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[1] Subseafloor hydrologic observatories (CORKs) were installed in four boreholes
in young seafloor on the eastern flank of the Juan de Fuca ridge to evaluate the
hydrogeology of the upper oceanic crust. Two CORKs installed at Site 1301 were
incompletely sealed, allowing cold bottom water to flow into basement at 2–5 L/s and
causing a pressure perturbation in a preexisting sealed CORK at Site 1027, which was
2.4 km away. The pressure perturbation at Site 1027 is analyzed using conventional
aquifer test methods, yielding transmissivity of T = 0.5 to 1.2 � 10�2 m2/s and bulk
permeability of k = 0.7 to 2 � 10�12 m2 in the upper 300 m of basement. Storativity
(a parameter that includes fluid and aquifer compressibilities, porosity, and layer
thickness) is S = 1 to 3 � 10�3, corresponding to a crustal aquifer (matrix) compressibility
of bm = 3 to 9 � 10�10 Pa�1. The inferred basement permeability is consistent with,
but at the low end of, permeabilities calculated from single-hole packer experiments
at this and other young oceanic crustal sites; it is much less than values estimated
from numerical models, analyses of formation response to tidal pressure oscillations,
or pressure responses to coseismic strain events. The relatively low permeability
indicated by the cross-hole response may result from the basement aquifer in this
area being azimuthally anisotropic, with a preferential flow direction oriented
subparallel to the abyssal hill topography and tectonic structural fabric created
at the ridge axis; this hypothesis will be tested during future experiments.
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1. Introduction

[2] Fluid flow within the volcanic oceanic crust influences
the thermal and chemical state and evolution of oceanic
lithosphere and lithospheric fluids; establishment and main-
tenance of subseafloor microbial ecosystems; diagenetic,
seismic, and magmatic activity along plate-boundary faults;
creation of ore and hydrate deposits both on and below the
seafloor; and exchange of fluids and solutes across conti-
nental margins [e.g., Alt, 1995; Huber et al., 2006; Parsons
and Sclater, 1977; Peacock and Wang, 1999]. The global
hydrothermal fluid mass flux through the upper oceanic crust
rivals the global riverine fluid flux to the ocean, and
effectively passes the volume of the oceans through the crust
once every 105–106 a [Elderfield and Schultz, 1996; Johnson
and Pruis, 2003; Mottl, 2003]. Most of this flow occurs at
relatively low temperatures, far from volcanically active,
seafloor spreading centers where new ocean floor is created.

This ‘‘ridge flank’’ circulation can be influenced by off-axis
volcanic or tectonic activity, but is driven mainly by the rise
of lithospheric heat from below the crust. Although the
average maximum age at which measurable heat is lost
advectively from oceanic lithosphere is 65 Ma [Parsons
and Sclater, 1977], many sites remain hydrologically active
for tens of millions of years beyond this age, with circulation
largely confined to basement rocks redistributing heat below
thickening sediments [Fisher and Von Herzen, 2005; Von
Herzen, 2004].
[3] Despite its importance, many of the fundamental

parameters that control and are influenced by fluid flow
in the oceanic crust remain largely unquantified, including
permeability [e.g., Fisher, 2004; Ingebritsen and Sanford,
2006; Lister, 1974; Lowell, 1991; Wilcock and Fisher,
2004]. Permeability is commonly considered to be an
intrinsic rock property, an empirically derived coefficient
of proportionality that relates driving forces to rates of fluid
flow. In fact, permeability is a highly variable (spatially and,
in some cases, temporally) tensor property, the values of
which differ depending on the measurement method, spatial
scale, and dimensionality of measurement or representation
[e.g., de Marsily et al., 2005; Guéguen et al., 2006; Illman,
2006; Neuman and Di Federico, 2003; Proce et al., 2004;
Sanchez-Vila et al., 2006]. Resolving spatial and temporal
aspects of the permeability distribution and flow dynamics in
the oceanic crust requires tests in which system responses are
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monitored at simultaneously at multiple locations. These
tests can also help to resolve the hydrogeologic storage
properties of the ocean crust, which are important for
understanding the penetration and influence of fluid pressure
perturbations and other transient phenomena.
[4] In the present study we evaluate the hydrologic

properties of the upper oceanic crust using an inadvertent
cross-hole experiment. This experiment was initiated during
installation of a subseafloor observatory network [Fisher et
al., 2005a]. The full suite of planned experiments awaits
completion of the observatory network, but the observed
cross-hole response allows quantitative assessment of trans-
missive and compressive properties of the upper oceanic
crust, and will help to guide future observational and
modeling experiments.

