 300 m of
basement or more is the difference in temperature
between the two sites less than 5°C.

[29] Once the silty turbidite section is added,
organized convection is present in all cases
(1015m2 khb 109m2). The maximum number of convection cells (14) occurs at khb =
1014m2. The number of cells decreases to four
at khb  1011m2 (Figure 5g). In all cases fluid
flows down in the basement high at Site 1026 and
up in the basement trough at Site 1027.
[30] The hydrothermal circulation patterns do not
change substantially with the addition of the sandy
turbidites, although the temperatures at the top of
basement increase due to the increased thermal
resistance of the thicker sediment column. A temperature difference of <10°C between the top of
basement at Sites 1026 and 1027 is achieved when
khb = 1011m2. The difference in temperature at the
top of basement between the two sites is <3°C
when khb = 1010m2 or 109m2. The homogenization of upper basement temperatures is less

[31] When conduits of high permeability material
in hydrothermal basement are surrounded by lower
permeability material (Figure 3b), fluid flow
becomes focused, and the number and position of
convection cells is less variable, being constrained
by the permeability distribution. With no sediment
cover, the loops of high permeability material
provide conduits directly from the ocean (at the
top of basement) to 600 m depth. There is very
little lateral fluid flow within the upper (seafloor
parallel) limbs of the loops. If the permeability of
the loops, khbloop, is 1013m2 (a factor of ten
higher than in the cores of the loops), multiple
convection cells form within the relatively low
permeability cores (Figure 9a). With khbloop 
1012m2, slow recharge occurs through the cores
of the loops, in addition to flow through some of
the vertical conduits (Figure 9e). At the highest
permeability for the loops (khbloop = 109m2),
only two convection cells form, one each from Site
1026 to the east and west boundaries of the model.
Fairly weak recharge occurs down through the two
vertical conduits that bisect the two large convection cells. The direction of fluid flow within the
basement high at Site 1026, given various basement permeabilities, is summarized in Figure 6.
[32] After the hemipelagic sediment section added,
there is still very little lateral fluid flow within the
upper limbs of the high permeability loops. Fluid
recharge persists through the cores of the loops and
in alternating vertical high permeability conduits
(Figures 9b and 9f). Strong fluid discharge occurs
at the seafloor at Site 1026, except in one case
where the flow direction around the loops is
reversed (khbloop = 1011m2).
[33] With the addition of the silty turbidites lateral
fluid flow in the upper limbs of the loops becomes
more vigorous. Horizontal temperature gradients
along the top of basement are enhanced in the low
permeability case (khbloop = 1013m2) and reduced in the higher permeability cases. Fluid
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Figure 9. Temperatures and fluid flow vectors showing the evolution of hydrothermal circulation as sediment is
incrementally added to a system with high permeability loops hosted within lower permeability basement (see
Figure 3b for model domain). Permeability in the loops is 1013m2 in Figures 9a – 9d, and 1012m2 in Figures 9e – 9h.
As for the results with uniform upper basement permeability shown in Figure 5, the models are run with no sediment
(Figure 9a and 9e), then sediment is incrementally added. As the permeability of the loops increases, flow through the
low permeability cores of the loops is decreased. With only the hemipelagic sediment covering the basement there is
very little lateral flow in the upper limb of the loops. When more sediment is added, flow along the top of basement is
comparable to flow within the lower limb of the loops.

recharge and discharge at the seafloor are dramatically reduced (Figures 9c and 9g).
[34] With all of the sediment in place, both fluid
temperatures and velocities in the basement increase. The circulation patterns are similar to those
prior to the addition of the sandy turbidites
(Figures 10d and 10h). Where k hbloop 
1010m2, the difference in temperature at the top
of basement between Sites 1026 and 1027 is
approximately 2°C. The sign of the temperature

difference (T1026 > T1027 or T1026 < T1027 changes
with the circulation direction, which depends explicitly on permeability, as shown below.

