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39. PERMEABILITIES IN THE MIDDLE VALLEY HYDROTHERMAL SYSTEM MEASURED WITH
PACKER AND FLOWMETER EXPERIMENTS1

Keir Becker,2 Roger H. Morin,3 and Earl E. Davis4

ABSTRACT

We report the results of permeability measurements made during Ocean Drilling Program Leg 139 in two reentry holes drilled
into the active hydrothermal system at the Middle Valley sedimented spreading center. Located in a vent field at the center of an
elongate heat-flow anomaly, Hole 858G is cased to 270 mbsf and penetrates 162.6 m deeper into igneous basement. About 1.6 km
to the south, in the outer flank of the same heat-flow anomaly, Hole 857D is cased to 574 mbsf and penetrates 362 m deeper into
intercalated sills and sediments. The hydrogeological properties of the open-hole sections of both holes were assessed with two
kinds of experiments using a drill-string packer to hydraulically isolate the hole: (1) standard slug and injection tests to measure
average formation transmissivities and permeabilities, and (2) a new flowmeter/injection experiment to assess the fine-scale
distribution of permeability. The results indicate that the lowermost 180 m of the sill/sediment sequence in Hole 857D and the
upper igneous basement in Hole 858G both have average permeabilities on the order of 10~14 m2, similar to values obtained in the
upper sections of basement in other holes drilled into young crust formed at unsedimented spreading centers. In addition, there are
zones of exceptional hydraulic conductivity in the interval 610-685 mbsf in Hole 857D, with apparent permeabilities on the order
of 10~10 m2. These zones allowed a huge flux of ocean bottom water down Hole 857D before the hole was sealed, at rates of about
10,000 L/min, two orders of magnitude greater than similar downhole flows observed in other young crustal holes. Our measure-
ments represent the first determination of the characteristic hydrogeological properties of the kind of discrete faults, fractures, or
other irregular zones of high hydraulic conductivity that are thought to control circulation patterns in active hydrothermal systems.

INTRODUCTION

Permeability, and its variation with both space and time, is perhaps
the most important physical parameter controlling the patterns of cir-
culation in an active hydrothermal system such as that drilled during
Ocean Drilling Program (ODP) Leg 139 at Middle Valley, Juan de
Fuca Ridge. However, it is difficult to directly determine the perme-
ability of the oceanic crust and sediments and its scales of variability.
No means of assessing ocean crustal permeability remotely have been
proven accurate, and laboratory measurements on basement samples
cannot represent in-situ permeability adequately because cored or
dredged rocks do not sample the effects of large-scale fracture poros-
ity and open faults. To date, the only reliable information about ocean
crustal permeability comes from measurements made with drill-string
packers in a few well-studied reentry holes (e.g., Anderson and Zo-
back, 1982;Hickmanetal., 1984; Anderson etal., 1985; Becker, 1989,
1990,1991).

We report here the results of permeability measurements made
using drill-string packers in the two deep reentry holes drilled at the
thickly sedimented spreading center in Middle Valley during Leg 139
(Fig. 1). Although located only 1.6 km apart, Holes 857D and 858G
penetrate different types of basement. Hole 858G is located in an
active vent field underlain by a basement high, where surface heat
flow is extremely high, up to 20 W/m2. The hole is cased to 270 m
below seafloor (mbsf), through sediments and about 11 m of igneous
basement, and then penetrates 162.6 m deeper into igneous basement
comprising nearly continuous extrusive basalt flows. Hole 857D is
located 1.6 km south of the vent field, away from the basement high,
where heat flow is about 1 W/m2. The hole is cased to 574 mbsf
through a 470-m-thick sediment section that grades into a sequence
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of sills intercalated with sediments; below the casing, the hole pene-
trates 362 m deeper into a continuation of this sequence. Thus, the
basement penetrated at Hole 85 8G might be considered analogous to
oceanic basement at typical unsedimented ridges, whereas the sill/
sediment sequence penetrated at Hole 857D is similar to the forma-
tions penetrated by drilling at other sedimented spreading systems
(e.g., the Guaymas Basin; Curray, Moore, et al., 1982).

Similar programs of downhole experiments were conducted at
both of these reentry holes, including temperature and Schlumberger
logging, the permeability measurements reported here, and the instal-
lation of instrumented borehole seals (Davis et al., 1992). Langseth
and Becker (this volume) described the logging results, particularly
with respect to the differences in basement character at the two holes.
Davis and Becker (this volume) discussed the results from the instru-
mented borehole seals, which include long-term pressure data that
relate directly to the permeability measurements reported here.

In both Holes 857D and 85 8G, two kinds of permeability mea-
surements were successfully conducted: (1) relatively standard packer
experiments including slug and injection tests to assess the bulk per-
meabilities of the open-hole sections, and (2) a new kind of experi-
ment involving logging with a flowmeter tool while constant-rate
injection occurs in a section of hole isolated with the packer to assess
the fine-scale distribution of permeability in the formation. We begin
by describing these methods, then provide a detailed narrative of
the experimental events, and finally discuss the results and compare
the permeability information derived from Middle Valley to previous
measurements in young, thinly sedimented oceanic crust.

METHODS

Both the standard packer tests and flowmeter experiment were
conducted using a resettable drill-string packer manufactured by TAM
International and described by Becker (1986,1988). This packer incor-
porates inflatable rubber elements to isolate a section of the hole, and
can be configured as a single or a straddle packer. For the measure-
ments during Leg 139, it was configured with two adjoining elements
and used as a dual-seal packer to isolate the zone between the dual-seal
and the bottom of the hole (Fig. 2). The packer was deployed with two
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Figure 1. Location maps of (A) Middle Valley on the Juan de Fuca Ridge, and (B) the sites drilled in Middle Valley during Leg 139, with bathymetry contoured
at intervals of 20 m.

inflation elements instead of one in order to double its mechanical and
hydraulic holding power when inflated in casing. In-situ temperatures
in the deeper sections of both holes were predicted to approach 280°C
(Davis and Becker, this volume), considerably higher than the packer
seals were designed to withstand. Therefore, with one exception in
Hole 857D, we followed a procedure of setting the packer about 100
m into casing, where temperatures were expected to be much cooler.

For both the standard packer experiments and the flowmeter ex-
periment, key data were provided by sensors that measured fluid
pressures in the zones isolated by the packer. Compared with previous
ODP experience with packers, the pressures measured during Leg
139 were unusual in one important respect. As the holes were drilled
with cold seawater into formations with steep geothermal gradients,
there was a large differential between the "cold hydrostatic" pressures
in the borehole and the "hot hydrostatic" formation pressure. This
differential was both calculated and measured to be on the order of 1
MPa and is discussed in more detail by Davis and Becker (this vol-
ume). As will be seen in the following discussion, this resulted in large
differences in the baseline pressures measured when the packer was
inflated as opposed to when it was uninflated. It also resulted in sig-
nificant differences in the pressures recorded by the downhole gauges
as opposed to the rig floor gauges, with the latter always fixed to a
near-atmospheric reference by the level of water maintained in the
standpipe. These effects impacted the conduct of the experiments and
particularly complicated the determination of proper reference pres-
sures for interpretation of the results.