2. Background: Geological Setting and Borehole
Observatories

2.1. Eastern Flank of the Juan de Fuca Ridge

[5] Numerous studies summarize geology, geophysics,
and basement-fluid chemistry and hydrogeology within
young seafloor on the eastern flank of the Endeavour
segment of the Juan de Fuca Ridge (JFR) [e.g., Becker et
al., 2000; Davis et al., 1992b; Elderfield et al., 1999; Hutnak
et al., 2006; Mottl et al., 1998; Wheat and Mottl, 1994].
Topographic relief associated with the JFR axis and abyssal
hill bathymetry on the ridge flank has helped to trap
turbidites flowing from the continental margin to the east
(Figure 1). This has resulted in burial of young oceanic
basement rocks under thick sediments. Sediment cover is
sparse and oceanic basement is exposed near the spreading
center. The sediment becomes thicker and more continuous
to the east, with basement exposed at only a few, isolated
outcrops. Basement relief is dominated by linear ridges and
troughs oriented subparallel to the spreading center and
produced mainly by faulting, variations in magmatic supply

at the ridge, and off-axis volcanism. Low-permeability
sediment limits advective heat loss across most of the ridge
flank, resulting in strong thermal, chemical, and alteration
gradients in basement.
[6] Ocean Drilling Program (ODP) Leg 168 drilled a

transect of eight sites on 0.9 to 3.6 Ma seafloor east of the
JFR [Davis et al., 1997a]. ODP Leg 168 also installed four
long-term borehole observatories in the upper crust, two of
which are located on 3.5–3.6 Ma seafloor near the eastern
end of the drilling transect, in Holes 1026B and 1027C
(Figure 1) [Davis et al., 2000; Davis and Becker, 2002].
Integrated Ocean Drilling Program (IODP) Expedition 301
returned to this area in 2004, replaced the borehole obser-
vatory in Hole 1026B, and drilled two additional boreholes
and installed observatories in Holes 1301A and 1301B, 1 km
to the south of Hole 1026B (Figure 1). Operations during
IODP Expedition 301, and subseafloor pressure observa-
tions from the 13 months following this expedition, provide
the basis for the current study.

2.2. Borehole Observatories

[7] Borehole observatories installed during ODP and
IODP (‘‘CORKs’’) were designed to seal open holes so that
thermal, pressure, chemical conditions could equilibrate
following the dissipation of the drilling disturbance; to
facilitate collection of fluid and microbiological samples
and temperature and pressure data using autonomous
samplers and data logging systems; and to serve as long-
term monitoring points for large-scale crustal processes
[Becker and Davis, 2005; Davis et al., 1992a; Fisher et al.,
2005b]. CORKs installed to monitor conditions in oceanic
basement generally include a seafloor reentry cone and
casing hanger(s); two to four concentric (nested) casing
strings that penetrate through sediments and allow access to
underlying basement; a series of seals (both between casing
strings and between casing and the formation) that hydrau-
lically isolate the open crustal interval at depth from the

Figure 1. Site maps. (a) Regional bathymetric map showing location of field site. (b) Detailed
bathymetric map showing locations of Sites 1301 and 1027, which are the locations of perturbation and
observation boreholes, respectively. Nearby Hole 1026B is also shown. Note the relatively flat seafloor
and proximity of drill sites to basement outcrops (Baby Bare, Mama Bare, Papa Bare) that penetrate
through otherwise thick and continuous sediments.
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overlying ocean; downhole and seafloor instrumentation for
collection of samples and data; and a seafloor wellhead that
includes valves, fittings, electrical connections and a landing
platform so that the observatory can be serviced by submers-
ible or remotely operated vehicle (ROV), allowing samples
and data to be retrieved without recovery of the complete
observatory assembly.
[8] Expedition 301 CORKs and the preexisting CORK in

