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ABSTRACT

Seven temperature logs at Deep Sea Drilling Project Hole 504B reveal the geothermal state of the ocean crust to a
depth of 836 meters. A linear temperature profile in the 275 meters of sediments fixes the heat flow at 196 mW/m?, by
dominantly conductive means. Two logs after Leg 69 drilling to 489 meters strongly indicate drawdown of bottom water
into basement. Equilibrium temperatures measured immediately upon Leg 70 re-entry of the hole fix the flow rate at
90+ 5 m/hr, and indicate that the mass flux is directed into a thin zone from 330 to 360 meters sub-bottom. Extrapola-
tion to equilibrium temperature of two logs after completion of all drilling shows that the gradient is linear from 489 to
837 meters, with a dominantly conductive heat flow of 188 mW/m?, in excellent agreement with the value obtained in
the sediments. In combination with the in situ pressure data of Zoback and Anderson (this volume), the temperature
data indicate that the aquifer from 330 to 360 meters has anomalously high permeability of 0.2 darcy (2 x 10~ '* m?),

and extends radially at least 1 km from the hole.

INTRODUCTION

The major scientific objective of the drilling pro-
grams on both Legs 69 and 70 was the assessment of the
physical and chemical state of young oceanic crust.
Toward this end, geothermal measurements were espe-
cially important in monitoring the processes by which
the crust cools at various sites. At the Costa Rica Rift,
the combination of the site-survey surface-heat-flow
data (Langseth et al., this volume) and the several deep
temperature logs measured on Legs 69 and 70 provides
a unique, two-dimensional revelation of the modes of
heat and mass transfer within well-sedimented young
ocean crust.

Site 504 is located on 6.2-m.y-old crust, with 275
meters of sediment cover. Langseth et al., (this volume)
found the surface heat flow here uniformly close to that
predicted by a cooling half-space model; thus, they con-
cluded that the 250 to 275 meter sediment layer was suf-
ficiently thick to prevent hydrothermal circulation be-
tween basement and bottom water. Their data also in-
dicate that, closer to the spreading axis, such hydrother-
mal exchange occurs vigorously, as it does at most of
the world’s spreading centers; thus, the crust at Site 504
may be considered to have been, before Leg 69 drilling,
close to full recovery from a probably earlier hydrother-
mal history.

Drilling through the sediment seal disturbed this state,
and should be viewed as a large-scale experiment in
which both the prior equilibrium state and the newly in-
duced disturbances are of interest. In this situation,
bore-hole temperature measurements are especially per-
tinent, because from them can be deduced both the past
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undisturbed geothermal state and the subsequent modes
of fluid and heat transfer in the hole and surrounding
crust. In combination with other experiments, particu-
larly the packer tests of Zoback and Anderson (this vol-
ume), the set of temperature logs at Hole 504B offers an
exciting glimpse at the answers to several important
questions about cooling processes in the young oceanic
crust:

Is the sediment cover really the seal that stops hydro-
thermal circulation, as surface-heat-flow data suggest?
If so, by what means is heat transfer accomplished with-
in the basalt beneath the sediments? How representative
of these deep heat-transfer processes is the sea-floor
heat flow, particularly when it is close to plate-model
predictions, as at Site 504? What is the physical state of
the crust beneath the sediment seal, especially regarding
temperature, fluid pressure, and basement permeability
to fluid flow?

METHODS

Bore-hole temperatures at Hole 504B were logged seven times dur-
ing Legs 69 and 70. During Leg 69, undisturbed sediment tempera-
tures were measured at four depths at Hole 504C, which was offset 60
meters from 504B. Two continuous temperature logs were run in 504B
after it had been drilled to 489 meters. The four logs run during Leg 70
include one about 40 days after the Glomar Challenger left the site at
the end of Leg 69, before any further disturbance to the hole; one
after an intermediate phase of drilling; and two after completion of
drilling to 836 meters. Thus, the hole was at various stages of thermal
disequilibrium during the measurements. Two separate devices were
used to monitor temperature, the DSDP down-hole temperature probe
Tokyo probe (T-probe), and the Gearhart-Owen high-resolution tem-
perature-logging tool (HRT). Table 1 summarizes the equipment used
in the state of the hole during each of the measurements. Before con-
sidering the measurement data, we briefly discuss the procedures used
and the relative accuracies of the data.