Standard Packer Experiments

When used for standard experiments to measure average forma-
tion permeabilities, the packer is actuated using a "go-devil" that is

dropped down the drill string into the packer inflation subassembly.
The go-devil also carries recorders to monitor downhole fluid pres-
sures in the isolated, pressurized zone during the experiment; these
pressures are the primary data from which permeability is calculated.
Two types of downhole pressure recorders were used during Leg 139:
(1) electronic "ERPG-300" gauges made by Geophysical Research
Corporation (GRC), and (2) backup mechanical "K-3" gauges made
by Kuster Company. The K-3 gauges record analog pressures me-
chanically by scratching a metal chart; the ERPG-300 gauges record
in electronic memory 10000 digital pressure and temperature values
sampled at 8.64-s intervals over one day. The data from these gauges
were not available until the go-devil was retrieved upon completion
of the experiment. However, the entire drill string as well as the
isolated zone was pressurized during testing, and a 5000-psi (34.5-
Mpa) Gould pressure transducer at the rig floor was logged at 5-10-s
intervals to provide a real-time record of downhole events. The data
shown herein were obtained using the GRC downhole gauges and the
Gould rig floor gauge. Throughout the packer measurements, pump-
ing rates and total volumes pumped were also logged at the rig floor
by monitoring the strokes of the mud pump. Pumping rates were
recorded in units of strokes per minute (spm), with one stroke of the
mud pump volumetrically equivalent to 19.7 L of seawater.

Once the packer was inflated, two kinds of experiments were used
to determine the permeability of the isolated interval: pressure pulse
or "slug" tests and constant-rate injection tests. The procedures re-
quired for inflation of the packer always resulted in an initial slug test
when the packer was locked in the inflated position. The methods
used were similar to those described by Anderson and Zoback (1982),
Hickman et al. (1984), Anderson et al. (1985), and Becker (1989,
1990, 1991) in conducting previous packer experiments in Holes
395A, 504B, and 735B. Injection tests generally disturb the pressure
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field in the formation around the hole much more than slug tests and
were therefore conducted after the slug tests at appropriate inflation
depths. When a sequence of tests was conducted at a single inflation
depth, the data from each test were corrected for the extrapolated
decay(s) of the previous test(s). In addition, owing to the large differ-
ential between the fluid pressure in the borehole and the formation
pressure described previously, careful interpretation of and correc-
tions to the measured pressures were required, as is described more
fully in the following.

Slug Test Procedures

The slug tests were conducted following the methods for the
"modified" slug test of Bredehoeft and Papadopulos (1980), which is
an adaptation of the slug test method of Cooper et al. (1967) and
Papadopulos et al. (1973) for formations with relatively low perme-
abilities. In the modified slug test, a short pressure pulse is applied to
the fluid in the zone isolated by the packer, and the decay of this pulse
is monitored as fluid flows from the pressurized borehole into the
isolated formation. The decay of such a pressure pulse is described by
the equation

where P is pressure in excess of the initial undisturbed value, Po is the
initial pressure increase, α is a dimensionless parameter that depends
on the storage coefficient (S) and porosity (Φ) of the isolated forma-
tion, ß is a dimensionless parameter that depends on the transmissivity
(T) and permeability (k) of the formation, and F is a complicated infi-
nite integral. More specifically,

α = πa2S/VwCwpwg,

S = btyCßig, and

T=bkpig/µ,

(2)

(3)

(4)

(5)

where t is time, g is gravitational acceleration, a is the radius of the
hole in the isolated zone, b is the height of the isolated zone, C,, p, , and
µ are respectively the compressibility, density, and dynamic viscosity
of the fluid in the isolated zone, and Cw and p^ are the compressibility
and density of the fluid in the total pressurized volume Vw. (Note that
the total pressurized volume Vw includes the rig floor plumbing and
drill string in addition to the zone isolated below the packer.)

To process the pressure data measured during slug tests, we fol-
lowed the standard curve-fitting method described by Cooper et al.
(1967) and Papadopulos et al. (1973). Aplot of the decay of measured
pressures vs. log time was superposed on a family of type curves of
F(α,ß) vs. log ß calculated for various values of α spanning several
orders of magnitude. The data plot was then shifted along the abscissa
of the type-curve plot to visually determine the value of α for which
the data best fit the type curve. Then the transmissivity and average
permeability of the tested interval could be calculated from the corre-
spondence between the values of time and ß for the best-fit curve,
using the definitions for ß and transmissivity given in equations (3)
and (5).

As noted by Cooper et al. (1967), Papadopulos et al. (1973),
Bredehoeft and Papadopulos (1980), and Hickman et al. (1984), the
calculated type curves are relatively insensitive to changes in α and
much more sensitive to changes in ß. Thus, this procedure yields
relatively poor estimates of the storage coefficient and porosity, but
reasonable determinations of transmissivity and average permeabil-
ity. Even where there are differences between borehole hydrostatic
pressures and formation pressures, as in our experiments, Coyle and

Open hole
857D:

574-936 mbsf
858G:

270-432 mbsf

Bottom
of hole

Tested
interval

Figure 2. Sketch of the inflatable drill-string packer as deployed during Leg
139. A. The dual-element packer incorporated in the bottom-hole assembly,
before inflation or after deflation. B. Cut-away sketch of the inflated packers
showing go-devil, pressure recorders, and tested interval between the casing
shoe and the bottom of the hole. During inflation of the packer, the go-devil
directs fluids pumped from the rig floor into the inflation elements. Once the
packer is inflated, the go-devil position is shifted such that fluids pumped from
the rig floor are directed into the tested interval.

Zoback (1988) showed that (1) the early slug test data reliably deter-
mine the proper type curve, and (2) the later slug test data are sensitive
to the proper choice of a reference pressure.

Constant-rate Injection Tests

In a relatively permeable formation, a slug test will decay quite
rapidly; a better determination of permeability can be obtained by
conducting a constant-rate injection test. In this experiment, borehole
pressure within the isolated zone is monitored as fluids are pumped
into the formation at a constant rate. As long as injection rates are kept
sufficiently low as to not hydrofracture the formation, the rise of
pressure as injection proceeds quickly becomes linear with the log of
time, according to the following equation (Homer, 1951; Matthews
and Russell, 1967):

P(t,) = (qµ/4πkb)ln(y$µCia
2/4kt) (6)
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where P is the pressure increase over the in-situ formation pressure,
tj is time since the start of injection, q is the constant flux of injected
fluids, y is Euler's constant, and the remaining parameters are defined
previously. When the injection is stopped, and if the hole is "shut in"
such that pressures are not vented at the rig floor, pressures will decay
towards in-situ pressures according to the classic "Horner" equation:

(7)

where ts is time since the end of injection and beginning of shut in,
and tt remains time since the beginning of injection.

