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ABSTRACT

We report an extensive suite of geothermal measurements in the deepest borehole yet drilled into the oceanic crust,
Hole 504B of the Deep Sea Drilling Project. Located in 5.9 m.y.-old crust of the Costa Rica Rift, Hole 504B was cored
during Legs 69 and 70 in late 1979 and Leg 83 in late 1981, to a total depth of 1350 m beneath the seafloor, through
274.5 m of sediment and 1075.5 m of basalt. During the three drilling legs, downhole temperatures were logged 11 times,
and the thermal conductivities of 239 sediment and basalt samples were measured. Temperatures were logged a twelfth
time during Leg 92 in 1983. The results indicate a dominantly conductive mode of heat transfer through the complete
section, at 190 + 10 mW/m?. This is consistent with the predicted plate heat transfer and the hypothesis that the thick
sediment cover acts as a seal against hydrothermal circulation of seawater to basement.

For over two years after this sediment seal was penetrated, borehole temperatures were strongly depressed to about
350-370 m, indicating that ocean bottom water was flowing down the hole into the upper ~100 m of basement. This
downhole flow was driven by the underpressure of the basement pore fluids, which is of indefinite, but possibly hydro-
thermal origin (Anderson and Zoback, 1982). The flow rate decreased from an initial rate of 6000-7000 L/hr. in late
1979 to 1500-2000 L/hr. two years later, and to only 150-200 L/hr. nearly three and a half years after the flow began.
Altogether over 50 x 10° kg of seawater has been drawn into the basement. We estimate a permeability of 26 x 10714
m? for the reservoir in the upper ~ 100 m of basement. This zone seems to correspond to a layer of high apparent po-
rosity (Becker et al., 1982), which has been tentatively identified as a thin Layer 2A (Anderson, Honnorez et al., 1982).

INTRODUCTION

The principal objective of the drilling programs on
Legs 69, 70, and 83 of the Deep Sea Drilling Project
(DSDP) was the assessment of the physical and chemi-
cal state of young oceanic crust. Spectacular success was
achieved in Hole 504B on the flank of the Costa Rica
Rift, where the three legs cored over 1 km into oceanic
basement and completed an extensive suite of geophysi-
cal experiments (CRRUST, 1982; Cann, Langseth, Hon-
norez, Von Herzen, White, et al., 1983; Anderson, Hon-
norez, et al., 1982; Becker et al., 1982). Detailed geo-
thermal measurements were made in the hole, revealing
the heat transfer and hydrogeology throughout nearly
1300 m of thickly sedimented, young oceanic crust.

Hole 504B is located under 3460 m of water, in 5.9
m.y.-old crust about 200 km south of the spreading axis
of the Costa Rica Rift (Fig. 1). During late 1979 and late
1981, the hole was first cased through the 274.5 m of
sediment, and then cored to a depth of 1350 m beneath
the seafloor (Fig. 2). The basement penetration of
1075.5 m was nearly double that of any other oceanic
borehole. Leg 83 cored several hundred meters into the
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sheeted dikes and massive units of Layer 2C, which un-
derlie 600+ m of pillow lavas and minor flows (Fig. 2)
(Anderson, Honnorez, et al., 1982). Borehole tempera-
tures were measured 11 times during the three drilling
legs to depths as great as 1287.5 m; thermal conductivi-
ties were measured on samples recovered from through-
out the 1350 m-hole. In addition, Leg 92 reentered Hole
504B during April 1983, for nine days of geophysical ex-
periments, including a twelfth downhole temperature
log.

During predrilling site surveys, Langseth et al. (1983)
and Hobart et al. (this volume) found the surface heat
flow near Site 504 to be quite close to the 190-200
mW/m? predicted by conductively cooling plate models
(Fig. 3). This result implies that the 274.5-m sediment
cover, with a thin basal layer of chert, is sufficiently
thick to prevent advective removal of crustal heat by hy-
drothermal circulation of ocean bottom water through
the basement. On the other hand, about 50 km closer to
the axis, basement topography is rougher, the sediment
cover is thinner, and measured heat flows are considera-
bly less than predicted (Fig. 3), suggesting vigorous hy-
drothermal circulation.

Thus, we consider that the crust at Site 504 may have
been, prior to DSDP coring, close to full thermal recov-
ery from a probable earlier hydrothermal cooling phase.
The process of drilling through the sediment seal then
disturbed this state; both the prior equilibrium state and
the newly induced disturbances were of interest. Bore-
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Figure 1. Location of Hole 504B in the eastern equatorial Pacific.
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Figure 2. Schematic of the drilling history and lithostratigraphy of
Hole 504B.

hole temperature measurements were especially pertinent
in this situation, since we could deduce from them both
the past undisturbed geothermal state and the subsequent
modes of heat transfer and water circulation in the hole
and surrounding crust.
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METHODS

Temperature Measurements

Temperature in Hole 504B were logged 12 times during Legs 69,
70, 83, and 92, using four different tools. During these measurements,
the hole was at various stages of thermal equilibrium or disequilibri-
um because of the drilling process. Table 1 summarizes the equipment
used and the state of the hole during each of these measurements.
Four of the 12 measurements were particularly valuable, having been
made under equilibrium conditions: (1) the sediment temperatures mea-
sured in Hole 504C, offset ~60 m from Hole 504B; (2) borehole tem-
peratures measured immediately on Leg 70 reentry of the hole, six
weeks after the end of Leg 69 basement drilling; (3) borehole tempera-
tures measured immediately on Leg 83 reentry, nearly two years after
the Leg 70 drilling disturbance; and (4) borehole temperatures mea-
sured immediately on Leg 92 reentry, over 15 months after the Leg 83
drilling disturbance. These measurements were made with the DSDP
downhole temperature probe (T-probe) (Yokota et al., 1980); during
Leg 92, temperatures to 400 m were simultaneously measured with the
T-probe and the Von Herzen hydraulic piston corer temperature tool
(HPC tool).

