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ABSTRACT

In situ permeabilities measured within the upper kilometer of oceanic crust in Hole 504B on the south flank of the
Costa Rica Rift decrease exponentially from 10~ '3 to 10~ !4 m? in Layer 2A (the upper 150 m) to 10" to 1077 m? in
Layer 2B (150-550 m into basement) and to 10~ 7 m? and lower in Layer 2C (deeper than 550 m). We estimate the per-
meability (k) versus depth (2) to vary as k(z) = 0.11 e{=#59 x 102 m2, If this permeability versus depth function is
representative of the oceanic crust in general, then hydrothermal convection would be vertically stratified, with the most
vigorous circulation confined to the shallowest pillow basalt layers of the crust. Use of a full suite of geophysical logs—
including borehole televiewer imagery and multichannel, full waveform sonic, nuclear, and variable spacing electrical
resistivity logs—allows us to characterize the scale and interconnectedness of fractures, and the degree of infilling of
these fractures by alteration minerals. In Hole 504B, we observe a relationship between permeability and fracture poros-
ity, determined from the geophysical logs. If fractures with similar aspect ratios are encountered at other oceanic sites,
prediction of the permeability of the oceanic crust to within an order of magnitude is possible from geophysical logs. In
Hole 395A in the Atlantic, for example, in situ permeability measurements yielded values similar to those predicted by

the logging relationships established in Hole 504B.

INTRODUCTION

Convection of seawater within the oceanic crust is
now a well-established physical observation. From hot
springs spewing forth 350°C, mineral-laden “smoke” at
the ridge axes (e.g., Macdonald and Luyendyk, 1981),
to 50 Ma-seafloor in the Indian Ocean with the distinct
heat flow “oscillations” characteristic of ridge flank con-
vection (Anderson et al., 1979), to helium anomalies
that are a distinct fingerprint of convection in 20-Ma
sediments of the eastern Pacific (Sayles and Jenkins,
1982), the evidence continues to accumulate that this hy-
drothermal circulation is one of the dominant physical
and chemical processes controlling aging of the oceanic
crust. One third of all seafloor is thought to have active
convection within its crust, and the other two thirds
bears the unmistakable chemical signature of past hy-
drothermal activity (e.g., Staudigel and Hart, this vol-
ume). Yet the most fundamental physical parameter that
controls the form, magnitude, and duration of ocean
crustal convection is also the least understood: permea-
bility. We know very little about the permeability versus
depth function in the oceanic crust and how it varies with
age and geography.
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In order to measure directly this crucial parameter,
we have been conducting in situ flow tests in Deep Sea
Drilling Project (DSDP) boreholes over the last four
years: first in Hole 504B in the eastern Pacific on Legs
68 and 69 (Anderson and Zoback, 1982), then in Hole
395A on the Mid-Atlantic Ridge during Leg 78B (Hick-
man et al., in press), and again in Hole 504B on Legs 83
and 92 (reported later). Hole 504B has penetrated over
1 km into the upper oceanic crust and offers the first
DSDP hole in which measurements of permeability can
be made in Layers 2A, 2B, and 2C of the crust.

In this chapter, we report permeability measurements
made over the lower 750 m of Hole 504B during Leg 83,
and we derive a permeability versus depth function from
this and previous measurements made in this hole. We
then examine geophysical logs from the hole to deter-
mine if they may be used to predict permeability by indi-
rect means. The crucial parameters that we extract from
these logs are the scale of fracturing, how interconnect-
ed these fractures are, and how much the infilling of al-
teration minerals has clogged the fractures. As will be
shown, these logs offer great promise as a predictor of
crustal permeability, at least to within an order of mag-
nitude in accuracy.

This extension from direct to indirect measurement
of permeability is essential if we are to discuss permea-
bility versus depth and age in the oceanic crust on a
large scale. The experimental procedure involved in di-
rect permeability measurement is much too complex,
time consuming, and frought with mechanical difficulty
to be carried out extensively in the oceanic crust within
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the next several years. Geophysical logs are rather inex-
pensive and easy to obtain, however.

THE EXPERIMENT

Hole 504B (Fig. 1), is currently the deepest penetra-
tion into oceanic crust, reaching 1075.5 m sub-basement.
The stratigraphic sequence encountered during drilling
on Legs 68, 69, 70, and 83 was a rubbly, pillow basalt in-
terval just below 274.5 m of carbonate sediments (with
chert stringers near the bottom). This upper pillow ba-
salt interval contains several massive basaltic flow units
with thicknesses on the order of several meters. Despite
the flow units, the upper 150 m were both highly perme-
able and underpressured so that penetration of the rela-
tively impermeable sedimentary lid during drilling re-
sulted in drawdown of ocean bottom water into the for-
mation (Anderson and Zoback, 1982; Becker et al.,
1983). The source of the underpressures is believed to be
a hydrothermal convection system that is active within
the oceanic crust in this 5.9-Ma seafloor on the south-
ern flank of the Costa Rica Rift. Anderson et al. (1982)
have classified this stratigraphic sequence as belonging
to Layer 2A.