Thus, the average permeability of the isolated zone can be deter-
mined in two ways from an injection test: (1) directly from the slope
of a plot of pressure vs. In time during injection at a measured constant
rate, and (2) from the slope of a similar plot of the decay of pressures
vs. In (t/ts) in the shut-in hole after injection is stopped. These should
yield similar results; if not, it may indicate that during injection the
pressurized fluids either leaked past the packer seal or opened pre-
existing cracks in the formation to effectively increase permeability.
If pressures during injection quickly reach a nearly steady-state value,
permeability may also be estimated using Glover's formula (Snow,
1968), which results from a steady-state approximation to the injec-
tion equation (6):

k = (qµ/2πbAP)\n(b/a) (8)

where AP is the nearly steady-state pressure increase and the remain-
ing parameters are as defined previously.

In-situ Permeability vs. Calculated Bulk Permeability

Both slug and injection tests involve an important assumption:
that the permeability of the rock in the zone isolated by the packer is
uniform and isotropic. This assumption is certainly not valid for some
of the formations penetrated during Leg 139, where, as will be dem-
onstrated in the following discussion, the transmissivity may be dom-
inated by discrete zones with high hydraulic conductivity. Never-
theless, where the packer isolated sections not including such discrete
conductive zones, the assumption probably "becomes more valid as
the scale of the permeability tests [i.e., the length of the zone isolated
by the packer] increases with respect to the spacing of the fractures"
(quoting from Hickman et al., 1984; see also Parsons, 1966). The per-
meabilities computed here are average Darcian or equivalent porous-
medium permeabilities, denoted as bulk permeabilities, obtained by
applying the theory for uniformly permeable media. If the actual per-
meability structure is indeed dominated by isolated fractures, the
hydraulic conductivities of such fractures may be orders of magnitude
greater than the values reported here.

Properties of the Fluids in the Pressurized System

The transient pressures measured during both slug and injection
tests depend on the properties of the pressurized fluids, particularly
viscosity and compressibility, which vary with both temperature and
pressure. For the temperature-dependent viscosity of seawater, we
used two relationships: (1) for temperatures less than 25°C, we inter-
polated among oceanographic values given by Sverdrup et al. (1942,
p. 69) and (2) for temperatures greater than 25°C, we used Gartling's
(1977) empirical equation, µ(10~3 Pa-s) = 16.68r°8 9 8 7, with T in
°C. Actual temperatures in the zones pressurized during the packer
experiments ranged from bottom-water values to formation values,
and appropriate average values for the pressurized intervals had to
be estimated. These values were estimated using the sensors in the
GRC recorders, which generally indicated that the greater propor-
tions of the isolated sections were kept quite close to ocean bottom-
water temperatures.

As noted by Neuzil (1982), the effective compressibility of the fluid
in a shut-in hole is sometimes greater than that of the pure fluid (sea-
water in this case), because of (1) compliance of the drill string and test
equipment and (2) air possibly trapped in the system. While every
effort was made during Leg 139 to purge all air from the drill string,
pump, and connecting plumbing, small amounts of air may have
remained in the system. Such trapped air would increase the effective
system compressibility and cause the transmissivity and bulk perme-
ability calculated in a slug test to be erroneously low. Therefore, we
carefully recorded the volumes pumped downhole during slug tests, so
that the effective compressibility of the pressurized system could be
determined using the definition of compressibility, C = dV/VdP, and
then be used in the calculation of formation permeability. This was not
possible for the initial slug test that occurred automatically on packer
inflation, as it was impossible to distinguish what proportion of the
pumped fluids went into the packer elements as opposed to being
applied to the isolated zone as a pressure pulse.

Flowmeter/Injection Experiment

The flowmeter/injection experiment was run to assess the fine-
scale variation of permeability and the contribution of faults and frac-
tures to the bulk values measured with the packer. The flowmeter/
injection method utilizes constant-rate injection into a hole sealed
by the packer and simultaneous logging of pressure, downhole flow,
and hole size with depth to arrive at a detailed vertical profile of
hydraulic conductivity. The field method was originally proposed by
Hufschmied (1984) and has been evaluated and successfully con-
ducted in subaerial holes (e.g., Morin et al., 1988; Hess, 1989; Molz
et al., 1989). The modifications necessary for use on a drill ship with
no well control had been partially tested during Leg 137 (Becker,
Foss, etal., 1992).

Fundamental differences exist between the way this experiment is
performed in a subaerial hole and the way it must be performed in an
ODP hole. In the former case, all fluid injected into the hole at the well
head can be assumed to enter the formation. In the ODP case, fluid
injected from shipboard pumps down the drill string may escape back
up the annulus to the open ocean unless a packer is used to seal the
annulus (Fig. 3). Adapting this experiment for ODP use required
designing a new packer go-devil that would ride on the logging cable
as the flowmeter tool was lowered into the hole before packer infla-
tion. This go-devil was required first to enable packer inflation, and
then to release the logging cable so the flowmeter log could be con-
ducted as fluid was injected into the formation.

The flowmeter tool used for the experiment (Fig. 3) was built by
Comprobe and incorporated a pressure sensor with a range of 10,000
psi (68.9 MPa), spinner flowmeter, and a caliper with a maximum
reading of 15-in. hole diameter. The nominal resolution of the pres-
sure sensor is 0.01% of the full-scale reading. The range and resolu-
tion of the spinner flowmeter depend on the diameter of the hole and
require calibration at the beginning of the experiment by pumping at
known rates while the tool remains stationary in the casing. The
11 -3/4-in. casing diameter provided reasonable calibration conditions
for the flowmeter response in the 10-15-in. diameter hole generally
produced with the standard 9-7/8-in. ODP roller-cone bit used to drill
both Holes 857D and 85 8G.

The flowmeter/injection experiment was envisioned to involve
continuous logging of the hole during constant-rate injection, yield-
ing a continuous record of the variation of borehole fluid pressure,
horizontal flow rates into the formation, and hole size with depth.
These data were to be converted to a log of hydraulic conductivity and
permeability with depth, using steady-flow approximations described
by Cooper and Jacob (1946). However, the actual field method em-
ployed during Leg 139 involved stationary measurements at discrete
depth intervals at specified injection rates, because it was not possible
to simultaneously pump down the hole and troll the flowmeter with-
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out inducing significant fluid losses at the rig-floor seal around the
logging cable.