Hole 1027C were visited with the ROV ROPOS soon after
the drilling expedition in September 2004, and again in
September 2005 with the submersible Alvin. Data recovered
during those dives showed that the Hole 1026B observatory
was sealed and operating as intended, but the observatories in
Holes 1301A and 1301B were not sealed properly. Incom-
plete sealing allowed cold ocean-bottom water to flow into
the formation following CORK installation. The Hole 1301B
CORK was at least partly sealed in summer 2007 with
cement deployed by submersible, and a drilling vessel will
return in summer 2009 to conduct additional cementing
operations in Holes 1301A and 1301B.
[9] The configurations of CORKs in Holes 1026B,

1027C, 1301A, and 1301B are summarized in Table 1,
Expedition 301 basement and observatory operations are
summarized in Table 2, and CORK completion diagrams for
Holes 1301B and 1027C (the most important CORKs for
the processes and analyses reported herein) are illustrated in
Figure 2. Operations and completions are summarized
briefly below and described in great detail elsewhere
[Fisher et al., 2005b; Shipboard Scientific Party, 1997].
Basement penetration and core recovery were limited
during Leg 168, when Holes 1026B and 1027C were

drilled, and there was no geophysical logging in basement.
Expedition 301 included greater basement penetration and
collection of geophysical logs, but core recovery was again
highly incomplete (Figure 2). Low core recovery and diffi-
culty with geophysical logging are common problems in
uppermost basement rocks, which typically comprise rubbly
and highly fractured basalt pillows and flows [e.g., Anderson
et al., 1985a; Bartetzko et al., 2001; Bartetzko and Fisher,
2008; Moos, 1990].
[10] Hole 1026B was drilled to 295 meters below seafloor

(mbsf), cased across the sediment-basement interface, and
extended to 48 m subbasement (msb) during Leg 168
[Shipboard Scientific Party, 1997]. Site 1026 is located above
a buried basement high, the same abyssal hill upon which
basement outcrops are located �8 km to the north and south
of the drill site (Figure 1). The CORK installed in Hole
1026B during Leg 168 included a data logger, pressure
sensors, thermistors at multiple depths, and a fluid sampler,
all of which were recovered in 1999. As of the start of
Expedition 301 the observatory was open, and warm
(65�C) reacted basement fluid vented freely through the top
of the wellhead because shallow crustal fluids are overpres-
sured with respect to ambient hydrostatic conditions [e.g.,
Davis et al., 1997b; Davis and Becker, 2002; Fisher et al.,
1997]. In fact, the original Hole 1026B CORK was never
completely sealed after being installed in 1996, but dis-
charged fluid for years until it was replaced during Expedi-
tion 301. Pressure data recovered from Hole 1026B
following installation of a new CORK system on Expedition
301 indicate that the new observatory is properly sealed.
Pressure in Hole 1026B is recovering slowly from the

Table 1. Hole and Subseafloor Observatory Specifications

Hole 1026B Hole 1027C Hole 1301A Hole 1301B

Longitude 47� 45.7570 N 47� 45.3870 N 47� 45.2100 N 47� 45.2280 N
Latitude 127� 45.5480 W 127� 43.8670 W 127� 45.8330 W 127� 45.8270 W
Seafloor depth,a,b mbsl 2658 2656 2667 2668
Sediment thickness, m 247 576c 262 265
Total depth,a mbsf 295d 632 370 582
Total depth,a msb 48d 56 108 318
Thickness of open basement
interval,e m

21d 54c 104 312

Observatory emplaced ODP 168, 8/7/96
IODP 301, 8/5/04

ODP 168, 7/21/96 IODP 301, 7/21/04 IODP 301, 8/16/04

aDepth abbreviations are as follows: mbsl, meters below sea level; mbsf, meters below seafloor; msb, meters subbasement.
bField area is subject to tides having amplitude up to 2 m.
cLowermost ‘‘sediment’’ section includes basalt talus. Uppermost open interval includes �30 m comprising a sill and

interbedded sediment, as well as �26 m of upper basaltic crust.
dLower �27 m of open hole back filled with rubble; liner extends from open basement up into casing to maintain hydraulic

connection [Shipboard Scientific Party, 1997].
eOpen basement interval is difference between total depth and bottom of casing shoe cemented across the sediment-

basement interface.