The DSDP T-probe is described in detail by Yokota et al. (1980).
The sensor housing has been modified subsequently for greater strength
and lower time constant. This device records 128 resistance values of a
single thermistor at 1- or 2-minute intervals. It has a precision of 10
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Table 1. Summary of bore-hole temperature logging at Hole 504B.

Hole Depth
Leg Date Total (sub-bottom m) Hole Condition
69 14 October T-probe to 220 504C sediment temperature at
four depths 60 m from 504B
22 October HRT 489 34 hr after drilling circulation
[
24 October HRT 489 70 hr after drilling circulation
ceased
70 3 December  T-probe 489 43 days after Leg 69 drilling
circulation ceased
8 December  T-probe 656 30 hr after drilling circulation
ceased
14 December HRT 836 40 hr after drilling circulation
ceased
16 December HRT 836 75 hr after drilling circulation
ceased

ohms, providing nominal temperature resolution of 0.01 to 0.02°C.
The thermistor is encased in a 1.25-cm-diameter steel tip, with a time
constant of about 2 to 3 minutes, depending on the sediment or water
diffusivity. As used at Site 504, the probe latches into the bottom-hole
assembly, so that it protrudes about 1 meter ahead of the core bit. It
then can be pushed into soft sediments undisturbed by drilling, for
sediment temperature measurements (Erickson et al., 1975), as at
Hole 504C. Alternatively, it can be lowered in several steps through
the drilled hole, to obtain discrete readings of bore-hole water temper-
ature at depth, as during two Leg 70 measurements. Depth control is
accurately determined from total drill string length below the ship.

The HRT logging tool also uses a calibrated resistance element,
which is encased in a probe smaller than the DSDP T-probe, so its
time constant (<1 min) is considerably lower. The HRT tool is low-
ered slowly on a logging cable, and the water temperature is continu-
ously logged. The delay in the response of the HRT probe introduces a
consistent error in determining bore-hole temperatures: they are un-
der-estimated by the logged temperature during instrument lowering,
and overestimated while hoisting. Because the magnitude of this effect
is small (=0.5°C) at slow winch speeds, we have not corrected any of
our logged temperature data. All the data shown here were obtained
on out-going logging runs. Depth control is provided by the logging
winch counter, which can be corrected by checking bottom-hole depth
readings.

The thermistor used in the DSDP T-probe had been calibrated
over a 0 to 100°C temperature span; the high range of measured tem-
peratures—about 120°C—required extrapolation of this calibration.
The absolute accuracy of the T-probe temperature readings is esti-
mated at about 0.01°C. On the other hand, the calibration of the
HRT tool is not well known. Based on comparison of HRT readings
at the mudline with the known bottom-water temperature, and on
comparison with DSDP tool results, we estimate the error in HRT
readings at about +1°C. In light of both the high heat flow at this
hole and the vigorous advective processes we observe in the hole, the
combined temperature and depth errors for both instruments are rela-
tively insignificant, propagating as uncertainties of about 5% in our
results.