In addition, two special circumstances also affected the conduct of
the flowmeter experiments during Leg 139. First, the differential
pressure between the cold injected fluids and hot formation fluids was
so great that it was virtually impossible to resolve the much smaller
changes in head needed to convert the variations in downhole flow
to hydraulic conductivities and permeabilities. Second, the wireline
heave compensator was unavailable for Leg 139; as a result, consid-
erable noise was introduced into the spinner readings and there was
especially poor resolution at low flow rates. The data shown below
were obtained by low-pass filtering the noisy readings to minimize
the effects of heave on the spinner readings. Because of these limita-
tions, the data did not justify conversion to a detailed permeability
log, but instead were used to pinpoint zones of significant hydraulic
conductivity. Nevertheless, as described below, the qualitative obser-
vations of the variations in downhole flow rate with depth were so
striking that the experiment proved an important success.

NARRATIVE OF THE EXPERIMENTS

Packer and Flowmeter Experiments in Hole 857D

The packer and flowmeter experiments in Hole 85 7D were con-
ducted after the hole had been cased to 574 mbsf and deepened to 936
mbsf. The purpose of the experiments was to assess the variation of
permeability through the open-hole interval of 574-936 mbsf, which
consists of a sequence of intercalated sills and sediments. Four go-
devils were deployed, and the packer was inflated six times (including
two repeated inflations when the packer inadvertently deflated owing
to ship's heave) at two depths during a 27-hr sequence that included
standard packer experiments and the flowmeter experiment. When it
was retrieved, the first go-devil was found to be plugged with a mix-
ture of grease and rust flakes from the inside of the drill string, which
invalidated the results of the permeability tests although the packer
itself operated properly. The pressure record from this go-devil is not
shown here, but was presented by Shipboard Scientific Party (1992a,
p. 413). Figure 4 summarizes the sequence of successful experiments
with respect to the lithology and logs in Hole 857D.

Second Go-Devil, Packer at 96 mbsf

After the first go-devil was found to have been fouled with rust, a
"pig" was pumped down the pipe to clean it of rust, and the packer
experiment was repeated at the same inflation depth. A second go-devil
was deployed with redressed Kuster and GRC pressure recorders, and
the packer was inflated in casing to 1800 psi (12.4 MPa). Figure 5
shows the pressure records collected during the ensuing test sequence.
Two slug tests were attempted, but the pressure pulses decayed ex-
tremely rapidly and can barely be distinguished on the downhole
pressure record. The rapid decays of the pressure pulses seen on the rig
floor gauge indicated that the formation was indeed very transmissive,
so constant-rate injection tests were attempted. Injection was started at
38 spm, but no pressure rise was observed on the surface gauges, so
the pump rate was gradually increased. After the injection rate reached
80 spm, a small pressure rise was observed, so the pumps were held
constant at this rate for 10 min and then the hole was shut in, as in a
standard constant-rate injection test. Pressure decayed immediately at
the surface, and two more injection tests were conducted, at rates of
100 and 140 spm. Although the latter was close to the maximum that
the ship's pumps could deliver, Fig. 5 shows that the downhole pres-
sure increase was quite small compared to the difference between the
formation pressure and the cold hydrostat in the borehole. The small
pressure increases at large injection rates, and immediate pressure
decays on shut in after pumping, indicated that the average permeabil-
ity of the formation was high, probably orders of magnitude greater
than any value previously measured in any Deep Sea Drilling Project
(DSDP) or ODP hole. This go-devil also gave an indication of the

Casing

Fluid
injected
from

rig floor

Open
hole

Centralizer

Spinner

Figure 3. Sketch of the flowmeter/injection experiment after inflation of the
packer. The packer is shown schematically with a single element, although two
elements were used as shown in Fig. 2. Dashed lines with arrows represent
fluids pumped from the rig floor and into permeable zones of the formation.
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Figure 4. Summary of the sequence of packer and flowmeter measurements
conducted in Hole 857D, along with the resistivity log and a sequence of sills
interpreted from the resistivity and gamma-ray logs (Shipboard Scientific
Party, 1992a). In the column on the right, the parenthesized numbers (1-3)
denote the sequence of successful packer experiments, with the depth ranges
denoting the intervals over which the respective experiments were conducted.
For the first and second experiments, the packer was inflated at 96 mbsf within
casing, but the test interval began at 574 mbsf or the bottom of the casing; for
the third experiment, the packer was inflated at 756 mbsf, in a thick sill at the
position shown by the horizontal arrow.

differential between the formation pressure and the cold hydrostat in
the borehole, which was on the order of 1 MPa.

Third Go-Devil and Flowmeter Experiment, Packer at 96 mbsf

The high transmissivity of the formation provided nearly ideal
conditions for the flowmeter/injection experiment. The packer was
left uninflated in position in the casing, and the flowmeter tool and
logging cable go-devil were run into the hole. After the packer was
inflated, the flowmeter was first lowered to near the bottom of casing,
at which point the ship's pumps were used to calibrate the spinner
reading in the casing at several flow rates. Heave introduced signifi-
cant noise in the spinner readings, particularly at low flow rates. The
flowmeter was then run into the hole for stationary measurements at
10-m intervals while the mud pumps were turned up to the maximum
steady injection rate, 150 spm (Fig. 6). Within 60 m below the bottom
of the casing, the flowmeter readings dropped so low relative to the
noise introduced by heave that no reliable information would have
been collected by continuing any deeper. The tool was then raised
back into the casing, where the flowmeter was recalibrated within
casing at a pump rate of 150 spm, and the packer was deflated.

As soon as the packer deflated, the spinner reading more than
tripled, indicating that the differential between the cold hydrostat and
formation pressure was so great, and the formation so transmissive,
that the formation was drawing bottom water at roughly three times
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Figure 5. Annotated pressure-time records collected downhole and at the rig floor
during the standard packer experiments conducted in Hole 857D with the packer
set in casing at 96 mbsf, testing the entire open-hole interval of 574-936 mbsf.

the maximum rate that the ship's pumps could deliver. Given that
the formation was drawing bottom water so strongly^ the packer and
ship's pumps were actually unnecessary for the experiment, and the
log was repeated at intervals of 10-20 m utilizing the induced flow
down the hole. With the larger injection rate, the flowmeter gave valid
readings down to about 120 m below the base of the casing, by which
point most of the massive downhole flux had been diverted into the
formation. The flowmeter was then pulled back into the casing for a
final calibration, and the experiment was ended.

Fourth Go-Devil, Packer at 756 mbsf

The flowmeter experiment had shown that most of the extraordi-
nary downhole flow in Hole 857D was diverted into the upper section
of open hole, and that this section of the hole was maintained at tem-
peratures nearly as low as bottom-water values because of the down-
hole flow. Therefore, it was decided that it was both technically
feasible and scientifically interesting to run the packer below this
zone and measure the permeability of the deeper section of open hole.
The packer was run to 756 mbsf, 180 m above the bottom of the hole,
and inflated at the center of the thickest sill cored in Hole 857D.
Previous logs had indicated that the hole in this interval is particularly
smooth and round. Figure 7 shows the record of testing during this
packer inflation. Two slug tests were attempted, including the slug test
that automatically occurs when the packer is inflated. While attempt-
ing to pump the pressure pulses for the inflation and slug tests, the
drillers noted that a significant volume of fluid had to be pumped to
first "fill the pipe." Pressure readings at the surface decayed quickly,
and two constant-rate injection tests were conducted. The injection
tests showed that this lowermost section of hole is significantly less
permeable than the open-hole formations above, although it is still
roughly as permeable as the upper sections of basement in Holes
504B and 395A (Anderson and Zoback, 1982; Becker, 1990).