Between 150 m and 550 m sub-basement (420 and
820 m below seafloor), the pillow basalts become more
altered and less “rubbly.” This interval is thought to be
Layer 2B of the oceanic crust. At the base of this layer,
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Figure 1. Location of Deep Sea Drilling Project Hole 504B.
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a transition zone of alternating pillow basalt and dike
units is found. A metalliferous stockwork was also en-
countered within this zone. The lower 400 m of base-
ment drilled in Hole 504B consist of a sheeted dike com-
plex, so that the overall geology agrees with an “ophiolite”
model for the structure of the oceanic crust (Anderson
et al., 1982).

During Leg 69, we conducted “slug-type” permeabil-
ity tests using an inflatable rubber packer to measure di-
rectly the decay of a pressure pulse forced first into Lay-
er 2A, then into the top of Layer 2B. We measured bulk
permeability values of 4 x 10~ '4 m2 in the Layer 2A in-
terval of 50-200 m sub-basement, and 4 X 10~ !5 m? at
195-210 m sub-basement, which is at the top of Layer
2B (Anderson and Zoback, 1982).

In addition, the underpressures were measured and
found to be 8-12 bars subhydrostatic within Layer 2A
(Anderson and Zoback, 1982). This underpressure, com-
bined with flow rates into the “aquifer” calculated from
depressed borehole temperatures, allowed for the calcu-
lation of a bulk permeability of 6 x 10~4 m? for the
upper 100 m of Layer 2A (Becker et al., 1983).

The drop in permeability of over 1 order of magni-
tude explains why the ocean bottom water drawndown
into the crust disappears into the Layer 2A aquifer, but
not into the deeper formations in the hole, and why
temperatures deeper in the borehole are much higher
than those in Layer 2A (Fig. 2). The higher temperatures
are closer to those expected from a purely conductive
geothermal gradient within the lower crust and would
imply much lower permeability values for the oceanic
crust below Layer 2A than were measured at the top of
Layer 2B (Becker et al., 1983).

The Packer

To test if permeability drops by several orders of mag-
nitude within Layer 2 in Hole 504B, we attempted three
types of hydrological experiments over the lower two
thirds of Hole 504B. We were successful at setting a
Lynes International during-drilling-safety-tool (DDST)
rubber packer (Fig. 3A) 749 m above the bottom of the
hole, when it had been drilled to a total depth of 1287.5 m,
and then forcing water down the drill pipe into the
formation.

The DDST tool consists of a 1-m-long inflatable rub-
ber packer, mounted from 2.3 to 3.3 m above the end of
the drill string. The drill string is then lowered to the de-
sired depth below which permeability is to be measured.
A “go-devil” is then dropped down the inside of the
pipe to lock into the packer body. Pumping then inflates
the rubber element against the well bore. The packer is
nothing more than a rubber plug that seals the annulus,
or the portion of hole outside the drill pipe, so that wa-
ter exiting the drill bit must go into the rock below the
packer because the normal exit path out the annulus to
the seafloor is blocked by the packer. A shear plug is
then blown, opening the rig pumps to the formation be-
low the packer. (See Anderson and Zoback, 1982; and
Hickman et al., in press, for more details.)

The volume of water pumped into the formation is
called a “slug” because the water pressure in the well
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Figure 2. Temperatures measured at various times in Hole 504B. See Becker et al., 1983,
and Becker et al., this volume, for details. The permeability test reported in this paper
was over the lower 749 m of the hole, at the time it had been drilled to 1287.5 m below
seafloor. We estimate that the average temperature of borehole water injected into the
formation during that test was 90 + 30°C. The tests from Anderson and Zoback, 1982,
are also shown on this figure (solid bars just below sediment-basement interface).
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Figure 3. (A) Lynes packer just before lowering into bottom of Hole 504B. Rubber outer tread visible in center. (B) Lynes packer after return to sur-
face from unsuccessful permeability test at bottom of Hole 504B. All the rubber has been lost from the packer, yet the steel strength member is
still in place. It is suspected that the high temperatures at the bottom of the hole (160°C, Fig. 2) caused the rubber to “devulcanize” from the
packer.
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bore is raised almost instantaneously. We then monitor
the decay of this pressure slug, and the rate of return to
normal formation pressures is a direct measure of the
formation permeability. This permeability is a “bulk”
measurement over the entire interval between the bot-
tom of the hole and the location of the packer. The
results of this test are described.