In addition, after the cessation of drilling on each of Legs 70 and
83, pairs of continuous temperature logs were run sufficiently long apart
to allow extrapolation to equilibrium geothermal conditions. These
measurements were made with commercial temperature logging equip-
ment, the Gearhart-Owen differential temperature log (GO-DT) on
Legs 69 and 70, and the Schlumberger high resolution temperature log
(S-HRT) on Leg 83.

These tools and the procedures used are described in detail by
Becker, Langseth, and Von Herzen (1983) and in Hole 504B summary
chapters (this volume, and Leinen, Rea, et al., in press). (See, also,
Erickson et al., 1975.) Relevant tool properties are summarized in
Table 2. All data were obtained on downgoing runs to minimize the dis-
turbance to borehole temperatures. The T-probe, GO-DT, and HPC
sensors were mounted in the leading probes of the tools and were tak-
en to monitor undisturbed temperatures. However, a ~ 1-m-long sink-
er bar was mounted ahead of the S-HRT sensor, which apparently
caused some mixing of borehole fluids about the tool, resulting in rel-
atively large possible errors in the S-HRT readings (+2°C). This prob-
ably affected the accuracy of our subsequent data interpretation, par-
ticularly in the deeper Leg 83 section of the hole. In the deep, hot
(>100°C) section, the Leg 92 T-probe readings showed a strong nega-
tive drift of apparent temperatures with time, such that the highest re-
corded temperature was taken to be a poorly determined minimum
value for the in situ temperature. Nevertheless, in light of both the
high heat flow at this site and the vigorous movement of water that we
observed in the hole, the combined temperature and depth errors for
all the instruments used were not critical to our conclusions.

Thermal Conductivity Measurements

Over 200 thermal conductivity measurements were made in the ship-
board laboratory on recovered samples. Wilkens and Langseth (1983)
report 120 values on sediments from Hole 504, about 250 m southwest
of Hole 504B. Karato et al., (1983) measured conductivities of 61 ho-
mogeneous basalt samples from the Leg 69 and 70 sections of the hole
(274.5-836 m). We measured 58 homogeneous basalt samples from
the Leg 83 section (836-1350 m) (Hole 504B summary chapter, this
volume). All of these measurements were made with a needle-probe
apparatus (Von Herzen and Maxwell, 1959), with an estimated accu-
racy of +5%. The basalt samples were measured using a half-space
adaptation of this method (Carvalho et al., 1980), which requires cali-
bration by means of a standard. During Leg 83 the conductivity of a
fused silica standard (1.38 Wm™K™!) was determined repeatedly with
an accuracy of +2%.

DATA INTERPRETATION

As noted previously, the temperature measurements
in Hole 504B were taken under various conditions of
thermal equilibrium or disequilibrium due to the drill-
ing process. Nevertheless, when any of the 11 borehole
temperature logs in Hole 504B were compared to the
conductive temperature profile in the sediments of Hole
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Table 1. Temperature logs during the four DSDP legs in Hole 504B.

Hole depth
Date Tool (m) Hole condition

Leg 69 14 October T-probe to 220 Hole 504C sediment temperatures at 4 depths, =60 m from *
(1979) Hole 5048

22 October GO-DT 489 34 hr after drilling and circulation ceased

24 October GO-DT 489 70 hr after drilling and circulation ceased
Leg 70 3 December T-probe 489 43 days after Leg 69 drilling and circulation ceased >
(1979) 8 December T-probe 656 30 hr after drilling and circulation ceased

14 December  GO-DT 836 40 hr after drilling and circulation ceased }

« 16 December  GO-DT 836 75 hr after drilling and circulation ceased

Leg 83 23 November  T-probe 836 23 months (707 days) after Leg 70 drilling and circulation = *
(1981) ceased

16 December ~ S-HRT 1287.5 5 hr after circulation ceased

20 December ~ S-HRT 1287.5 58 hr after circulation ceased }

21 December  S-HRT 1287.5 82 hr after circulation ceased
Leg 92 8 April T-probe 1350 15 months (462 days) after Leg 92 drilling and circulation  *
(1983) and HPC ceased

tool

Note: Data discussed in this chapter are indicated either with an asterisk (equilibrium temperature measurements) or
brackets (paired temperature logs allowing extrapolations to equilibrium). The GO-DT logs of 22 and 24 October
1979 and 8 December 1979 are discussed in Becker, Langseth, and Von Herzen (1983). The 16 December 1981 S-HRT
was run solely to check borehole temperatures before deploying the temperature-sensitive borehole televiewer.

Table 2. Temperature-logging tools used in Hole 504B.