3.2.3. Models Started With All Sediment
in Place
[35] A separate series of models were run without
adding the sediment to the system incrementally
(i.e., models started with all the sediment in place,
using an ambient (warm) initial pressure condition).
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Figure 10. Temperatures and fluid flow vectors with all the sediment in place and permeability in loops (hosted
within lower permeability basement) greater than 1012m2 (Figures 10a– 10c). For the highest permeability of the
conduits (109m2), the convection cells become wider. Two of the vertical conduits are not employed to the same
extent as the others. With the high permeability conduits, fluid pressures at the top of basement range from 40 kPa
greater than to 40 kPa less than ambient hydrostatic fluid pressure (Figures 10d; solid lines = narrow zones of
elevated permeability in hydrothermal basement). With uniform permeability in the upper basement, the range of
basement fluid overpressures/underpressures between Sites 1026 and 1027 is smaller (Figures 10d; dashed lines =
homogenous permeability in hydrothermal basement). khb and khbloop are 1011 m2 (black), 1010 m2 (red, bold),
and 109 m2 (blue, thin). The observed overpressure at Site 1026 and underpressure at Site 1027 (green circles [Davis
and Becker, 2002]) are closely approximated by modeled pressures for the cases with loops within the basement with
permeabilities of 1010 or 109m2.

For the cases with uniform permeability within the
upper basement, the modeled temperature and pressure distributions are the same as the final results
with the sediment added (discussed above). For the
high permeability loop models, there are substantial
differences between the results when they are started

with all the sediment in place and when sediment is
added incrementally. Most notably, when started
with all the sediment in place, the direction of fluid
circulation along the loops is always the same (down
in the basement high at Site 1026 and up in the
trough at Site 1027). When the sediment is added
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gradually, the flow direction changes with the basement permeability, in two cases (khbloop = 1013
and 1010m2) it changes in response to sediment
being added, and in the highest permeability case
(khbloop = 109m2) not all of the vertical high
permeability conduits are exploited.

3.2.4. Circulation Direction
[36] The modeled direction of fluid circulation (up in
basement peaks and down in basement troughs
versus up in troughs and down in peaks) varies with
basement permeability, permeability structure, and
stage of sediment accumulation (Figure 6). For cases
with uniform permeability throughout the upper
600 m of basement, with permeability 1013 m2
fluid flow is up in the basement highs when no
sediment is present and after the hemipelagic sediment has been emplaced. After the silty turbidites are
added, the circulation direction is reversed; flow is
down in the basement highs. For khb  1012 m2, flow
is typically down in the basement highs and up in the
basement lows throughout the evolution the system,
from no sediment until all the sediment is added.
[37] For cases with loops of high permeability
material hosted within lower permeability basement rock, circulation directions are often different.
As with the uniform permeability cases, with
khbloop = 1013 m2, flow is up in the highs with
no sediment or the hemipelagic sediment in place.
Flow direction reverses, down in the basement
highs, with the addition of the silty turbidites
(Figure 6). At khbloop = 1012 m2, flow is up in
the basement highs, from the initiation with no
sediment until all the sediment has accumulated. At
a permeability of 1011 m2, flow is down in the
basement highs. With a permeability of 1010 m2,
the flow direction changes from down to up in the
basement highs with the addition of the hemipelagic sediment. Finally, fluid flow in the basement is always up at Site 1026 (basement high)
with khbloop = 109 m2.

4. Discussion
4.1. Constraints on Basement Permeability
[38] When modeled permeabilities in hydrothermal
basement are assumed to be homogeneous and