When the downhole gauges were recovered, they showed longer
decay periods for both the slug tests and injection tests than the rapid
decays seen on the surface gauges, because of the difference between
the cold hydrostatic pressure in the borehole and the formation pres-
sure. As this pressure differential is probably quite large, the fact that
measurable downhole flow does not appear to extend to the deeper
part of the hole supports the conclusion that this section is signifi-
cantly less permeable than the upper 100 m of open hole. The two slug
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Figure 6. Summary of the results of the flowmeter experiment in Hole 857D.
The left and center columns show an expanded view of the logs of resistivity
(solid line) and spontaneous potential (dashed line), along with the interpreted
sills as shown in Fig. 4. The right column shows the variation of downhole
flow readings collected during the flowmeter experiment in Hole 857D. Circles
denote average readings collected with the packer inflated and the ship's pumps
injecting 150 spm; squares show readings after the packer was deflated and
ocean-bottom water was flowing down the hole.

tests are not reliable because they show irregular decay curves, prob-
ably related to the reason that large volumes had to be pumped to
produce the pressure pulses. The two injection tests, particularly the
second, appear to be of good quality and are analyzed herein to deter-
mine the permeability of the lower section of the hole.

Packer and Flowmeter Experiments in Hole 858G

Packer and flowmeter experiments were conducted in Hole 85 8G
after it had been cased to 270 mbsf and deepened to 432.6 mbsf; the
open-hole section comprises a nearly continuous sequence of basaltic
flow units. Three go-devils were deployed, and the packer was in-
flated three times within casing during a sequence of standard perme-
ability tests and the flowmeter experiment. As at Hole 857D, the first
go-devil was fouled with rust and provided little useful data; the
pressure record from this go-devil was shown and discussed by Ship-
board Scientific Party (1992b, p. 561).

Second Go-Devil, Packer at 104 mbsf

To minimize further problems related to rust in the pipe, the go-
devil was modified to ensure the largest possible flow passages, and
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Figure 7. Annotated pressure-time records collected downhole and at the rig
floor during the standard packer experiments conducted in Hole 857D with the
packer set in a thick sill at 756 mbsf, testing the zone 756-936 mbsf.

the packer experiment was repeated at the same inflation depth. The
modified go-devil was deployed with redressed Kuster and GRC pres-
sure recorders, and the packer was inflated at 1500 psi (10.3 MPa).
A temperature log conducted immediately after retrieval of the rust-
fouled first go-devil had shown evidence suggestive of some flow of
ocean bottom water down the hole, indicating significant permeabil-
ity in the formation, and the test sequence was conducted accordingly.

Figure 8 shows the pressure record collected during this test
sequence. First, two slug tests were conducted, producing moderate
decay curves, and then four injection tests were conducted at succes-
sively higher pumping rates. The pressure records from the first three
slug and injection tests appear to be of good quality and are processed
herein to estimate the bulk permeability of the open-hole section.
However, the data from the last three injection tests deviate from the
ideal record, in which pressure should increase monotonically with
time towards a nearly steady-state value (Horner, 1951; Matthews and
Russell, 1967). In contrast, these records show noticeable decreases of
pressure at long injection times preceding the smooth decays when
pumping was stopped (Fig. 8). They also show pressure spikes at the
beginning of each injection test. The combination of effects is similar
to that observed in a hydrofracture experiment when pre-existing
cracks are reopened under the pressure of constant-rate injection (e.g.,
Hickman and Zoback, 1983). Thus, it appears that an inadvertent
hydrofracture experiment was conducted beginning with the second
injection test, with pre-existing cracks opened such that any perme-
abilities calculated from the last three injection tests would probably
be unrepresentative of the formation.

Third Go-Devil and Flowmeter Experiment, Packer at 104 mbsf

The moderate permeability of the formation provided a good test
of the resolution of the flowmeter/injection experiment, which had
been run under conditions of exceptionally vigorous downhole flow in
Hole 857D. The packer was left uninflated in position in the casing,
and the flowmeter tool and logging cable go-devil were run into the
hole. After the packer was inflated, the flowmeter was first lowered to
near the bottom of casing, and the ship's pumps were used to calibrate
the spinner reading at known flow rates. At given pumping rates,
pressures rose much more than at Hole 857D because the formation is
less transmissive in Hole 858G. At the higher injection rates there was
significant leakage of the pumped fluids at the gland on the top drive
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Figure 8. Annotated pressure-time records collected downhole and at the rig
floor during the standard packer experiments conducted in Hole 858G with the
packer set in casing at 104 mbsf, testing the entire open-hole interval of
270-432.6 mbsf.

that sealed the logging line. Because of this effect, injection rates had
to be kept lower than in Hole 857D, and the resolution of the flowme-
ter was limited for the experiment in Hole 85 8G.

The flowmeter was then run into the hole for stationary measure-
ments at 10-m intervals (Fig. 9). At the first measurement depth, an
injection rate of 100 spm was attempted, but fluid leakage at the rig
floor seal on the logging line was unacceptable, so the experiment was
conducted at 50 spm (one-third the rate that had been used in Hole
857D). Within 80 m below the bottom of the casing, the flowmeter
readings dropped so low relative to the noise introduced by heave that
no reliable information would have been collected by continuing any
deeper. The tool was then raised back into the casing, where it was
recalibrated at a pumping rate of 50 spm, and the packer was deflated.
After deflation, the flowmeter reading showed no indications of de-
tectable downhole flow, in contrast to the vigorous downhole flow
observed in Hole 857D, and the experiment was ended.

DATA INTERPRETATION AND RESULTS

High Hydraulic Conductivity in the Upper Open-hole
Section of Hole 857D

As described previously, the pressure records from the standard
packer tests of the entire open-hole interval in Hole 857D (Fig. 5)
showed only small pressure increases during injection tests at high
rates, indicating that the formation included zones of exceptionally
high hydraulic conductivity. The record of the subsequent flowmeter
experiment (Fig. 6) strongly indicates that the bulk of the hydraulic
conductivity is concentrated in a few narrow zones, with one dominant
zone at 610-615 mbsf and perhaps two less conductive zones at about
620-625 and 680-685 mbsf. Thus, it is clearly inappropriate to inter-
pret the records of the standard injection tests in terms of an average
permeability of the entire open-hole interval, when the results were so
dominated by the hydraulic properties of these thin formations.