DSDP Gearhart-Owen Schlumberger Von Herzen
Tool T-probe HRT HPC tool
Legs 69, 70, 83, 92 69, 70 83 92
Sensor Thermistor Thermistor Nickel wire Thermistor
Housing Stainless steel Steel Teflon tube 14.35-mm-thick cylindrical
Diameter in mm 12.5 = =2 b iron HPC cutting shoe
Time constant®(s) 120-180 <30 <30
Temperature 0-100°C water bath Ocean bottom Shipboard water ice 0-100°C water bath
calibration water reading and boiling checks
Range of 2-103 2-110 2-135 2-70
temperatures (2~ 144 during Leg 92)
measured (°C)
Estimated accuracy +0.1 1 &2 +0.05
of temperatures (? £5 above 100)
(o)
Estimated accuracy &2 %3 +1 #2

of depths (m)

2 For the T-probe, GO-DT, and S-HRT, time constant = a2/k where a is probe radius, and & is thermal diffusivity of medium. )
b For the HPC tool, a time constant is not simply defined, but the thermal response is as rapid as the T-probe (K. Horai,

unpublished manuscript).

504C, it was immediately clear that an unusual, tran-
sient, thermal process was dominant. In every case, the
Hole 504B temperatures to a depth of about 350-370 m
were strongly depressed relative to the sediment temper-
atures (Fig. 4). From this we deduced early that ocean
bottom water must have been flowing down into the hole
at a rate of several thousands of liters per hour. Since the
temperatures sharply increased below 370 m, this flow
must have been diverted into a permeable formation in
the upper ~ 100 m of basement, between the bottom of
the casing (275 m) and 370 m.

During Legs 70, 83, and 92, the first activities after
reentry of Hole 504B were DSDP T-probe/water sam-
pling measurements. These represented the best assess-
ment of thermal conditions recovered from the drilling
disturbances of the previous legs, and thus isolated the
effect of the downhole flow. The Leg 70 reentry mea-
surements were made long enough after Leg 69 that the
thermal disturbance to the hole caused by Leg 69 opera-
tions should have decayed to within 1-2% of its peak
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value (Bullard, 1947; Jaeger, 1961). These measurements
were treated as equilibrium values, fully recovered from
the drilling disturbance. Since Leg 83 reentered Hole
504B over 23 months after Leg 70, the hole and sur-
rounding crust should have been fully equilibrated from
the Leg 69 and 70 disturbances. Similarly, since Leg 92
reentered Hole 504B over 15 months after Leg 83, the
hole and crust should have been fully equilibrated from
the Leg 83 disturbance. The Leg 83 reentry measure-
ments showed that there was still strong flow of bottom
water into the upper ~ 100 m of basement (Fig. 4) more
than two years after the hole was drilled. However, while
the Leg 83 temperatures were still strongly depressed to
about 350 m, they were somewhat higher than the Leg
70 values, indicating that the downhole flow had slowed
during this interval. The decay of the downhole flow
rate was dramatically confirmed by the Leg 92 tempera-
tures to about 350 m (Fig. 4), which were considerably
warmer than the Leg 83 values, yet still depressed rela-
tive to the Hole 504C sediment temperatures.
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The indication from temperature measurements of
flow of ocean bottom water into the uppermost base-
ment was verified by analyses of water samples from
borehole (Mottl et al., 1983; Mottl, this volume). It was
also consistent with the results of Anderson and Zoback
(1982), who measured during Leg 69 an in situ pore wa-
ter underpressure of ~0.8 MPa (8 bars) relative to hy-
drostatic pressure in the uppermost 200 m of basement.
Thus, the downhole flow was not thermal, buoyancy con-
vection, but was motion forced by the pressure differen-
tial between ocean bottom water and basement pore flu-
ids.

Toward the end of Leg 70, after drilling and circula-
tion were stopped, a pair of GO-DT logs was run, 35 hr
apart, to the Leg 70 hole depth of 836 m. Similarly, af-
ter the major phase of Leg 83 drilling, a pair of S-HRT
logs was run, 24 hr. apart, to a depth of 1287.5 m. In
each case special care was taken to avoid disturbing the
hole between the two logs. They could thus be extrapo-
lated for an assessment of equilibrium geothermal condi-
tions in the deep basement section, which was unaffect-
ed by the flow of water in the upper ~370 m of the
hole.

In the following sections, we assess the geothermal
data in terms of both an accurate determination of the
heat transfer at Site 504 and a reliable estimate of the
water flow rate down the hole. The equilibrium heat flow
in the sediments is a boundary and initial condition for
the problem of downhole flow through the casing. Two
methods are used to estimate upper bounds on the time-
varying downhole flow rate based on the Leg 70, 83,
and 92 reentry temperature measurements in the cased
section of the hole. We can then estimate the permeabil-
ity of the underpressured reservoir into which the down-
hole flow is directed. Finally, we consider the deeper
temperature and thermal conductivity measurements in
detail to determine the heat flow through the 1 km of
oceanic basement cored in Hole 504B.