DATA INTERPRETATION

As noted above, all the temperature measurements in
Hole 504B were taken under some condition of thermal
disequilibrium in the hole, because of drilling. On Leg
69, it became apparent, when comparing the conductive
sediment-temperature profile in Hole 504C to the first
two logs in 504B, that an additional transient thermal
process must be occurring in 504B (Fig. 1). From the
shape of the two Leg 69 logs, it was deduced that ocean
bottom water must be flowing down the hole at several
tens of meters per hour into a permeable formation at
about 350 meters sub-bottom; however, because it is
difficult to separate the thermal transient due to the sud-
denly active flow down the hole from that due to drilling
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Figure 1. Temperatures measured in the upper part of Hole 504B
through the first phase of Leg 70 drilling. Instrumentation and
hole conditions are summarized in Table 1.

disturbance, the two Leg 69 logs in 504B are difficult to
interpret without further constraints.

The first activity on Leg 70’s re-entry of Hole 504B
was a temperature log in the upper 489 meters, which
represents the best assessment of thermal conditions un-
disturbed by drilling. This log was taken 43 days after
the end of the 6 to 8 days of Leg 69 drilling disturbance
of the hole, a time long enough for drilling disturbance
to dissipate largely; i.e., the hole temperatures should
have recovered to within 1 or 2% of the undisturbed
profile (Bullard, 1947; Jaeger, 1961). This log, and a
subsequent log on 8 December, after the hole had been
drilled to 656 meters, showed that there still was a
strong flow down the hole into a permeable zone at
about 350 meters (Fig. 1). The last two logs, taken after
the hole was drilled to 836 meters, allowed an assess-
ment of the equilibrium thermal conditions in the deep-
er part of the hole, which seemed to be unaffected by
the advective processes in the upper 350 meters.

In the following section, we assess the geothermal
data in terms of both an accurate determination of the
heat flow near Site 504, and a reliable estimate of the
time-averaged flow rate down the hole. The equilibrium
geothermal heat flow is a boundary and initial condition
for the down-hole flow problem; therefore, we start
with several determinations of the conductive heat flow
in the area: sea-floor measurements and sediment-tem-
perature measurements at Sites 504C and 501 (Langseth
et al., this volume), and the final two temperature logs
in Hole 504B. These give quite consistent results. Two



methods are used to estimate the down-hole flow rate
based on the near-equilibrium 3 December log: a quasi-
steady-state approximation, and a fully transient analyt-
ical solution.

SEDIMENT GEOTHERMAL MEASUREMENTS
AT SITE 504

A detailed discussion of site-survey surface-heat-flow
measurements and sediment temperatures at Holes 501,
504A, and 504C is given by Langseth et al. (this vol-
ume). Within about 10 km from Hole 504B, surface heat
flows are very uniform at about 200 mW/m?2, very close
to the value expected for 6.2-m.y.-old ocean crust. Sedi-
ment temperatures measured at Holes 501, 504A, and
504C are in good agreement with this heat-flow value.
At 504C, offset about 60 meters from 504B, sediment
temperatures are reasonably linear with integrated ther-
mal resistance, indicating a dominantly conductive heat
flow of 196 mW/m? (4.68 HFU). A major implication
of these measurements is that the 275 meters of sedi-
ment cover forms an impenetrable barrier to fluid ex-
change between the basement and bottom water. Thus,
before 504B was drilled, a conductive temperature gra-
dient must have existed down to the sediment/basement
contact. Extrapolation of the conductive-heat-flow tem-
perature profile to 275 meters yields an equilibrium tem-
perature of 58 to 59°C at this contact.

DEEP BORE-HOLE TEMPERATURES

The two HRT temperature logs run at the end of Leg
70 were taken after cessation of drilling and flushing of
the hole; thus, they provide a good data set for applica-
tion of the theories of the return of a bore-hole to equi-
librium formation temperature. Several theories are
available, all based on solutions of the heat-conduction
equation for a solid bounded internally by an infinite
circular cylinder. Various boundary conditions at the
internal cylinder lead to the various solutions. Hynd-
man et al. (1976, 1977) give a detailed comparison of
these solutions (as well as a detailed discussion of bore-
hole conditions relevant to these theories); here we brief-
ly discuss the three best possibilities:

Bullard (1947) represented the drilling process with
an infinite line source of heat, and derived an approxi-
mate expression for the temperature in the bore hole
after drilling is stopped. This theory ignores the thermal
properties of the bore-hole fluid. Cooper and Jones
(1959), after Bullard (1954), successfully use the theory
for the decay of temperature after the instantaneous
emplacement of cold water in the hole, to extrapolate
bottom-hole temperatures to equilibrium value; how-
ever, this theory is approximately valid only for very
short disturbance times, i.e., in the deepest parts of a
bore hole. Hyndman et al. (1976, 1977) prefer the solu-
tion of Jaeger (1956, 1961) for the temperature decay
after the hole is held at a constant temperature for a
time corresponding to the drilling-disturbance time. This
well may be the best approximation for a relatively shal-
low, low-heat-flow hole, where the drilling fluid temper-
ature may be taken as relatively constant with depth,
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and close to the bottom-water temperature; however,
for the deep, high-heat-flow Hole 504B, the assumption
of constant drill-fluid temperature at depth during the
drilling process probably breaks down. For this reason,
and because there were several periods of drilling, with
intervening hiatuses, we originally applied the theory of
Bullard (1947) to our measurements; the results present-
ed here were obtained with this method. Lachenbruch
and Brewer (1959) obtained excellent results with this
theory, and give a complete discussion of the possible
errors involved.

Jaeger’s (1956a,b, 1961) constant-temperature theory
can be modified to accommodate both a depth variation
of temperature and discontinuous drilling (Burch and
Langseth, in press). This method is probably more accu-
rate than Bullard’s (1947), but it requires careful mon-
itoring of circulation rates. Since the total circulation
rate in Hole 504B was some undetermined combination
of forced pumping and naturally induced draw-down,
application of this method could be subject to consider-
able error. Preliminary results of the method are in rea-
sonable agreement with the following application of
Bullard’s (1947) treatment.

The temperature of a bore hole and the surrounding
rock are disturbed by the frictional heating of drilling,
and the more important advection of heat by circulat-
ing drilling fluids. In Bullard’s (1947) theory (see also
Jaeger, 1965, p. 17), this disturbance is represented by a
source Q(z), constant with depth, with cylindrical sym-
metry about the table, which yields an analytical expres-
sion for the temperature near the hole:

Tt = —2@ Ei(—r2/4k)
47K
where
K = thermal conductivity of crust
k = thermal diffusivity of crust
r = radial distance from hole
and
—Bi(-%) = /~ £ du
( { ”

The cessation of drilling at time ¢, is modeled by addi-
tion of a negative source starting at ¢;. For small values
of r, i.e., in the bore hole, the asymptotic approxima-
tion for the exponential integral is used:

Ei(—z) ~ logz + 0.577
z—0

This yields, for the transient temperature disturbance
after the cessation of drilling,

T = -2 log(1 + tp/t)
4rK 2
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where
{p = time spent drilling
t = time after drilling

Then, if temperatures are measured at least two times
after drilling for a time 7, they can be extrapolated to
t = oo, when the disturbance temperature dies out, and
the equilibrium temperature is reached.

The application of this theory to a complex drilling
history with several pauses in drilling, as occurred at
Hole 504B, is straightforward, under the assumption
that a time-varying source strength can be adequately
represented by a constant averaged value. This is diffi-
cult to justify in general; in this case, it apparently is up-
held by the excellent continuity of results from separate
sections of the hole which were subject to different drill-
ing histories. Given this assumption, the temperature
disturbances can be superposed, yielding, for the total
disturbance T,

i
Tr = -2 5 logl + tp/1) )
47K

where the i’s refer to the separate episodes of drilling.
Equilibrium basement temperatures for Hole 504B were
obtained by extrapolation to 7 = c with this relation-
ship. For the deeper part of the hole, three different
phases of Leg 70 drilling were applied to (1); for the
shallower section, it was assumed that the Leg 69 drill-
ing disturbance had totally dissipated, so that the total
Leg 70 drilling history was applied to (1) for the section
drilled by Leg 69,