With the packer sealing the annulus, the flowmeter was calibrated
in casing at flow rates up to the maximum the ship's pumps could
deliver, 150 spm. When the packer was deflated at the end of the flow-
meter experiment, the spinner signal level in the cased section was
three times as great as the level at the maximum calibration pump rate.
The calibration data suggest that the spinner count is slightly nonlinear
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Figure 9. Summary of the results of the flowmeter experiment in Hole 858G.
The plot on the left shows the resistivity (solid line) and caliper (dashed line)
logs. The plot on the right shows the variation of downhole flow readings
collected during the flowmeter experiment in Hole 858G, with the ship's
pumps injecting 50 spm into the open-hole section.

with flow rate, and we can only crudely estimate the rate of natural
downhole flow beyond the calibration range. The estimated rate at
which the formation was naturally drawing fluids is equivalent to 400-
500 spm, or nearly 10,000 L/min. This rate is at least two orders of
magnitude greater than the rates of the long-lived downhole flows
observed during postdrilling reentries of Holes 395A and 504B (Fig.
10) (Becker etal., 1983,1984;Kopietzetal., 1990;MorinetaL, 1992).

The zone at about 610-615 mbsf clearly accepted most of the
downhole flow, and is marked by negative anomalies in both the
resistivity and spontaneous potential (SP) logs. Similar anomalies
appear at 620-625 and 680-685 mbsf, and these zones are also asso-
ciated with small decreases in the spinner counts; these zones are
therefore interpreted here as possible hydraulically conductive zones.
Almost no core was recovered from these sections, so there is little
information as to their nature. In fact, unusual events occurred when
the dominant conductive zone at 610-615 mbsf was first penetrated,
including rapid advance of the bit and a sudden loss of fluid level in
the drill pipe (Shipboard Scientific Party, 1992a). This suggests that
the downhole flow of bottom water began at that time, driven by the
differential pressure between the cold drilling fluids and hot forma-
tion fluids, and enabled by the high hydraulic conductivity at that
depth in the formation.

Because the zone at 610-615 mbsf accepted most of the downhole
flow during the flowmeter experiment, it probably accepted nearly all
of the lesser fluxes applied during the constant-rate injection tests
conducted with the packer inflated in casing (Fig. 5). Thus, we can
estimate the transmissivity of this zone from the pressure increases
observed during the constant-rate injection tests, particularly those
conducted at the higher rates of 80, 100, and 140 spm. In all three
cases, the pressure increases quickly approached nearly constant val-
ues, so we estimated the transmissivity using the steady-state Glover
approximation described previously. The results (Table 1) indicate a
transmissivity of about 2 × 10~3 m2/s; if the thickness of the zone is
taken as 5 m, this is equivalent to a hydraulic conductivity of about 4
× 10"4 m/s and an apparent permeability on the order of 10~10 m2.
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Table 1. Summary of calculations of apparent
transmissivity (T) and permeability (k) of zone
from 610-615 mbsf in Hole 857D.a

Injection rate

(spm)

80
100
140

(L/s)

26.3
32.8
46.0

ΔP
(MPa)

0.049
0.075
0.128

T
(10~3 m2/s)

2.94
2.40
1.97

kb

(10-11 m2)

9.59
7.81
6.42

Calculations were made using Glover's formula under the
assumption that nearly all of the fluids pumped during the
injection tests conducted with the packer set in casing was
accepted by this zone.

b Permeabilities calculated using a viscosity of 1.67 × 10~3

Pa-s, appropriate for the temperature of the injected
fluids as measured by the downhole pressure gauge, 4°C.

Bulk Permeability of the Deeper Open-hole Section of
Hole 857D

Given the presence of such anomalously conductive zones in the
upper part of the open-hole section of Hole 857D, it was impossible to
assess the average permeability of the formation with the packer in-
flated in casing. However, the strong downhole flow kept temperatures
considerably depressed throughout much of the hole, so that it was
possible to run the packer deep in the hole without danger of it failing
because of high temperatures. With the packer inflated in a thick sill
below the conductive zones, the bulk permeability of a characteristic
section of intercalated sills and sediments could be assessed.

A comparison of the downhole pressure records during packer
inflation for both of the packer experiments in Hole 857D (Fig. 11)
illustrates several important differences that are essential to under-
standing the records and interpreting the average formation permeabil-
ity in Hole 857D. With the packer in casing above the conductive zone
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Figure 11. Detailed pressure records of the inflation procedures during the
packer experiments in Hole 857D with the packer set at (A) 96 mbsf in casing
and (B) 756 mbsf deep in the hole. In each case, a standard four-step procedure
was followed, including (1) dropping the go-devil down the pipe to the
uninflated packer; (2) waiting for about 10 minutes for a baseline reading of
borehole pressure; (3) pressurizing the drill string for about 5 min to inflate the
packer; and (4) shifting the packer control sleeve to lock the packer elements
in the inflated position, while at the same time applying the residual pressure
in the drill string to the isolated zone as a slug test. The differences between
the two records are discussed in detail in the text.

at 610-615 mbsf (Fig. 11A), the packer inflation procedure was domi-
nated by the large downhole flow, which in effect "sucked" the packer
into an inflated position well before any inflation pressure was applied
from the rig floor. Thus, when the go-devil first landed in the packer
(37 min), the pressures registered on the recorder changed from cold
hydrostatic to a lower, noisy value close to formation pressure, as the
packer inadvertently sealed the hole early, but at a low effective infla-
tion pressure. When the full inflation pressure was applied to the
packer elements (46 min), the pressure signal stabilized at a formation
value. The difference between the cold hydrostatic and formation pres-
sure is at least 0.9 MPa, but is probably larger because we did not get
a good reading of the cold hydrostatic value. Finally, when the packer
inflation sleeve was closed (52 min), the slug test that normally occurs
barely registered because the isolated zone is so transmissive.

In contrast, with the packer below the conductive zone, the infla-
tion procedure was unaffected by downhole flow, and appeared much
more typical (Fig. 11B). When the go-devil first landed (35 min), the
packer remained uninflated and the recorder registered a stable cold
hydrostatic borehole pressure baseline, as is normal procedure. When
the inflation pressure was applied to the packer and held for 5 min,
(47-52 min), recorded pressures began a smooth approach from the
cold hydrostatic pressure in the borehole toward the formation value.
When the inflation sleeve was closed (52 min), a slug test was indeed
registered, although it was of somewhat irregular quality. Thus, the
record of the ensuing test sequence is superposed on the smooth
approach of the reference pressure from the borehole hydrostatic
value toward the formation pressure, and the data processing required
that the measured pressures first be corrected for the extrapolation of
the decay curve monitored at 47-52 min. We represented this decay
curve as the Horner curve (described previously) appropriate for the
case in which the borehole was held at a cold hydrostatic pressure
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different from formation pressure for the time period beginning when
the section was drilled and ending when the packer was inflated.
When the data recorded from 47-52 min were fit to such a function,
they extrapolated to a formation pressure about 1.1-1.2 MPa less than
the cold hydrostatic pressure (Fig. 11B). This is consistent with both
the differential pressure measured when the instrumented borehole
seal was installed and the hydrostatic pressure appropriate for the
estimated undisturbed thermal state of the formation at this site (Davis
and Becker, this volume).