GEOTHERMAL MEASUREMENTS IN THE
SEDIMENTS AT SITE 504

Detailed discussions of site survey surface heat flow
measurements and sediment temperatures in Holes 501,
504A, and 504C are given by Langseth et al. (1983) and
Hobart et al. (this volume). Near Hole 504B, surface heat
flows are quite uniform at about 200 mW/m? (Fig. 3), in
agreement with the 195-205 mW/m? predicted for con-
ductively cooling 5.9-m.y.-old ocean crust (e.g., Parsons
and Sclater, 1977; Lister, 1977). Sediment temperatures
measured in Holes 501, 504A, and 504C are also consis-
tent with this heat flow value. In Hole 504C, offset only
about 60 m from Hole 504B, sediment temperatures are
reasonably linear with integrated thermal resistance, in-
dicating a dominantly conductive heat flow of 196 mW/
m2. An important implication of these measurements is
that 274.5 m of sediment cover forms an impenetrable
barrier to hydrothermal fluid exchange between the base-
ment and bottom water. Thus, before Hole 504B was
drilled, a conductive temperature gradient must have ex-
isted down to the sediment/basement contact. Extrapo-
lation of the conductive heat flow temperature profile
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through the 274.5 m of sediment yields an equilibrium
temperature of 58-59°C at this contact.

CALCULATION OF RATE OF WATER FLOW
DOWN HOLE 504B

Given the accurately determined heat flow in the sur-
rounding sediments, the downhole flow rate can be ob-
tained from the temperatures in the cased section of the
hole. The flow rate of course must remain uniform with
depth through the casing, which acts as a pipe bypassing
the sediment. For each of the Leg 70, 83, and 92 reentry
temperature data sets, we obtained two consistent esti-
mates of the flow rate, using two different models of the
thermal balance in the borehole. For each of these mod-
els we assumed that the flow rate was constant with
time, as well as with depth. We assumed that the down-
hole flow started when Leg 69 drilled into the upper
~ 100 m of basement, about 50, 772, and 1272 days be-
fore the Leg 70, 83, and 92 measurements, respectively.
We also assumed that the seawater in the borehole was
well mixed so that temperatures were radially uniform,
an assumption later justified by the magnitudes of the
flow rates.

In the first model (Becker, Langseth, and Von Herz-
en, 1983, egs. 2-7) a quasi-steady-state thermal balance
gives an explicit, but approximate solution for the flow
rate in terms of the undisturbed geothermal gradient
and the temperatures measured in the casing. This model
yielded 88 m/hr. (24.5 mm/s) for the Leg 70 data, 23 m/
hr. (6.5 mm/s) for the Leg 83 data, and 1.7 m/hr. (0.5
mm/s) for the Leg 92 data.

In the second model, we solved a more complete, ful-
ly transient formulation of the thermal balance in the
borehole, in a semi-infinite geometry with prescribed ini-
tial values, after Lesem et al. (1957). (See, also, appen-
dix of Becker, Langseth, and Von Herzen, 1983.) The
borehole temperature is obtained by numerical integra-
tion of a complicated inverse Laplace Transform; there
is no explicit method of inverting for the flow rate, but
it can be obtained with reasonable precision by fitting
measured temperatures to the theoretical temperature-
depth profiles. The Leg 70, 83, and 92 reentry tempera-
tures in the cased section of the hole and theoretical pro-
files are plotted in Figure SA-C. In each case, the misfit
is worse in the upper part of the cased section, where the
temperatures only poorly resolve the flow rate. Aside
from this, the measured borehole temperatures fit the
profiles for 90 m/hr. (25.0 mm/s) at 50 days (Leg 70),
25 m/hr. (6.9 mm/s) at 772 days (Leg 83), and 2.4 m/hr.
(0.7 mm/s) at 1272 days (Leg 92).

Based on a subjective assessment of the misfit of our
data to the theoretical profiles and a consideration of
the uncertainties in the many parameter values that en-
tered into the calculations, we adopted estimates of the
time-averaged flow rates of 90 + 10 m/hr. (25 +3 mm/
s) at 50 days, 25 =5 m/hr. (7 £1 mm/s) at 772 days,
and 2.4 +0.5 m/hr. (0.7 +£0.1 mm/s) at 1272 days.
These are equivalent to volume fluxes of 6360 L/hr. at
50 days, 1770 L/hr. at 772 days, and 170 L/hr. at 1272
days. The Reynolds numbers for these flows are given
by Re = 2av/v, where v is the flow rate, a is the casing
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radius (0.15 m), and » is the kinematic viscosity of sea-
water (~ 1.6 mm?/s at 2-5°C; Defant, 1961, p. 50). The
Reynolds numbers were on the order of 4700 at 50 days,
1300 at 772 days, and 130 at 1272 days. Since the critical
Reynolds number for flow in a pipe is about 2300 (Rey-
nolds, 1883; Schlichting, 1968, ch. 16), the downhole
flow was transitionally turbulent over most of the two
years between Legs 69 and 83. This probably justifies
our assumption of radial uniformity of the borehole tem-
perature.

Clearly, a significant reduction in the downhole flow
occurred in the three and a half years between Legs 69
and 92. Therefore, our constant flow rate models do not
fully describe the flow, but we have not yet expanded
these models to include a time-decaying rate. The con-
stant rate models probably overestimate the real rate at a
given time, and our estimates should be taken as first-
order upper bounds. The decay of these first-order esti-
mates of flow rate with time is only poorly described by
simple relationships (linear, exponential, or power-law)
of flow rate and time. The initial flow rate, when Leg 69
first punctured the sediment seal, was probably on the
order of 100 m/hr. (7000 L/hr.), and a total of about 50
X 10L of seawater was drawn into the formation dur-
ing the two years between Legs 69 and 83. The down-
hole flow probably continued at a decaying rate and may
well have ceased within a year or so after Leg 92.