A second test, in which a constant flow rate is main-
tained into the formation below the packer, provides a
measure of the permeability, if a stable downhole pres-
sure is approached after several minutes of pumping.
This test failed on Leg 83 when the packer seat against
the well bore was weakened by the high formation tem-
peratures, and leakage occurred at pressures higher than
about 20 bars above hydrostatic.

In the third type of test, a sample of formation fluid
is taken below the packed-off interval when a sample
chamber containing air at 1 atmosphere is opened to the
formation. Pressure is “drawn-down” in the well bore,
and permeability is calculated from the rate of return of
borehole pressure to normal. In all these tests, pressure
is monitored in situ by placing a Kuster pressure gauge
below the packer in a position open to the formation.
This experiment also failed because the packer did not
hold a seal.

Three rubber elements from the packer were destroyed
trying to measure the bulk permeability within the sheet-
ed dikes at the bottom of Hole 504B, the last failure
occurring on Leg 92. Borehole temperatures exceeding
140°C appear to have weakened (or “devulcanized”) the
rubber, leaving only the steel strength member and mak-
ing a hydraulic seal impossible (Fig. 3B). Higher-tem-
perature technology must be developed for the packer
before we can measure permeability in the dikes at the
bottom of Hole 504B. However, the successful measure-
ment was over the entire lower 750 m of the borehole
and contains important information on the permeability
of the Layer 2C sheeted dikes.

Slug-Test Theory

Consider a well at hydrostatic pressure that is sud-
denly pressurized by injecting an additional amount of
water with a high-pressure pump. The system is then
shut in and the excess pressure (H) following the initial
pressure pulse (H,) is monitored as it decays with time
(?). It is assumed that flow into the tested interval is pri-
marily radial and that the hydraulic properties of the
formation remain constant throughout the test. Another
assumption is that volumetric changes that are due to
the expansion and contraction of components of the
system other than the fluid are negligible. The normal-
ized pressure decay (H/H,) is shown by Cooper et al.
(1967) and Bredehoft and Papadopulos (1980) to be a
function of two parameters, o and 3, defined as:

_ _ardS g = Tt 1)
VuCuoug Vwcwpwg
where
r, = radius of the well bore, in cm;
S = hydraulic storage coefficient of the tested in-

terval;
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V,, = volume of water pressurized, in cm?;
C, = compressibility of water, in cm?/dyne;
p, = density of water, in g/cm?;
g = acceleration due to gravity;
¢t = time since initiation of pressure slug; and
T = transmissivity of the formation.

Cooper et al. (1967), Papadopulos et al. (1973), and
Bredehoeft and Papadopulos (1980) present a tabula-
tion of the pressure-decay function H/H, as a set of
type curves in which the shapes of different decay curves
for varying « are shown as a function of H/H, and
(see Anderson and Zoback, 1982, fig. 4). Permeability,
k, is determined from the transmissivity, 7, by

k = T%in m2, 2

where ¢ = [m/gp,] X 10~* m2/cm?; m = fluid viscosi-
ty, in poise; and b = thickness of interval isolated by
packer in cm.

A semilogarithmic plot of H/H,, versus time is super-
imposed on the type curves and translated along the 3
axis into a position to best fit one of the a curves (see
Cooper et al., 1967). The time, ¢,, is read off at the
point, 3 = 1, where the slug-test data overlie the type
curve for the appropriate . Then from equations (1)
and (2):

VCyuoygC

k - 7l't0b

(€)

As pointed out by Papadopulos et al. (1973), selec-
tion of the wrong type curve is a potential problem with
the Cooper et al. (1967) method. However, such an error
results in only a small corresponding error in the deter-
mination of 7. It does result in a large error in the deter-
mination of S, however, and the slug test is considered
an inaccurate method for the determination of aquifer
storage coefficient. The type-curve fit is generally good
enough to produce an accuracy in 7 of approximately
+33%. We will produce an estimated error by intention-
ally misfitting the o curve by =+ 1 order of magnitude to
produce error bars for our transmissivity values.

The comparison of the shape of the H/H, versus
time curve to the type curve also gives a test of the suc-
cess of the experiment. If a type curve cannot be fit to
within 1 order of magnitude, and/or the shape of the
slug-test curve differs significantly from that of the type
curve, something went wrong with the experiment. Pres-
sure-decay curves from experiments in which extreme
leakage occurs around a damaged packer result in dra-
matically different curve shapes from those of the slug
test.

In conducting multiple slug tests it is assumed that
the decline in system head preceding the last slug has
stopped before injection of the next slug test or that this
declining head can be extrapolated to the end of the test
without significant error. The initial head change Hj is
superimposed on this declining head and both H, and
H(?) of the next slug are measured above the previous
test’s projection (see Bredehoeft and Papadopolus, 1980).