The results of this extrapolation are plotted on Figure
2, along with the near-equilibrium 3 December log, and
the sediment-temperature measurements at Hole 504C.
Also shown is the best-fit temperature gradient through
the extrapolated temperatures, based on linear regres-
sion on the points in only the Leg 70 portion of the hole,
neglecting the two points which deviate from the trend
at the bottom of the hole. (These two low bottom-hole
temperatures are discussed at the end of this section.)
Because the absolute accuracy of the log temperature
values is estimated at + 1°C, but the relative accuracy is
much better, the propagated error in the extrapolation is
probably +1°C.

The linear regression of the extrapolated tempera-
tures yields a basement thermal gradient of 0.114°C/m,
with a standard error of fit of temperature to depth
equal to 0.44°C. Using the average basalt thermal-
conductivity data of Karato (this volume), 1.65 + 0.10
W/m-+K, and Karato et al. (this volume), 1.68 + 0.07
W/m-K, we determine the heat flow between 400 and
800 meters sub-bottom to be 188 + 11 mW/m? (4.48 +
0.27 HFU), This is in excellent agreement with the aver-
age surface heat flow of 200 mW/m2, and the Hole 504C
sediment heat flow of 196 mW/m? obtained by Lang-
seth et al. (this volume).

Because the thermal conductivity data were obtained
from solid and usually unfractured basalt samples, they
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Figure 2. Bore-hole temperatures measured before and after Leg 70
drilling and equilibrium crustal temperatures obtained by extra-
polation of last two logs. Note good agreement of sediment/base-
ment-contact temperature obtained by extrapolation of indepen-
dent measurements from above and below.

may not be representative of the bulk conductivity of
the porous basement. Qur basement heat flow estimate
should then be taken as an upper bound; however, judg-
ing from the high Layer 2A compressional-wave ve-
locities near Hole 504B (4.3-5.1 km/s; Langseth et al.,
this volume), and from the basement-pore-water under-
pressures (see Zoback and Anderson, this volume), the
bulk porosity of the basement here must be fairly low.
The basalt rock conductivity should dominate the base-
ment section conductivity, which is probably within 5 to
10% of the measured basalt values (see Hyndman and
Drury, 1976); therefore, we have not attempted to cor-
rect the basement heat flow to in situ conditions.

The striking linearity of the extrapolated equilibrium
temperatures, and the excellent agreement of this gra-
dient with the results of the heat-flow measurement at
Hole 504C, have several important implications:

1) The good relative accuracy of the HRT tempera-
ture tool apparently is confirmed.

2) The simplified, time-average theory of Bullard
(1947), used to treat the data, is shown to be adequate in
this case.



3) It appears that, prior to drilling Hole 504B, the
thermal regime of the ocean crust here was purely con-
ductive; moreover, this has now been shown to hold a
depth of nearly 1 km.

4) As deduced from earlier logs, none of the bottom
water flowing down the hole can be detected flowing
past a depth of about 400 meters.

An attempt was made to apply the theory of Cooper
and Jones (1959) to the bottom-hole temperatures which
do not fit the Bullard (1947) extrapolation well; how-
ever, the data could not be fit satisfactorily by this
method, because the time delays for the two logs are
somewhat too large for the method to work well. At 40
and 75 hours, the theoretical extrapolations depend on
the very small difference of two small quantities, the
determination of which depends on precise specification
of the thermal properties of the bore-hole fluid and the
surrounding medium. We suspect that the relatively low-
temperatures at the bottom of the hole may be due to
slow settling of cold debris from above.