THE UNDERPRESSURED BASEMENT
RESERVOIR

The destination of the water flow down Hole 504B
can be determined by careful examination of the equilib-
rium reentry temperatures deeper than the casing. Figure
6 shows these reentry measurements along with predict-
ed values for constant flow down the hole. In each case,
at nearly 100 m into basement, the measured tempera-
tures sharply increase toward the values expected by down-
ward continuation of the conductive heat flux in the
sediments. This can only occur if the downward flow
has all but stopped, and the water flowing downhole has
been directed radially into the basement above ~ 370 m.

Two other observations are important: first, in each
of the Leg 70 and 83 profiles, the two temperature sam-
ples <30-50 m below the casing lie directly on the pre-
dicted curve, and second, the Leg 83 temperatures in-
crease toward the original formation temperatures about
20 m shallower than observed on Leg 70. This depth dif-
ference was also apparent in the other temperature logs
with independent depth resolution, so it is not due to an
error in depth measurement. (These effects are not ap-
parent in the Leg 92 data, partly because the Leg 92
temperatures were considerably closer to the geothermal
gradient, and partly because of a slight but suspicious
offset in the Leg 92 data immediately below the casing.)
After Leg 70, Becker, Langseth, and Von Herzen (1983)
initially interpreted the first effect to indicate that no
significant amount of the downhole flow was directed
into basement shallower than ~ 330 m, and they mod-
eled the situation with a thin (30 m) reservoir within the
basement, at about 330-360 m. In light of the Leg 83
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Figure 6. Leg 70, 83, and 92 equilibrium reentry temperatures and
best-fit theoretical profiles for constant flow rates. The sharp in-
crease in temperatures at about 350-370 m indicates that virtually
no flow continued deeper.

results, particularly the upward migration with time of
the depth of temperature increase, we now consider it
likely that the reservoir encompasses the uppermost
~ 100 m of basement. Also, we reason that the borehole
temperatures will noticeably increase toward the forma-
tion temperatures only at a depth below which the down-
hole water flux drops below a certain threshold rate.
Therefore, nearly isothermal conditions above this depth
do not necessarily indicate that none of the water is
drawn into the formation above. In other words, some
of the downhole flow may have been diverted into the
upper part of the reservoir without significantly affect-
ing the depressed borehole temperatures; the tempera-
ture measurements could not then resolve the upper
boundary of the reservoir.

If the depth of temperature increase was shallower on
Leg 83, it may have been slightly deeper when the down-
hole flow started on Leg 69 than indicated by the Leg 70
temperatures (Fig. 6). Thus we model the reservoir as
being very nearly 100 m thick. This corresponds well to
a layer of high apparent porosity revealed by the large-
scale electrical resistivity experiment of Becker et al. (1982)
and Becker (this volume) from which we reproduce Fig-
ure 7. This high porosity layer/aquifer has been tenta-
tively identified with Layer 2A by Becker et al. (1982)
and Anderson, Honnorez, et al. (1982), although it is
probably too thin to be resolved in the existing seismic
data (e.g., Stephen, 1983; Stephen and Harding, 1983;
Little and Stephen, this volume).
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By Darcy’s law, the extent of the reservoir must result
from some combination of local permeability contrasts
and/or locally maintained pressure gradients. We prefer
the former possibility, based primarily on the results of
Anderson and Zoback (1982), who found formation flu-
id underpressures of about 0.8 MPa (8 bars) in the base-
ment at 474-489 m, some 100 m deeper than the down-
hole flow extends. We assumed that the initial basement
underpressures held uniformly in the upper 200 m of
basement and that the water flow down the hole was di-
verted into an anomalously permeable formation. We
then developed a radially infinite reservoir model that
allowed us to estimate the permeability of the formation
(Becker, Langseth, and Von Herzen, 1983, eqgs. 8-11).

In this model, by coupling a radial pressure diffusion
equation with Darcy’s law, we obtained an explicit rela-
tionship of permeability with the flow rate, original base-

ment underpressure, and thickness of the reservoir. Tak-
ing the measured basement underpressure of Anderson
and Zoback (1982), along with an initial volume flux of
6000-7000 L/hr and a reservoir thickness of ~100 m,
we estimate a permeability of about 6 +1 x 1014 m?2
(0.06 darcy) for the reservoir. The permeability value is
most sensitive to, and varies inversely with, reservoir
thickness. Becker, Langseth, and Von Herzen (1983)
originally obtained 20 x 10~ !4 m2 for a reservoir 30 m
thick. The value of 6 X 1014 m? is then a lower bound
for the permeability of the reservoir if it is somewhat
thinner than 100 m. This permeability value is quite
consistent with three other direct measurements of lower
bulk permeability deeper in the hole (Fig. 7) (Anderson
and Zoback, 1982; Anderson, Zoback, et al., this vol-
ume). The decrease of measured permeability with depth
in Hole 504B is much stronger than in previous models
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for the oceanic crust (Anderson, Zoback, et al., this vol-
ume). .

The infinite reservoir model also predicted that the
flow rate at the time of the Leg 83 reentry would be on
the order of 80 m/hr, much greater than the 25 m/hr es-
timated from Leg 83 temperatures. The strong decrease
in flow rate over the three and a half years between Legs
70 and 92 may indicate that the underpressure of base-
ment pore fluids may have been significantly reduced by
the cumulative water flux into the formation. In addi-
tion, it is possible that the permeability of the forma-
tion may have been reduced as a result of the influx of
cold water, possibly by precipitation and partial sealing
of fracture porosity, although the apparent porosities of
Becker (this volume) show no indication of this (Fig. 7).
On the other hand, the mismatch of the Leg 83 flow-
rate estimate with that predicted by the infinite reservoir
model may also indicate that the reservoir model is in-
adequate and that the real reservoir may have a more lim-
ited lateral extent.