Table 2. Chronology of IODP Expedition 301 Basement Operations, Holes 1026B, 1301A, and 1301Ba

Hole 1026B Hole 1301A Hole 1301B

Upper basement drilling, casingb NA 3–8 and 17–18 July 2004 12–17 and 21 July 2004
Upper basement coringc NA NA 21–31 July 2004
Packer experimentsd NA 18–19 July 2004 9–10 Aug. 2004
Set CORK subseafloor observatorye 5 Aug. 2004 19 July 2004 16 Aug. 2004

aSee Fisher et al. [2005a].
bIncludes drilling without coring of upper 100 m of basement, cementing of casing, and waiting 7–10 days to drill out

cement prior to other operations in upper basement.
cOnly in Hole 1301B; extends 318 m subbasement (see Table 1).
dPacker set in casing in Hole 1301A did not test formation properties [Becker and Fisher, 2008]. Packer set in basement in

Hole 1301B fluid-forced into formation during testing.
eCORK subseafloor observatory installed in wellhead.
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thermal perturbation associated with many years of upflow of
warm formation fluid [Davis and Becker, 2007].
[11] Hole 1027C was also drilled during Leg 168, 2200 m

to the east of Hole 1026C, where sediment thickness is
575 m above a buried basement low (Figure 1). Hole 1027C
penetrated to 632 mbsf. The upper part of the hole was
cased through sediments and uppermost basement, with
54 m of open hole. The open interval near the base of
Hole 1027C comprises a diabase sill, intercalated sediments,

and basalt breccia overlying 26 m of extrusive volcanic
rocks [Shipboard Scientific Party, 1997]. A CORK was
installed in Hole 1027C during Leg 168, including a data
logger, pressure sensors, thermistors at multiple depths, and
a fluid sampler. These instruments were retrieved in 1999 to
allow recovery of a basement fluid sampler, and the pressure
logging system was replaced. In contrast to Hole 1026B,
Hole 1027C was underpressured with respect to ambient
hydrostatic conditions (�26 kPa) [Davis and Becker, 2002].

Figure 2. Summary of basement and borehole observatory characteristics. Key features and depths are
listed in Tables 1 and 2. (left) Basement recovery, borehole size, and apparent basalt bulk density (data
from Shipboard Scientific Party [2005]). Basement cores were collected from �355 to 575 mbsf (�100 to
320 msb), with recovery indicated by black intervals next to depth column. Borehole diameter was
measured with a caliper tool. Note large washed-out intervals above 470 mbsf (220 msb). Bulk density log
(line) and analyses of pieces of rock (dots) show evidence for considerable porosity in uppermost
basement, and a layered basement structure below 470 mbsf (220 msb), with alternating dense and high-
porosity intervals. Horizontal bands indicate depths where CORK casing packers are set against the
borehole wall. (right) CORK configurations in Holes 1301B and 1027C, which are the perturbation and
observation boreholes, respectively. Hole 1301B lacks a critical seal needed to prevent the flow of cold
bottom water into shallow basement, either a rubber seal near the seafloor between 0.41- and 0.27-m
casing strings (the latter being the thickest shown) or a cement seal at depth at the base of 0.27-m casing. In
addition, the 0.27-m casing separated near the sediment-basement interface, providing a gap that allows
access for borehole fluids to reach the entire upper basement interval [Shipboard Scientific Party, 2005].

B07106 FISHER ET AL.: CROSS-HOLE RESPONSE IN OCEANIC CRUST

4 of 15

B07106



Hole 1027C was fully sealed and recorded formation
pressure before, during, and after Expedition 301.
[12] Site 1301 is located 1 km south of Hole 1026B above

the same buried basement ridge (Figure 1). Hole 1301Awas
drilled through 262 m of sediment and 108 m into upper
basement. Hole 1301B was drilled 35 m to the NNE of
Hole 1301A, through 265 m of sediment and 318 m into
basement (Table 1; Figure 2). Both of the Site 1301 boreholes
contained four nested casing strings: 0.50-m (diameter)
casing in the uppermost sediments, 0.41-m casing extending
just across the sediment-basement interface, 0.27-m casing
extending into basement, and a 0.11-m inner CORK casing
that houses instrument strings and plugs (Table 1; Figure 2).
The two largest casing strings were sealed by collapse of
unconsolidated sediments and (for the 0.41-m string) cement
across the sediment-basement interface.
[13] The annulus between 0.41-m and 0.27-m casing