A failure to account for this changing datum can affect
the shape of the data plot and thus result in an errone-
ous match to the type curves. In practice if the initial
head decline has slowed down sufficiently, it is usually
possible to extrapolate the “tail” from a preceding pres-
sure transient through the slug test by fitting it to a sim-
ple linear or exponential function. Alternatively, if two
complete slug tests occur one after the other, one may fit
the first slug test to a type curve and use the projection
of that type curve to approximate the head decline upon
which the second pulse is superimposed. We will use this
latter method.

Slug-Test Results

For the successful slug test, the packer element was
set across a massive flow unit seen on the borehole-tele-
viewer (BHTV) log (Newmark et al., this volume) at
4010 m below the rig floor (524 m BSF and 250 m into
basement). Three consecutive slugs were injected into
the formation: the first began at 12.5 bars above hydro-
static and was monitored for 730 s, the second began at
15.5 bars above hydrostatic and was recorded for 734 s,
and the third, 14.6 bars for 717 s (Fig. 4). We then at-
tempted a constant-rate flow test, but the packer then
came unseated from the well bore, and the test failed.

The H/H, versus time plots from the slug test over
the lower 749 m of Hole 504B agree well with curve
shapes predicted by Cooper et al. (1967) (Fig. 5). For the
permeability calculation of Equation (3), the volume of
water pressurized (7.8 X 107 cm?) is the length of drill
pipe from the surface to the drill bit 3 m below the pack-
er times the interval cross-sectional area of the pipe,
plus the length of open hole beneath the drill bit times
the area of the open hole. Density and compressibility
values for water at the Hole 504B test depth are taken as
1.05 g/cm? and 4.2 x 10~ !! cm2/dyne, respectively, as
in Hickman et al. (in press).
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There are two contributions to error with which we
are particularly concerned. First, error in fitting the
proper a curve is estimated as discussed previously by
“misfitting” the data with o curves 1 order of magni-
tude larger and smaller than the best fit for each test.
Transmissivity values together with these errors are given
in Table 1.

A second source of error arises because we do not
have a firm idea what the temperatures are for the fluid
injected into the test interval, and viscosity is strongly
temperature dependent. The time between last circula-
tion of the entire well and setting of the packer will de-
termine the amount of reheating of the well-bore fluid
as it rebounds to the formation equilibrium tempera-
ture. This well-bore fluid then is pumped into the for-
mation. For the permeability test the drill string was
pulled completely to the surface after the last circula-
tion, and the packer was attached and run back into the
hole. The amount of time elapsed was 26 hrs. A reason-
able estimate of the water temperature in the well after
that time comes from temperature logs run after similar
delays during the logging program (Fig. 2).

We calculate the temperature dependent viscosity, as
0.1668 T-08%7 in poise (Gartling, 1977; Gartling and
Hickox, 1979). The likely average fluid temperature with-
in the test interval is 90°C (Fig. 2). We estimate error in-
troduced into the permeability calculation from uncer-
tainty in temperature by calculating k using viscosities at
60 and 120°C. The latter is a likely maximum because it
is the average formation temperature, and the former is
the estimated temperature of water at the top of the test
interval. We then combined the error introduced by un-
certainties in temperature with errors introduced by pos-
sible mismatches to the type curve (in such a way as to
maximize the composite error) to produce the perme-
abilities in Table 1. We calculate a composite permeabil-
ity value for the lower 749 m of Hole 504B to be 1.4 X
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Figure 4. Pressure versus time record from the Kuster pressure gauge mounted below the packer within the
test interval for the permeability measurement over the 538.5-1287.5 m interval of Hole 504B. 1, 2, and 3
indicate the pulse numbers in Table 1. After Pulse 3, a constant-rate injection test was attempted, but the
packer seal failed. The stylus reached the end of the record before the gauge returned to the surface, which
explains why pressure did not return to atmospheric.
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B Pulse 1 Table 1. Hole 504B permeability calculation at 4010 m
1.0~ packer depth, 749 m above total depth.
0.8[ «
* K (ll?X) T Avg. Tem k.
EQ 0.6}: Pulse WxZre (t?) (cmz/s) g(."C) P (x10™ 17 m2)
04 1 -2 330 325 90 1.2
B -1 225 478 60 2.6
-3 660 1.63 120 0.5
0.2 B=1 2 -2 300 3.6 90 1.4
o yolian] -1 200 5.3 60 29
I e —— , = 4 & B b
225 330 660 1 20 41 60 2.3
Al -3 1050  1.02 120 0.3
5 g DISCUSSION
o8 The successful packer seat during Leg 83 gave good
’ results—the curve fits were excellent for all three slug
' os tests conducted over the lower 749 m of the hole, and
T the error estimates for each test overlap those for the
T 0a others. The primary cause for error, that is, unknown
' temperatures of injected fluid, will be difficult to reduce
62 © in future testing because even if a temperature sensor is
3. 2.1 included with the downhole pressure gauge, the tempera-
102 10°“ 10 5 o » 5
0.0 : — ] : | ture profile bglow the packer sill will be undeter‘mmable.
e 1 The most important result of the hydrological mea-
surements in Hole 504B is the drop in bulk permeability
from approximately 10~ 13 to 10~ !4 m? in Layer 2A to
10~ 15 m?2 at the top of Layer 2B to 10~ 17 m2 over Layers
. e 2B and 2C (Fig. 6). Extrapolation of the observed de-
crease into Layer 3 would predict gabbroic permeability
08 to be less than 10~ 1° m2, Such an extrapolation is un-
warranted now because, to our knowledge, few in situ
S e measurements of permeability in gabbros of any kind
§ have ever been made. However, the major drinking-wa-
0.4 ter supply on Cyprus is from the gabbroic layers of the
Kuster Troodos ophiolite, widely held to represent the ancient
03 d‘*‘Mﬂ}’, seafloor. This implies high present-day permeability for
g Layer 3 of the Trooglpg ophiq]itq and might suggest simi-
0.0 : : S larly high permeabilities while it was beneath the sea.
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Figure S. Pressure versus time curves for Pulses 1-3 of Figure 4 for
permeability measurements over the lower 749 m of Hole 504B.
Curves are from Cooper et al., 1967. Arrows indicate #, values for
fits to various alpha curves. H/H,* indicates correction made for
datum shift from residual of last pulse.