10.1029/2003GC000616

isotropic, khb  1010m2 are required in order for
the top of basement to be nearly isothermal, as
observed. Other estimates of basement permeability on the eastern flank of the Juan de Fuca Ridge
have been made at a range of spatial scales, from
tens of meters (i.e., single-borehole slug tests) to
tens of kilometers (i.e., pressure transients from
loading; regional modeling) [Becker and Davis,
2003a]. Slug and injection tests within portions
of the upper 50 m of basement (isolated by inflated
packer seals) yield permeability estimates for the
upper basement rocks at Sites 1026 and 1027 of
approximately 4  1014 m2 [Becker and Fisher,
2000]. An open-hole experiment at Site 1026 prior
to sealing the hole suggested basement permeability (over a scale of hundreds of meters) is 5 
1012 m2 [Fisher et al., 1997]. Using high-thermalconductivity layers as a proxy for hydrothermal
circulation with Rayleigh numbers >350 (where
convection enters the periodic or chaotic regime),
Davis et al. [1997a] estimated that the basement
permeability around Sites 1026 and 1027 is
1010 – 109 m2. The results from steady state
conductive-proxy models are consistent with our
results using transient coupled heat and mass
transport modeling, suggesting that the conductive
proxy reasonably replicates advective heat transport under these conditions.
[39] At khbloop  1011 m2, well-connected highpermeability conduits occupying one-sixth of hydrothermal basement (and surrounded by relatively
low permeability basement) are capable of redistributing about the same amount of heat as circulation
within all of hydrothermal basement (Figure 11).
The apparent dependence of oceanic basement permeability on the scale of the measurement or model
[Fisher, 1998; Becker and Davis, 2003b] is consistent with this focused-flow model, but can not be
explained with a homogeneous permeability distribution throughout upper basement.
[40] Permeability in basaltic oceanic crust results
from a mixture of original crustal construction and
subsequent tectonic processes, leading to the formation of dominantly subhorizontal and subvertical fluid pathways, respectively, and combining to
yield extreme variations in basement properties
over short distances. Drilling penetrated only the
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formation and aging will dominate not only the
distribution and rates of fluid flow and advective
heat transport in the crust, but may also control
the dominant directions of fluid flow.

4.2. Circulation Direction and Basement
Fluid Overpressures

Figure 11. Difference in temperature at the top of
basement between Sites 1027 and 1026 (with all the
sediment in place), if the upper 600 m of basement has
uniform, high permeability, or if there are high
permeability conduits in one-sixth of the upper 600 m
of basement. With uniform permeability, the flow
direction is always up in the basement lows and down
in the basement highs (opposite of that suggested by
overpressure and underpressure at Sites 1026 and 1027,
respectively). With the high permeability loops, circulation direction varies with basement permeability. Only
with permeability greater than 1011m2 do the modeled
temperatures approach those observed in the ODP
boreholes.

upper 20–40 m of basement at Sites 1026 and
1027, and the actual distribution of permeability
in the upper 600 m of basalt in this region
remains to be determined. However, observations
at numerous other sites where there has been
extensive oceanic basement drilling, coring and
downhole measurements demonstrate that permeability in upper oceanic crust is highly heterogeneous [e.g., Bartetzko et al., 2001; Fisher, 1998;
Larson et al., 1993]. Model results from the
present study based on high-permeability loops
in the upper crust are unlikely to be exact
representations of the actual distribution of site
properties, but they are geologically more realistic (and therefore more likely to be correct) than
are models based on a homogeneous permeability structure. As discussed below, new model
results demonstrate that the development of
highly-permeable pathways as a result of crustal