As noted previously, the two slug tests required excessive pumped
volumes to produce pressure pulses, and their decay curves are irreg-
ular such that the initial parts of these curves do not fit the type curves
properly. Therefore, they were not processed to estimate permeability,
but the better-behaved later parts of the decay curves were fit to the
type curves in order to calculate a proper correction for the residual
effects of these slug tests on the subsequent injection tests. Both injec-
tion tests nicely followed the prescribed linear relationships of pres-
sure vs. In time during injection and pressure vs. the Horner function
during subsequent shut in (Fig. 12). The slopes of these linear rela-
tionships yielded reasonably consistent determinations of a transmis-
sivity on the order of 1-2 × 10~5 m2/s and a bulk permeability on the
order of 10~14 m2 for the lower 180 m of Hole 857D (Table 2). This
permeability value can perhaps be taken as a representative average
value for the intercalated sediment/sill sequence where it is not dis-
rupted by unusually conductive zones like that at 610-615 mbsf.
However, there are almost certainly significant variations of perme-
ability within the sediment/sill sequence, and this bulk permeability
value does not preclude the existence of discrete conductive zones
within the lower 180 m of the hole. Nevertheless, the fact that the
transmissivity of this section is two orders of magnitude less than the
transmissivity of the upper section of open hole would require that
any such discrete zones be much narrower and/or orders of magnitude
less permeable than the highly conductive zone at 610-615 mbsf.

Bulk Permeability of Igneous Basement in Hole 858G

Site 858 was located in an active vent field in sediments overlying
a basement high, suggesting that there must be significant permeabil-
ity in the basement section. As noted previously, the open-hole section
of Hole 858G includes 162.6 m of igneous basement; although core
recovery was poor, the log data indicate that this section comprises
an apparently continuous sequence of basaltic units (Langseth and
Becker, this volume). The purpose of the packer and flowmeter mea-
surements was to determine the permeability structure of this section
and compare the results to permeabilities measured in other holes that
penetrate young upper oceanic crust in thinly sedimented settings.

As discussed previously, the last three injection tests of the se-
quence of standard packer tests (Fig. 8) may have resulted in inadvert-
ent hydrofracture and were therefore flawed as permeability measure-
ments. The first two slug tests and the first injection test (conducted

Table 2. Summary of the calculations of transmis-
sivity (T) and average permeability (k) for the
lower 180 m of Hole 857D.a

Injection rate

(spm) (L/s)

28 9.2
0 (shut in)
17 5.6
0 (shut in)

T
(10-5m2/s)

1.40
1.91
1.42
2.17

kh

(10"I4m2)

1.05
1.44
1.07
1.63

Calculations are from the two injection tests conducted with
the packer set at 756 mbsf (Figs. 7 and 12).

b Permeabilities calculated using a viscosity of 1.39 × 10~3

Pa-s, appropriate for the mean temperature of the in-
jected fluids throughout the isolated zone as estimated by
the downhole pressure gauge, about 10°C.
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Figure 12. Results of processing the two injection tests conducted in Hole 857D

with the packer set at 756 mbsf, isolating the deepest 180 m of the hole. A.

Pressures corrected for the slow decay of measured values from cold hydro-

static pressure in the borehole toward the formation value after the packer was

inflated. B. Rise of corrected pressures during injection vs. the log of time since

injection was started. C. Decay of corrected pressures in the shut-in hole after

injection was ended. For both Figs. 12B and 12C, the circled points denote the

end points of the linear segments of these curves; slopes of these linear seg-

ments were obtained by linear regression and were used in the calculation of

the transmissivities and permeabilities reported in Table 2.
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Table 3. Summary of the calculations of transmissivity (T) and
average permeability (k) of the open-hole section of Hole 858G.a

Test

Slug#l
Slug #2
Injection #1 a
Injection # l b d

Shut in

α

0.01
0.01

—
—

t,6

(s)

105
45

—
—

Injection rate

(spm)

15
30

0

(L/s)

4.9
9.8
0

T
(1(T5 m2/s)

2.50
5.87
2.70
2.78
2.83

k
(10-1 4m2)

1.66°
3.84C

2.25e

2.32e

2.36e

c
Q_

Calculations are from the slug tests and first injection test conducted with
the packer inflated in casing (Figs. 8, 13, and 14).

b For a slug test, the parameter t, corresponds to the amount (in seconds) that
the type curve was shifted to produce the best fit to the data; T and k are
calculated from t: by the equations T= VKCwpwg/πtj and k = \iVwCJπbt1.

0 Permeabilities calculated using the compressibility determined from the
volume pumped to produce the pressure rise of slug test #2, and a
viscosity of 1.09 × 10~3 Pa-s appropriate for an estimated mean tempera-
ture of 20°C in the tested interval.

d As explained in the text, injection tests #la and #lb are the two segments
of the first injection test, during which the injection rate was started at 15
spm but increased to 30 spm when there was no pressure increase
observed on the rig floor gauges.

e Permeabilities calculated using a viscosity of 1.39 × 10~3 Pa-s appropriate
for the mean temperature of the injected fluids throughout the isolated
zone as estimated by the downhole pressure gauge, about 10°C.

at the lowest injection rate) were processed by the methods described
previously to estimate the transmissivity and bulk permeability of the
basement section penetrated by Hole 858G. The "first" injection test,
labeled 30 spm, actually includes an initial 5 min of injection at only
15 spm; when this produced no pressure increase on the rig floor
gauges, the injection rate was increased to 30 spm, resulting in the
shoulder seen in the pressures recorded downhole. This was processed
as two injection tests, with a shut-in period following the second. The
time origin for the second phase at 30 spm was taken to be about 26 s
(three data-sampling periods of the GRC recorder) before the pump
rate was actually increased to 30 spm, consistent with the steep initial
rises of pressure observed whenever injection was begun during the
sequence. The curve fits and permeability calculations are summarized
in Figs. 13 and 14 and Table 3. With the exception of the poorest fit
(for Slug test #2), the results are all consistent with a transmissivity of
2-3 × 10~5 m2/s for the entire interval. This is equivalent to an average
permeability of about 2 × 10~14 m2. This value is quite consistent with
values measured previously in the upper levels of oceanic basement in
more thinly sedimented settings and with the value obtained for the
sill/sediment sequence deep in Hole 857D.