10~ 17 m? from the average of all values calculated in Ta-
ble 1. Because Anderson and Zoback (1982) completed
the permeability tests in the shallow portion of the hole
before the lower 800 m were drilled, they were unaware
of the rapid temperature increase below the aquifer in
Layer 2A. They then used viscosity for 20°C water for
all their calculations. While this is a reasonable value
for the constant-rate flow test from 50 to 200 m into
basement (see Fig. 2), the two slug tests at 190 to 210 m
injected hotter waters than these into the formation. We
recalculate these latter permeability values using water
temperatures of 50°C and find the permeability to be
2.6 x 1015 m2, and 1.9 x 10~15 m?2, respectively.
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We can estimate the decrease in permeability versus
depth by curve fitting to the measurements in Hole 504B.
Because of the large depth intervals over which most of
the measurements were made, such a curve is “pinned”
only at the 190-210 m sub-basement measurement point.
However, an average rate of decrease of permeability
with depth can be calculated from a least-squares fit to
the permeability at the fop of each measurement inter-
val. This assumption implies, in effect, that permeabil-
ity decreases exponentially with depth, and that most of
the fluid injected into the large test intervals permeates
into the top of the interval. Keeping in mind these strong
assumptions, the following relation results (Fig. 6):

k@) = 0.11 e-¥/50) x 10-12 m? @)

This equation probably results in a permeability esti-
mate accurate to an order of magnitude in Hole 504B.
The quality of the relation would be improved greatly
with another point as deep as possible in the hole. An-
other drilling ship is scheduled to occupy Hole 504B in
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Figure 6. Measurements of permeability from Hole 504B from this paper, Anderson and Zoback, 1982, and
Becker et al., 1983, plotted versus depth. Shading indicates uncertainty in permeability versus depth func-
tion caused by widths of the various intervals over which permeability was measured. Numbers refer to guess-
es of this function from Ribando et al., 1976 (1); Gartling and Anderson, in press (2); and two models from
Fehn et al., 1983 (3). The solid line is least-squares curve fit to permeability values at the shallowest depth of

each test (equation given in text).

1986 as part of the next phase of ocean drilling. Such a
permeability experiment should be of the highest priority.

Although we have no idea at this time how represent-
ative Hole 504B is of the rest of the worldwide oceanic
crust, we can compare these first permeability versus
depth measurements with functions used in theoretical
models for convection in the oceanic crust. Three “guess-
es” used in theoretical models are displayed against the
measurements in Hole 504B in Figure 6. Number 1 is
from Ribando et al. (1976), Number 2 is from Gartling
and Anderson (in press), and Number 3 represents two
different models presented by Fehn et al. (1983). All
have significantly underestimated permeability in Layer
2A and overestimated permeability in Layers 2B and 2C.

Use of our experimentally derived k(z) function with-
in their models would probably produce more vigorous
shallow circulation within the pillow basalts of Layer
2A and more sluggish flow within the sheeted dikes of
Layer 2C.