[41] The direction of fluid flow within hydrothermal circulation systems depends on the basement
permeability distribution, the nature of the boundary conditions, and the history of fluid circulation
within the system (Figure 6). At low hydrothermal
basement permeability (khb
1013 m2), our
results suggest two regimes consistent with previous models and experiments [e.g., Lister, 1972;
Hartline and Lister, 1981; Wang et al., 1997]: a
thinly sedimented system with fluid flow up in the
basement highs (down in the basement troughs),
and a thickly sedimented system with fluid flow
down in the basement highs and up in the basement
low. At higher permeabilities, preconditioning of
the system dominates and the circulation direction
rarely changes from that established with little or
no sediment cover. However, flow rates and directions were considerably different in models that
incorporated highly-permeable channels embedded
within a less permeable matrix (Figure 6). When
permeabilities within these channels were raised to
values necessary to homogenize upper basement
temperatures (generally 1010 to 109 m2), flow
directions were dominantly reversed relative to
those determined in models based on a homogenous permeability distribution (i.e., flow in the
high permeability conduits is up in basement at
Site 1026 and down in basement at Site 1027).
[42] Observed basement fluid temperatures and
overpressures are more consistent with models of
fluid flow up at Site 1026 and down near Site 1027
(as is the case with the loops of high permeability
material), although the observed differences in
temperature and overpressure are small [Davis
and Becker, 2002]. The observed temperature at
the top of basement at Site 1026 is 2°C higher
than the temperature at the top of basement at
Site 1027. The modeled temperatures near the top
of basement at Site 1026 are higher than the
temperatures at Site 1027 only in the cases where
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fluid flow is up in the basement at Site 1026
(Figure 11). Basement fluid differential pressures
(pressure above or below hydrostatic for the
ambient, temperature-dependent fluid density)
measured in CORKed boreholes are +18 kPa at
Site 1026 and 26 kPa at Site 1027 [Davis and
Becker, 2002]. Modeled differential pressures near
the top of basement with high permeability loops
(khbloop = 1010 m2) are close to observed values,
+25 kPa at Site 1026 and 33 kPa at Site 1027
(Figure 10d). With uniform basement permeability,
the modeled differential pressure is similar at Site
1026, but the underpressure is significantly underpredicted at Site 1027 (corresponding to the wrong
sign of the temperature difference).

and 1027 (2°C) is attained in models with homogeneous permeability (1010m2) in the upper 300
to 600 m of basement. However, modeled fluid
circulation in the direction that allows both the
correct sign of the temperature difference (warmer
at Site 1026 in the basement high than at Site 1027 in
the trough) and a close approximation of the observed relative basement pressures is achieved only
when there are conduits of high permeability in
hydrothermal basement. Such a basement permeability distribution is also most consistent with scaledependent variations in permeability, direct borehole and core observations in many settings around
the world, and conceptual models of heterogeneous
(particularly, fractured) hydrogeologic systems.

[43] The differences in modeled temperature and
pressure at Sites 1026 and 1027 between the cases
with uniform permeability and high permeability
conduits are small. However, comparison of a
range of modeling results to observations clearly
favors the cases with high permeability conduits, a
result that is also most consistent with the widelyrecognized scale-dependence of permeability in
heterogeneous aquifers.

[45] We do not know the topology of the permeability network in hydrothermal basement near Sites
1026 and 1027, but the modeling presented here
suggests that ridge flank hydrothermal circulation in
this area may be supported dominantly within wellconnected channels hosted within lower-permeability basement rock; additional aquifer testing and
modeling is required to better define the complex
and heterogeneous nature of ocean crust permeability and hydrothermal circulation. Complementary
well tests (e.g., slug tests) and regional modeling
have indicated the scale-dependence of basement
permeability [Becker and Davis, 2003b]. Future
cross-hole well tests and tracer tests can provide
information about the 3-D permeability structure of
the oceanic crust (at a scale spanning slug tests to
regional models), including the first assessment of
permeability anisotropy in oceanic basement. Studies such as these will lead to a better understanding
of ridge flank hydrothermal circulation patterns,
heat flow from the crust, the subseafloor biosphere,
and the chemical evolution of the crust.

5. Conclusions
[44] Comparison of the results from transient models of coupled heat and fluid circulation within
sediment-covered, topographically rough basement
around ODP Sites 1026 and 1027 to observed
temperatures and fluid pressures allows us to
(1) estimate basement permeability, (2) test the
validity of conductive proxies for hydrothermal
circulation in this setting, and (3) assess the importance of permeability distribution and sedimentary evolution on the direction of fluid flow.
Basement permeability 1010m2 is required for
the difference in temperature at the top of basement
between Sites 1026 and 1027 to be 2°C. These
results are consistent with basement permeability
estimates based on conductive proxy models for
vigorous hydrothermal circulation [Davis et al.,
1997b], suggesting that the proxy models accurately approximate conductive-advective heat transport
in this environment. An absolute temperature difference at the top of basement between Sites 1026
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