CALCULATION OF RATE OF WATER FLOW
DOWN HOLE 504B

With the accurate determination of the equilibrium
conductive heat flux at 504B, we have established an im-
portant initial and boundary condition that governs the
transient bore-hole temperature after the establishment
of fluid flow along the bore hole. Our primary data set
for the estimation of a time-averaged flow rate is the
Leg 70 temperature log of 3 December, which we again
take to be at equilibrium with respect to Leg 69 drilling
disturbances. We confine our attention to the 275-meter
cased section of the hole, where the flow rate must of
course remain constant with depth. We consider only
constant material parameters, averaged over the sedi-
ment column. Parameters used in the following calcula-
tions are defined and evaluated in Table 2. We obtain
two consistent estimates of the flow rate, the first by ap-
plying the results of Jaeger (1942) for radial conduction
about an isothermal circular cylinder, and the second,
after Lesem et al., (1957), by numerical integration of
the exact solution for a radial-conduction problem with
the appropriate boundary condition. In both cases, we

Table 2. Definition of variables and values of parameters used in flow
rate calculation.?

Variable/Parameter Value Source
Ke, thermal conductivity 0.95 W/m*C Shipboard measurements
x, thermal diffusivity 2.7910-Tm2/s  Ko/(ge)e; eq. (5) of Von Herzen

and Maxwell (1959)
(ge), volumetric heat capacity 4,187 106)/m3=C
of water
@, hole radius 0.15m
Tiz,a), temperature of water in
the bore hole
Tiz,ee), undisturbed temperature
far from the bore hole

Ty, temperature at bottom of casing 2.4°C Dec. 3 log

8, geothermal gradient 0.205°C/m Measured at Hole 504C on Leg 69
f, length of casing in hole 215 m
I, time since start of flow 50+ 1 day Time from drilling through 350 m
to Dec. 3 temperature log
r, dimensionless time = xt/a 536
= e~ ul du
0.946 Jaeger and Clarke (1942)

Ir) = —_——
Jo- uldg2u) + Yo2(u)]

2 Subscripts: e = earth, w = water in bore hole.

DEEP CRUSTAL GEOTHERMAL MEASUREMENTS

assume that the bore-hole fluid is well mixed, so fluid
temperatures do not vary radially. This assumption is
later justified by the magnitude of the flow rate we ob-
tain.

A FLOW RATE ESTIMATE BASED ON
A STEADY-STATE MODEL

A comparison of Leg 69 temperature logs at Hole
504B with logs from Leg 70 indicates that temperatures
in the upper 350 meters of the hole remain fairly con-
stant with time. This implies that the thermal regime in
the hole is close to steady state, and that we can apply a
simple heat-exchanger model to estimate the flow rate
(e.g., Jaeger, 1942, 1961). In this model, within each
small interval of depth in the hole, the net heat flux due
to the flow of water, v, is balanced by the radial flow of
heat through the hole walls, f(z,a) (Fig. 3).

Following Jaeger (1961), the radial heat flow through
the hole wall at r = @ is estimated by

fz, @) = %{—‘Z—’ 1), )

where AT(z) = T(z,) — T(z,a) (Table 2). For the
sediments at Site 504, the temperature increases nearly
uniformly with depth. Thus, T(z,) = gz.

Reentry ———= /
Cone Seafloor

Casing
v Radial heat flow
into hole qfz)
| s
AT=24C— | ~ Basement

Figure 3. Sketch of hole as modeled to determine steady-state esti-
mate of flow-rate, and for infinite-reservoir model of permeable
formation in basement.
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The flux balance into a small depth element, dz, of
the bore hole can, therefore, be written:

wazv(gc)wij% +2waf(z,a) = 0 3)

Using equation (2), this differential equation can be
written as

4T | (T(z,a) - gz) = 0 @
dz

where v = 8K, I(r)/w2a2v(gc),,

. For the condition that 70, a) = 0, the solution to (4)
is

T(z,a) = gz + Ele-7 — 1] 5
v

We can determine the value of v from knowledge of
the temperature at any depth other than z = 0 in the
hole. Thus, if T, = T(¢, @), which is known from the
logs

T, = gt + E[e- — 1]
Y

or,

In[(T; - g)X+ 1] + v = 0 6)
g

The non-zero root of (6) is the value of + that yields the
observed T, and from v the value of v can be deter-
mined readily. For the parameters given in Table 2,
v = 2.45 cm/s, or 88 m/hr.