Another important unknown in the permeability ver-
sus depth function is the time frame. We have no evi-
dence with which to add time dependence to the Hole
504B results, let alone to a general relation. The altera-
tion history of the minerals found in cores from Layer
2C clearly indicate a previous higher temperature histo-
ry, followed by much colder conditions than those cur-
rently found in the hole (Alt and Laverne, this volume).
Both colder and hotter circulation systems imply that
the permeability in Layer 2C was higher, and the circula-
tion was more vigorous in the past than at present. That
is, high temperatures were probably present right at the
ridge axis when mineralization responsible for the stock-
work at the dike/pillow boundary was formed. The cold-
er circulation phase is seen on all ridge flanks as lower
than expected surface heat flow (Anderson et al., 1977).

High permeabilities are required to cool the dikes to
temperatures lower than those presently encountered.

The reheating of Layer 2C could result from either
sealing of the circulation system at the sediment/base-
ment interface by the formation of chert, and/or a pre-
cipitous drop in bulk permeability caused by the precipi-
tation of alteration minerals within the fracture system
in the dikes (Anderson and Zoback, 1982). These two
explanations are not mutually exclusive since sealing from
above would cause hydrothermal fluids to circulate sev-
eral times within a closed system. Increased temperature
and accelerated mineral precipitation both would be
enhanced.

“REMOTE DETECTION” OF PERMEABILITY
USING GEOPHYSICAL LOGS

It is necessary to speculate about ways to derive per-
meability from other means than by flow tests because
the likelihood of ever accumulating enough experimen-
tal data from packer experiments during deep-sea drill-
ing is small. The equipment is expensive, the experi-
ments are time consuming, and the probability of me-
chanical malfunctions is high. The most likely data set
from which to derive permeability information is geo-
physical logging. In situ measurements of the absorp-
tion characteristics of the formation to neutron and gam-
ma-ray bombardment reveal the location and concentra-
tion of alteration minerals and free-water porosity (An-
derson et al., this volume). Electrical resistivity source-
receiver arrays of differing lengths map the porosity of
the crust over distances away from the well bore ranging
from a few centimeters to tens of meters (Becker et al.,
1982; Becker, this volume). Full waveform recording of
sonic energy at multiple receivers provides a mechanism
for determining the “acoustic permeability” of the for-
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mation and for estimating the average length and width
of interconnected fractures responsible for energy loss
into the formation (Anderson et al., this volume). Ultra-
sonic borehole imaging provides visual proof of fracture
size and distribution (Newmark et al., this volume). A
mechanism must be developed for integrating these geo-
physical logging results with regional geophysical sur-
veys and core observations to provide a framework for
estimating permeability in the crust.

The first problem has to do with scales of fracturing.
Surface seismic refraction experiments determine veloci-
ties from sound sources of 10-100 Hz frequency. Veloci-
ties from sonic logging are determined from source fre-
quencies of about 10 kHz, and laboratory measurements
of velocity come from transmission of ultra-high-fre-
quency sound. The intercomparison of the velocities from
these three different experiments gives some idea of
the predominance of fractures appropriate to the wave-
lengths of each measurement. If logging velocities are
similar to surface refraction velocities, as is the case in
Hole 504B (Stephen and Harding, 1983; Newmark et
al., this volume), then fractures of less than 1 m in
length must form an interconnected framework that ex-
tends several hundred meters away from the borehole
for velocities from energies of such disparate wave-
lengths to be similar. If velocities from laboratory mea-
surements on cores are also too high to be consistent
with either sonic logging or refraction results, as is the
case in Hole 504B, fractures not sampled within the
cores must control the propagation of sound in the oce-
anic crust at least in Hole 504B. That is, small fractures
are required to slow velocities at the short wavelengths
of the sonic log, but these fractures must be uniform
over a large area to slow the velocities at the long wave-
lengths of the seismic survey.

In fact, the velocity results from Hole 504B generally
hold for fractured crystalline rocks. For example, Moos
and Zoback (1983) found that logging velocities were
consistent with refraction velocities, but considerably low-
er than laboratory measurements of velocities on cores
of granite from a Mohave Desert well bore. It appears
that the propagation of sound in crystalline media is
controlled by interconnected macrofractures on the or-
der of 1 m in length and 1 mm to 1 cm in aperture
(Moos and Zoback, 1983; Seeburger and Zoback, 1982).
We need to determine the hydraulic permeability of these
fractures by some measure of the porosity of the rock.
As with the acoustic experiments, electrical resistivity
measurements at several different wavelengths can be
used to estimate the scale of porosity. In Hole 504B, the
porosity determined from long-spacing resistivity mea-
surements over tens of meters of the borehole agrees
well with porosities calculated from the spherically fo-
cused laterolog, a device that penetrates only a few tens
of centimeters into the formation.