BASEMENT HEAT FLOW

Deep Borehole Temperatures in Hole 504B

The two GO-DT temperature logs run at the end of
Leg 70 were taken about 40 and 75 hr. after the cessation
of drilling and circulation in the hole. Similarly, the two
S-HRT temperature logs on Leg 83 were run 58 and 82
hr. after both major phase of Leg 83 drilling (to 1287.5
m) and some short periods of circulation to cool the
hole for specific temperature-sensitive tools. For each of
these pairs of temperature logs, the measurements were
made sufficiently long after circulation and sufficiently
long apart so that they could be reasonably treated by
the theories for the return of a borehole to equilibrium
formation temperature. Hyndman et al. (1976, 1977)
gave a detailed comparison of the several available theo-
ries; Becker, Langseth, and Von Herzen (1983) briefly
reviewed the three best possibilities with regard to the
measurements in Hole 504B.

Hyndman et al. (1976, 1977) preferred the solution
of Jaeger (1956, 1961) for the temperature decay after
the hole is held at a constant temperature for a time cor-
responding to the drilling disturbance time. This is po-
tentially the most accurate method, particularly when it
is modified to accommodate both a depth variation of
temperature and discontinuous drilling (Burch and Lang-
seth, 1981). However, this method requires a detailed
knowledge of several parameters, particularly the circu-
lation rate during drilling. Since the total circulation
rate in Hole 504B was some undetermined combination
of forced pumping from the ship and the pressure-driv-
en flow of bottom water into the upper basement, the
parameters needed to apply this potentially more accu-
rate theory were not fully determined.

For this reason and because of its simplicity, we origi-
nally applied Bullard’s (1947) theory to extrapolate our
two pairs of temperature logs to equilibrium. Bullard
(1947) modeled the thermal disturbance to a borehole
from drilling and circulation as a line source of heat; he
represented the end of the disturbance with a negative
source of the same strength. The borehole temperature
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could then be obtained as a simple function of four pa-
rameters: (1) the duration of the disturbance, (2) the
time after the disturbance, (3) the source strength, and
(4) the thermal conductivity of the surrounding crust.
With two temperature logs at two different times, only
the duration of the disturbance and the times of the
measurements need be known for an extrapolation to
equilibrium temperatures. Lachenbruch and Brewer (1959)
obtained excellent results with this theory, and gave a
complete discussion of the possible errors involved. (See
also Jaeger, 1965, p. 17.)

The formulation could easily be modified to handle
the intermittent nature of the drilling and circulation
disturbance to the hole (Becker, Langseth, and Von
Herzen 1983). For each of the two pairs of temperature
logs, a simplified version of the prior, intermittent drill-
ing and circulation history was applied. We considered
only pauses in drilling as short as the time required to
change bits, on the order of one day. During Leg 70
three bits were used, so three periods of drilling were ap-
plied to the Leg 70 data. During Leg 83, six bits were
used in coring to 1287.5 m, and two major pauses in
drilling, each on the order of three days, occurred when
the pipe broke twice. In addition to these pauses, short
periods of circulation during the Leg 83 logging pro-
gram were accounted for. Of course, since the hole
depth varied at the times of these disturbances, different
sections of the hole were subject to different histories of
disturbance.

The temperature logs were sampled for these extrapo-
lations at 10-m intervals, and the results are plotted in
Figure 4, along with the equilibrium reentry tempera-
ture profiles. Also shown are best-fit gradients through
the extrapolated temperatures obtained by linear regres-
sion. The Leg 70 extrapolations very closely fit a gradi-
ent of 0.114°C/m. In the same section of basement.
400-836 m, the Leg 83 extrapolations are about 5°C
higher than the Leg 70 values, but fit a very similar gra-
dient, 0.118°C/m. We attribute the 5° offset in results
from the two legs to some combination of measurement
imprecision, particularly with the Leg 83 S-HRT, and
possible inaccuracies resulting from oversimplifications
in the extrapolation method, particularly with respect to
the more complicated Leg 83 drilling and circulation
history. The important results are the linearity of the ap-
parent temperature gradient and the good agreement in
its value. The Leg 83 and 92 reentry equilibrium temper-
atures between 500 and 800 m lie immediately between
the two extrapolations or directly on the Leg 70 extrapo-
lation, confirming the value of the gradient, and sug-
gesting an accuracy for the Leg 70 extrapolations on the
order of +2-3°C. This also suggests that the Leg 83 ex-
trapolations may be up to 5° too high, as mentioned
above, whereas the Leg 83 apparent gradient agrees with
the Leg 70 gradient. When the apparent gradients are
themselves extrapolated back to the sediment/basement
interface they indicate temperatures of 57-61°C, in
good agreement with the 58-59°C obtained from sedi-
ment temperatures in Hole 504C.