strings at Site 1301 was supposed to contain a rubber,
mechanical casing seal near the seafloor, but this component
was not available for use during Expedition 301, and an
attempt was made to seal the 0.27-m casing strings at depth
with cement. Rubbly basement prevented this cement from
sealing between casing and the borehole wall, and oper-
ations were additionally complicated in Hole 1301B by the
separation of the unwelded 0.27-m casing string into two
sections, leaving a gap just above the sediment-basement
interface (Figure 2). The CORK installed in Hole 1301A
included a casing packer (as part of the 0.11-m inner casing)
that was set inside 0.41-m casing. In contrast, the CORK
installed in Hole 1301B included two casing packers set in
open hole, intended to hydraulically isolate sections of the
upper crust [Fisher et al., 2005b].
[14] Pressure data recovered from the Site 1301 CORKs

in 2005 confirm that these observatories were incom-
pletely sealed. The lack of a casing seal allows water to
enter the annular space between the 0.41-m and 0.27-m
casings through (at the most restrictive part of the path)
sixteen, 0.030-m-diameter passages. Pressure data were also
recovered in 2005 from the CORK in Hole 1027C. This
system was fully sealed and provided a long-term record of
pressure perturbations associated with operations during
Expedition 301 and the subsequent 13 months. These
pressure data are the basis for the analyses presented in
the following sections.

3. Experimental Procedures, Constraints, and
Results

3.1. Pressure Observations, Filtering, and Response
to Nearby Basement Operations

[15] The long-term record of seafloor and subseafloor
pressure data from Site 1027 illustrates several important
characteristics (Figure 3). First, unfiltered pressure data are
strongly influenced by tides and other oceanographic
variations, the former having an amplitude of �10–15 kPa
at the seafloor, and�5 kPa within the upper crust (Figure 3a).
The effects of seafloor loading must be removed from the
formation signal before the influence of Expedition 301
operations can be observed and interpreted. Second, pressure
conditions within the isolated, upper basement interval in
Hole 1027C tend to be offset (negatively) with respect to
pressure conditions at the seafloor. This pressure difference

results from the natural underpressure associated with local
ridge flank hydrothermal circulation [Davis and Becker,
2002, 2004].
[16] The Hole 1027C basement record was filtered and

corrected using methods similar to those applied in earlier
studies [Davis et al., 2000; Davis and Becker, 2004]. First,
the instantaneous loading efficiency (g) was evaluated by
cross-plotting simultaneous responses at the seafloor and at
depth during times when there was little or no long-term
change in pressure, yielding a value of g = 32.3%. This
loading efficiency was used to correct the basement record,
removing responses to short-term seafloor-pressure varia-
tions. Next, a low-pass filter was applied to the seafloor
record, and 67.7% of the resulting long period signals were
removed from the formation record (assuming fully drained
conditions). Finally, the data were trend corrected to remove
long-term instrument drift (�0.286 kPa/a). The resulting
formation record contains some residual short-term vari-
ability, but clearly shows the influence of basement oper-
ations at Site 1301 during Expedition 301, with pressures
rising abruptly several times during the expedition, then
more slowly to �1.5 kPa above baseline over the subse-
quent 13 months.

Figure 3. Sealed borehole and seafloor pressure records
from August 2003 to September 2005, with hourly
sampling throughout this interval. Vertical band indicates
period of basement operations during IODP Expedition 301.
(a) Unfiltered and uncorrected pressure records. Note offset
between seafloor and borehole pressures, indicating base-
ment underpressure relative to local hydrostatic conditions.
A subtle rise in pressure within the sealed observatory is
apparent even in the unfiltered record, about 1.5 kPa over the
year following IODP Expedition 301. (b) Filtered and drift-
corrected borehole pressure record from Hole 1027C. The
period prior to drilling is notable for relatively stable fluid
pressures, but pressures rise abruptly during IODP Expedi-
tion 301 basement operations and then continue to rise
during the following 13 months. Data from the time period
indicated by the box are shown in greater detail in Figure 4.
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