But additional tests need to be applied to the porosity
calculation based upon resistivity logging to determine
if the porosity is due to fractures, and if so, whether
those fractures are indeed open to hydraulic flow. We use
the BHTYV to produce an image of the well bore (Zoback
and Anderson, 1982). A fracture log derived from the
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BHTV (Newmark et al., this volume) can then be com-
pared to the porosity curves (Fig. 7). If they track each
other down the hole, then it is likely that the porosity re-
sides within fractures in the rock.

Consider the BHTV fracture density and resistivity
logs of Figure 7. Both decrease from Layer 2A to reach
a minimum at the top of Layer 2B. They then increase
into Layer 2B, only to drop to another minimum at the
top of Layer 2C. The little porosity in the dikes most
likely resides in the fractures still seen in abundance in
the televiewer fracture log (Fig. 7).

The nuclear logs provide a final piece of information
crucial to the tie between fracture porosity and permea-
bility. The variation in alteration mineral, or “clay con-
tent,” from the nuclear log cross-correlation of neutron
porosity versus gamma-ray porosity (Anderson et al.,
this volume) will indicate the extent to which fractures
are filled with alteration minerals when compared with
the BHTYV fracture-log and the porosity log determined
from the electrical resistivity log. For example, porosity
and fracture count are high in Layer 2A, but the altera-
tion log indicates fewer clay minerals are present than in
Layer 2B (Fig. 7). High permeability could be expected
in this zone. Layer 2B has lower permeability as the
combined analysis of the logs would predict. The poros-
ity drops in Layer 2B, the fracture count first decreases
and then increases, but the clay content increases greatly
(Fig. 7), indicating that fractures are clogged more sub-
stantially with alteration products in Layer 2B than in
Layer 2A. The precipitous drop in permeability in Layer
2C can also be predicted from the logs; the porosity
drops significantly, the fracture count drops a little, and
the clay content remains relatively high (Fig. 7).

PREDICTION OF PERMEABILITY IN OTHER
DSDP BOREHOLES

Becker et al. (1983) plotted permeability on the same
graph as porosity derived from their long-spacing elec-
trical resistivity experiment and suggested that the two
were directly related. We have expanded the correlation
in Hole 504B to include other geophysical logs. But can
reasonable predictions be made at other sites where per-
meability measurements have not yet been made?

We begin in Hole 395A, the only other hole where
in situ permeability measurements have been made in
the oceans, just off the axis of the Mid-Atlantic Ridge
(Fig. 8). Hickman et al. (in press) measured permeabil-
ity values of 3t0 9 x 10~18 m? at 490-571 m sub-base-
ment, and they estimate values several orders of magni-
tude higher in the shallow crust at that site based upon
draw-down of ocean bottom water into an underpres-
sured Layer 2A. Although the geophysical logging results
were of much poorer quality in Hole 395A than in Hole
504B, a reasonably accurate electrical resistivity log was
obtained (Fig. 9). Here, as in Hole 504B, we see both
low apparent resistivity where permeability may be high
and a dramatic increase in resistivity to values that indi-
cate very low porosities at the bottom of the hole, where
permeability was low (Fig. 9). In fact, the resistivity is
higher than in Hole 504B (after taking into account the
higher temperature in Hole 504B; see following) just as
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Figure 8. Location map for the DSDP holes from the Atlantic used in Figure 9 (from Hickman et al., in press). Hole locations are 396B

(23.05'N, 43.30'W); 417D (25.04’N, 68.05'W); 395A (22.45

the permeability is lower, although some of this discrep-
ancy is caused by the difference in borehole tempera-
tures between the two wells.

The conversion from electrical resistivity to porosity
is strongly temperature dependent (cf. Von Herzen et
al., 1983); and, therefore, good temperature versus depth
information is required in a geothermally hot borehole
such as Hole 504B. All of the Atlantic boreholes re-
ferred to in this chapter, however, are cold throughout,
so an intercomparison of resistivities between the Atlan-
tic holes is an accurate measure of porosity variations
(Fig. 9B). Increased temperatures decrease the electrical
resistivity of the pore fluid, so Hole 504B resistivities
are lower than if normalized to a cold ‘“Atlantic stan-
dard” (Fig. 9A versus 9B). It was not necessary to cor-
rect the Atlantic electrical resistivity logs for tempera-
ture because all were cold. We then predicted permeabil-
ity in the Atlantic boreholes from uncorrected electrical
resistivity logging results instead of from calculated po-
rosities as in Hole 504B (Fig. 9B). The permeability pre-
dicted in this manner is roughly consistent with the per-
meabilities at the bottom of Hole 395A measured by
Hickman et al. (in press).