Deeper than 900 m, which marks the transition from
pillow lavas to sheeted dikes and massive units (Ander-
son, Honnorez, et al., 1982), the Leg 83 extrapolated



temperatures show a distinct break in the apparent gra-
dient. This change corresponds directly to a steplike
~25% increase in sample thermal conductivities (Fig.
4). The two imprecise Leg 92 minimum temperature val-
ues below 900 m confirm the change in the gradient at
the transition and are consistent with the Leg 70 gradi-
ent shallower than 900 m. The Leg 83 and 92 gradients
extrapolate to an estimated equilibrium bottom-hole (1350
m) temperature of 160-165°C.

In Situ Thermal Conductivity and Conductive Heat
Flow

In order to estimate the conductive heat flow through
the full 1 km of basement cored in Hole 504B, we at-
tempted to correct the shipboard measurements of sam-
ple thermal conductivities to in situ conditions. Correc-
tions for temperature and pressure are standard for mea-
surements on marine sediments (Ratcliff, 1960), but have
not been reliably established for oceanic basalts. (Gen-
erally, small corrections for crustal pressures are report-
ed, but contradictory data exist regarding possibly large
temperature corrections for the high temperatures in
Hole 504B. For example, the factors reported by Hynd-
man and Drury [1976], based on the high pressure, dry
basalt data of Schloessin and Dvorak [1977], +0.34
mW m-1 K-1 MPa-!and —5.4 mW m~! K-2, would
produce a negligible pressure correction to our sample
measurements, but an unreasonable negative tempera-
ture correction of 25%.) However, we did attempt to
correct for the bulk porosity of the section and the tem-
perature and pressure dependence of the conductivity of
the pore fluid. The salinities of the sampled pore fluids
were very close to that of seawater (Mottl et al., 1983;
Mottl, this volume). Therefore the thermal conductivity
of the pore fluid was taken to be that of seawater, which
was estimated to be 4% lower (Defant, 1961, p. 50) than
that of pure water at appropriate temperature and pres-
sure, after Clark (1966, p. 482).

The bulk conductivity of the basement was then esti-
mated, using the apparent bulk porosities (Fig. 7) deter-
mined from the large-scale electrical resistivity experi-
ment in Hole 504B (Becker et al., 1982). Several rela-
tionships exist for determining the bulk conductivity of
a porous matrix (e.g., Robertson and Peck, 1974); we
used the exponential relationship of Woodside and Mess-
mer (1961), as applied by Sass et al. (1971):

K - K(]—¢f) K‘i’f

bulk basalt seawater

with ¢, being the fracture porosity of the section. The
measured sample basalt conductivity is itself a function
of the sample grain porosity, so the fracture porosity ¢,
was estimated by the difference between the apparent
bulk porosities of Becker et al. (1982) and the average
sample grain porosities of Karato et al. (1983) and Kino-
shita (in Hole 504B summary chapter, this volume).
The sample basalt conductivities fall nicely into two
separate layers, each with a closely determined mean va-
lue (Fig 4). Moreover, these layers correspond well to the
layering in apparent bulk porosities (Fig. 7). Therefore a
simple two-layer conductivity structure was carried
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through the entire correction procedure. Indeed, the
slope change in the apparent basement temperature gra-
dient of Figure 4 argues for a two-layer in situ conduc-
tivity structure.

The results of this correction procedure and our esti-
mates of in situ conductive heat flow are summarized in
Table 3. Note that within estimated errors the heat flow
estimates in the sediment and in the upper section of
basement agree reasonably well and are close to the pre-
dicted plate heat transfer of 195-205 mW/m? (Parsons
and Sclater, 1977; Lister, 1977). To the contrary, the heat
flow estimates for the deeper basement section are some-
what lower, but with considerable possibility for errors.
If real, this is a puzzling reduction of heat flow with
depth, particularly considering that the heat flow in the
upper basement section and sediments matches the the-
oretical value.

Based on the analysis of Robertson and Peck (1974),
this discrepancy is probably not an artifact of the partic-
ular porosity-conductivity model used. However, it could
easily be a result of errors in determining the least reli-
able parameter in the calculations, the temperature gra-
dient deeper than 900 m. Both estimates of this gradi-
ent—the first from the extrapolation of Leg 83 tempera-
ture logs, and the second from two Leg 92 minimum
temperature values—could have been subject to large er-
rors. Since the Leg 92 gradient seems to be consistent
with the preferred Leg 70 extrapolation shallower than
900 m, it is tempting to speculate that the deep Leg 92
gradient, 0.08°C/m, may be a better estimate of the in
situ value than the lower Leg 83 apparent gradient. The
larger Leg 92 gradient gives better agreement with the
heat flow determinations shallower than 900 m. Despite
the uncertainties in our determinations of the value of
the gradient below 900 m, our measurements show no ev-
idence for heat transfer processes other than conductive.

DISCUSSION—THE THERMAL AND
HYDROLOGIC REGIME IN HOLE 504B

The geothermal data presented here are consistent
with a predominantly conductive mode of heat transfer
in the relatively young oceanic crust in Hole 504B. The
linearity of the basement gradients and the reasonable
agreement of sediment and basement heat flows with
the theoretical value argue against any significant re-
moval of plate heat by hydrothermal circulation, either
vertical or lateral. These results support conceptual
models of the controlling role of the thickening sedi-
ment layer in sealing off hydrothermal circulation of
ocean bottom water into the basement (e.g., Sclater et
al., 1976; Anderson and Hobart 1976; Anderson et al.,
1977). The sediment cover in Hole 504B is clearly thick
enough to prevent open hydrothermal circulation be-
tween ocean bottom water and basement, as occurs
closer to the spreading axis. However, our results are not
inconsistent with possible continued convection con-
fined to basement at slow rates and with little effect on
the dominantly conductive vertical heat transfer in Hole
504B.