As noted previously, the flowmeter experiment in Hole 85 8G had
to be conducted at lower injection rates than in Hole 857D, because
the basement in Hole 858G would not accept the pumped fluids as
rapidly and the back pressures resulted in fluid leakage at the rig floor
seal around the logging cable. This is consistent with the difference
in transmissivities calculated for the entire open-hole sections of the
two holes, about two orders of magnitude. At the low injection rates,
the lack of a wireline heave compensator resulted in poor resolution
by the flowmeter, and the data do not justify calculation of a perme-
ability log. Although there is a general decrease in flow readings from
the bottom of casing to 330 mbsf, these readings are inversely propor-
tional to hole size, suggesting that the latter (not formation permeabil-
ity) is the most important factor affecting the response of the flow-
meter in this section.

Nevertheless, the sharp decrease in flowmeter readings below 330
mbsf (Fig. 9) suggests the existence of at least one hydraulically con-
ductive zone in the section between 340 and 350 mbsf. Ironically, this
zone appears to be immediately below the deepest point logged with
the resistivity tool (or any other logging tool other than temperature).
The resistivity log shows two sections with low values, at about 320
and 335 mbsf, which by analogy with the results in Hole 857D might
be suggested as other conductive zones, although the flowmeter re-
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Figure 13. Best fits of measured data (circles) to the type curves of Cooper et al.
(1967) of the pressures recorded during the two slug tests conducted in Hole
858G with the packer inflated in casing, isolating the upper 162.6 m of basement.

cord does not show any clear indications of flow into these zones. In
fact, a temperature log measured between the first and second packer
inflations shows a change in slope at about 330 mbsf, with a steep
gradient below and a more nearly isothermal gradient above (Ship-
board Scientific Party, 1992b). This suggested that the section be-
tween 320 and 350 mbsf was drawing ocean bottom water down Hole
85 8G, but the flowmeter showed no indication of downhole flow
when the packer was deflated, so the rate of any downhole flow could
only have been much lower than that at which bottom water was flow-
ing down Hole 857D. If the debatable assumption is made that most
of the transmissivity detected in Hole 858G is concentrated in the
three zones between 320 and 350 mbsf, with a total thickness of
about 10-15 m, then the resulting average permeability of these zones
would be on the order of 2-3 × 10~13 m2. This is several orders of
magnitude lower than the analogous calculated permeability for the
exceptionally conductive zone in Hole 857D.

DISCUSSION AND CONCLUSIONS

The permeability values obtained in Holes 857D and 858G are
summarized in Fig. 15. The results indicate that there are at least two
hydrogeological types of formations in the Middle Valley hydrother-
mal system: (1) relatively thin, highly conductive zones such as that
encountered in the upper part of the open-hole section in Hole 857D
and (2) thicker sections of representative basement, whether it be true
igneous basement as at Hole 858G or a sediment/sill sequence as at
Hole 857D, with typical average permeabilities on the order of 10~14
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Figure 14. Results of processing the first injection test conducted in Hole 858G
with the packer set in casing, isolating the upper 162.6 m of basement. A. Rise
of pressures during injection vs. the log of time since injection was started, for
the initial phase of injection at 15 spm. B. Rise of pressures during injection
vs. the log of time since injection was started, for the second phase of injection
at 30 spm. C. Decay of corrected pressures in the shut-in hole after injection
was ended. For all three plots, the circled points denote the end points of the
linear segments of these curves; slopes of these linear segments were obtained
by linear regression and were used in the calculation of the transmissivities and
permeabilities reported in Table 3.
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Figure 15. Permeabilities measured in Holes 857D and 858G vs. depth below
seafloor. The vertical extent of each rectangle represents the vertical interval
over which average permeability was measured; the horizontal extent repre-
sents the estimated error range in the permeability value.

m 2 . Of course, there is at least one other important hydrogeological
type of formation at Middle Valley: the thick sections of sediments
that overlie the basement. The permeabilities of representative sam-
ples of the sediments measured in the laboratory by Fisher et al. (this
volume) were typically on the order of 10~16 m2, two orders of mag-
nitude less than the basement permeabilities obtained herein.

The average permeabilities of representative basement in both
Holes 857D and 858G are quite consistent with those measured in
upper levels of oceanic basement in three DSDP/ODP holes that
penetrate young off-axis crust formed at unsedimented ridges (Fig.
16). Numerical modeling (e.g., Fehn et al., 1983; Fisher et al., 1990)
has indicated that such permeabilities are sufficient to support hydro-
thermal convection in off-axis settings, where the thermal driving
forces for convection are much less than at spreading centers. There-
fore, given the large thermal driving forces at the Middle Valley sedi-
mented spreading center, the average permeabilities for the repre-
sentative sections of Hole 857D and 85 8G are certainly sufficient to
support vigorous hydrothermal convection, even if there were no
zones of exceptionally high hydraulic conductivity such as encoun-
tered in the upper open-hole section of Hole 857D.

The presence of such highly transmissive zones must have a
profound effect on the circulation system. The transmissivity and
apparent permeability of the single zone at 610-615 mbsf in Hole
857D are orders of magnitude greater than the transmissivities and
average permeabilities of the deepest 180 m of that hole or the 162 m
of igneous basement in Hole 85 8G. Therefore, if there is any lateral
or vertical extent to this zone, it must act as an important conduit to
focus large hydrothermal fluxes. As there was virtually no core recov-
ery in this zone, there were no direct indications as to why this for-
mation is so transmissive. However, considerable circumstantial evi-
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Figure 16. Comparison of the permeability measured in the upper part of igneous
basement in Hole 85 8G with previous results in young oceanic crust. Results
are plotted against depth into igneous basement, which could not be clearly
determined for Hole 857D, so the values from Hole 857D are not shown.

dence suggests that a major fault zone was intersected by the hole.
Seismic data clearly indicate the presence of normal faults in the
region (Davis and Villinger, 1992; Rohr and Schmidt, this volume).
Seafloor surveys indicate that one such axis-parallel fault outcrops on
the seafloor within a few hundred m west of both Sites 857 and 858
(Shipboard Scientific Party, 1992a, 1992b). Furthermore, downhole
logs indicate that there is a significant depth offset between correlat-
able units in the sediment sections at both sites (Langseth and Becker,
this volume).

Thus, it appears to be a reasonable interpretation that Hole 857D
intersected a fault zone. If so, our measurements represent the first
direct determination of the characteristic hydrogeological properties
associated with the kind of fault or large-scale fracture system that has
long been surmised to control circulation patterns at axial hydrother-
mal systems, whether sedimented or unsedimented. Even if it is not
the case that the zone at 610-615 mbsf in Hole 857D is the fault zone
that outcrops between Sites 857 and 858, the transmissivity measured
in this zone strongly confirms the inference that discrete, irregular
zones of high hydraulic conductivity must dominate circulation pat-
terns in axial hydrothermal systems. It will be difficult to understand
and model the physical processes in axial hydrothermal systems un-
less methods are developed to map the three-dimensional distribu-
tions of such zones and assess their hydrogeological properties.
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