In order to have much faith in predictions of permea-
bility based upon resistivity logging, other logs such as
nuclear, sonic, and borehole televiewer should be avail-
able, but there are no other holes in the oceans now
where such a geophysical logging program has been suc-
cessfully carried out. In fact, there are only four other
boreholes—Holes 396B, 417D, 556, and 558, all in the
Atlantic—for which reliable electrical resistivity logs ex-
ist in the oceanic crust. These show resistivities consis-
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"N, 46.05'W); 556 (38.56'N, 34.41'W); and 558 (37.46'N, 37.21'W).

tent with permeability values measured at the two holes
in which experiments have been carried out (Fig. 9B).
They predict permeability in the shallow Atlantic Ocean
crust to be closer to that measured in Layers 2A and 2B
in Hole 504B and inferred for the shallow crust in Hole
395A, rather than the lower values measured at the bot-
tom of both holes.

SUMMARY

Hickman et al. (in press) concluded that if the 3 to
9 x 10~18 m? permeabilities measured at the bottom of
Hole 395A are pervasive, this would strongly inhibit the
vertical extent of convective heat transfer in the ocean
crust. We see that the permeability at 490-571 m into
basement in Hole 395A is slightly less than that mea-
sured from 250 to 999 m sub-basement in Hole 504B
(Fig. 9). However, both measurements indicate perme-
abilities of approximately the same magnitude and im-
ply that hydrothermal circulation might be strongly in-
hibited in the deeper oceanic crust at either site.

The other Atlantic holes examined (Fig. 9), including
Hole 396B in seafloor of similar age (Fig. 8), predict
permeabilities of 1016 m2 or higher in Layers 2A and
2B, so the electrical resistivity permeability analogy would
strengthen the argument for the high permeability of
the shallow oceanic crust.

We have developed a conceptual analogy for extend-
ing the difficult and time-consuming task of measuring
oceanic crustal permeabilities in situ to the more readily
accessible “fracture-porosity” determination using elec-
trical resistivity and other geophysical logs. An inter-
nally consistent cross-correlation among the extensive
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Figure 9. (A) Apparent resistivities from laterologs run in DSDP holes
located in Figure 8, together with resistivity from Hole 504B. Shad-
ing in Hole 504B log is the difference between long-spacing (10 m)
electrical resistivity log from Becker et al., 1982 (left) and spheri-
cally focused laterolog shown in Figure 7. (B) Apparent permeabil-
ity and resistivity versus depth from relation derived by Becker et
al., 1983, and shown in Figure 7. Temperature correction to electri-
cal resistivity log in Hole 504B in Figure 9A results in solid curve in
Figure 9B. The Atlantic logs are all from cold boreholes, and no
temperature correction is required. Predicted permeabilities in Holes
556, 558, 417D, and 396B are 10~ '3 to 10~ 6 m2. The extremely
low permeability predicted at the bottom of Hole 395A by the re-
sistivity log was measured by Hickman et al. (in press).

suite of in situ geophysical experiments in Hole 504B
demonstrated that permeability in Layer 2 basalts is con-
trolled by fracture density and the degree to which those
fractures are infilled by alteration products. “Fracture
porosity” derived from the electrical resistivity logs di-
rectly measures these changes downhole, and thus, at
least in this hole, can be used to predict permeability.
We tested this hypothesis at the only other ocean crustal
site where electrical resistivity and in sifu permeability
were both measured, and we found that it predicts the

PERMEABILITY VERSUS DEPTH IN THE UPPER OCEANIC CRUST

extremely low permeabilities measured at 490-570 m sub-
basement depth at Mid-Atlantic Ridge Hole 395A.

We applied the predicted permeability versus depth
variation in the shallow crust to four other Mid-Atlantic
Ridge sites. They suggest values of 10-13 to 1016 m?2
for the upper part of Layer 2. We do not yet have enough
high-quality electrical resistivity logging results to test
the variation with age of permeability (or even of elec-
trical resistivity and other logs) in the Atlantic. Holes
556 and 558 are in 37-Ma seafloor, Holes 395A and
396B in 7-Ma crust, and Hole 417D is 100 Ma old.

The model provides us with hope for the future. Geo-
physical logging will become standard in every drill hole
of the next phase of deep ocean drilling, whereas in situ
permeability measurements will not be done routinely.
Instead, these measurements can be made selectively to
further substantiate the fracture porosity permeability
analogy. Thus, we end with a real hope that the next 10
years will lead to a profound understanding of the varia-
tion of permeability with depth and age in the oceanic
crust and, subsequently, of the hydrothermal convection
system it controls.
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