Superimposed on the conductive heat flow is a tran-
sient flow of ocean bottom water down the hole into the
uppermost levels of basement. This flow was triggered
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Table 3. Summary of the correction of measurement data to estimate in

situ thermal conductivity and heat flow.

Sediment Basement
Depth interval (m) 0-274.5 400-900 900-1300
Gradient (°C/m) [0.205] 0.114 £0.002 0.070 +0.005 (Leg 83)

0.08 =7 (Leg 92)

Uncorrected values

Porosity

Kbasalt (W/m-K) 2 1.67 + 0.09 2.05 +£0.09

Heat flow (mW/m*) 190 +13 144 +17 (Leg 83)
165 +? (Leg 92)

Pbulk (70) 7-10 1-3

bsample ("0) 3-5 1-2

Corrected values

Kin situ (W/m-K) [0.95]  1.58 2.00
Heat flow mW/m?%) 196 +5 181 +20 140 +30 (Leg 83)
160 +30 (Leg 92)

Note: The correction procedure is described in detail in text. Bracketed sediment

values are mean values determined from the heat flow measured in Hole 504C.
Tabulated errors in uncorrected basement gradients correspond to standard er-
rors in the gradient estimates determined in linear regressions of estimated
equilibrium temperatures with depth (Fig. 4). Tabulated errors in uncorrected
basalt conductivities are standard deviations of sample means. Errors in cor-

rected heat flows were subjectively estimated.

when the sediment seal was penetrated during Leg 69
and was driven by the pressure differential between hy-
drostatic bottom water and underpressured basement pore
waters. Similar downhole flow has been indicated by
temperature measurements at several other DSDP holes,
although not so clearly as in Hole 504B: Holes 335,
396B, 395A, and 556 on the flank of the Mid-Atlantic
Ridge (Hyndman et al., 1976, 1977; Erickson and Hynd-
man, 1978; Becker et al., 1984; Hill and Cande, in
press) and Hole 454A in the Mariana Trough (Uyeda
and Horai, 1981). Based on the results at Hole 504B, we
suggest that the downhole flow in these other holes is al-
so due to underpressured basement, which may occur in
young crust where it is locally or regionally overlain by a
relatively thick sediment cover.

The origins of the basement underpressures in Hole
504B have not been directly determined, but a likely
possibility is continued hydrothermal circulation con-
fined to basement. Although the 274.5-m sediment layer
in Hole 504B may be an effective seal against hydrother-
mal circulation, it is not a strong barrier against diffu-
sion within the pore fluids of pressure differentials be-
tween basement and hydrostatic bottom water. The time
constant for “pressure diffusion” through the 274.5-m
(= L) sediment layer is given by L2¢uc/k, with ¢ and k&
the porosity and permeability of the sediment, and u
and c the dynamic viscosity and compressibility of the
pore fluid (essentially seawater). Using typical values of
¢=0.8 (Wilkens and Langseth, 1983), £k =10-15 to
10~ 3 m2 (Bryant et al., 1975), ¢ =4 x 10~13 m s2g—1,
and p =0.8 g m~!s~! (Defant, 1961, p. 50), this time
constant is on the order of 1-1000 yr. Therefore, relict
underpressures cannot be maintained in the basement
over longer periods of time, so a continuing process is
probably responsible for the measured underpressure.
Tectonic process with time scales much longer than 1000
yr. probably could not maintain basement underpres-
sures against the relatively quick pressure diffusion
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through the sediments. This would seem to rule out the
possibilities that the underpressures might have resulted
from the subsidence of the cooling plate, or from sea-level
changes associated with Pleistocene glaciation, or from
crustal reheating caused by conductive re-equilibration
as open hydrothermal circulation was sealed off by the
thickening sediment cover.

Anderson and Zoback (1982) presented a model that
demonstrates the feasibility of a cellular hydrothermal
system, confined to basement, to explain both the base-
ment underpressure and a possible + 25 mW/m? ampli-
tude variation in the surface heat flow within approxi-
mately 10 km of Hole 504B. Langseth and Mottl (1982)
recently investigated this possibility and found lateral gra-
dients in both surface heat flow and sediment pore wa-
ter geochemistry, apparently caused by lateral convec-
tion within the basement. From the measured perme-
abilities and apparent porosities in Hole 504B (Fig. 7),
we infer that any possible continuing circulation within
basement should be confined to the section of basement
shallower than ~900 m, below which the porosity, and
presumably the permeability, sharply decrease.

The temperature measurements in Hole 504B provide
no direct evidence for such hydrothermal circulation in
the vicinity of the hole, although they allow the distinct
possibility that the underpressure of basement pore flu-
ids may ultimately be due to convection. Even if this is
so, the downhole water flow bears no resemblance to
the possible hydrothermal convection in the basement.
The downhole flow is clearly pressure-driven, forced mo-
tion, not free, thermal buoyancy convection like that
generally associated with large-scale hydrothermal cir-
culation. If the basement underpressure could clearly be
shown to be of hydrothermal origin, the downhole flow
might properly be called “hydrothermal” in an indirect
sense. However, the actual movement of water down the
hole is an artifact of human interference with the natural
situation and is not in itself hydrothermal convection.
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