An equivalent integral formulation of the problem
can also be used to find an explicit expression for v. We
set the total heat advected through the bottom of the
casing equal to the total heat conducted through the
walls of the hole; i.e.,

7av(0),, f AT9) 4, = 24a f f(z,a) dz
0 dz 0

Substitution of (2) and integration leads to

y = HKI(r) | [g? - Te] )
WZGZ(QC)W TP

For the parameters in Table 2, this also yields v = 88
m/hr.

A FLOW-RATE ESTIMATE BASED ON A MODEL
THAT INCLUDES TRANSIENT HEAT
FLOW IN THE BORE HOLE

To obtain an independent estimate of the time-aver-
aged flow rate, we solved a more complete, fully tran-
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sient formulation of the problem in a semi-infinite ge-
ometry with prescribed initial values. We followed the
development of Lesem et al. (1957), who solved a simi-
lar problem for the temperature distribution in a pro-
ducing gas well. These authors solved a dimensionless
version of the problem by a two-dimensional Laplace
Transform, and presented similarity graphs of the solu-
tion, which are, unfortunately, inappropriate for water
flow in a bore hole. The development is given in the Ap-
pendix in a dimensional form. The bore-hole tempera-
ture is obtained by numerical integration of a compli-
cated function; there is no analytic method of inverting
for the flow rate. However, with a reliable estimate of
time since the flow started, the time-averaged flow rate
can be obtained with reasonable precision, by fitting
measured temperatures to the numerical temperature-
depth profiles.

Temperatures measured on 3 December in the cased
section of Hole 504B and theoretical profiles obtained
from equation (A19) (Appendix) are plotted in Figures
4A and 4B for different values of a constant down-hole
flow rate. Aside from some misfit in the upper part of
the hole, where temperatures only poorly resolve the
flow rate, the measured bore-hole temperatures fit the
theoretical profile for 90 m/hr very well. This value
agrees reasonably well with our previous estimate, and
seems to justify the approximations made in the first
calculation.

Figure 5 shows the transient development of the theo-
retical temperature for a constant 90 m/hr flow rate.
This shows that the best flow-rate estimate at 50 days is
not particularly sensitive to the uncertainty of 1 to 2
days in our assignment of a time for the beginning of the
flow down the hole. It also suggests that after roughly
10 days transient changes in the bore-hole temperature
are slow enough that the steady-state approximation
used in our first estimate is appropriate.

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-
ter into the calculation, we adopt a best estimate of the
time-average flow rate at 90+5 m/hr (=25 x 103
m/s). This is equivalent to a volume flux of 6360 ¢/hr.
The Reynolds number for this flow is given by:

Re = 23 = 4500-5000
v

where v is kinematic viscosity.

Because the critical Reynolds number for flow in a
pipe is about 2300 (e.g., Vennard and Street, 1976, p.
383), this flow is transitionally turbulent. This probably
justifies our assumption of radial uniformity of the
bore-hole temperature.

DISCUSSION

In the foregoing, we treated the flow rate as constant
with time. This is not strictly realistic, because the pres-
sure differentials which drive the flow must be quenched
to some degree by the mass flux. However, the similar-
ity of all our temperature profiles suggests that the
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Figure 4. Near-equilibrium temperatures plotted on theoretical profiles for various down-hole flow rates.

dimunition of the pressure differential has been minor,
so that a constant-flow-rate assumption is reasonably
well justified.

It is difficult to obtain better than an order-of-magni-
tude estimate for the early flow rate from the Leg 69
logs, not only because of the problem in separating the
drilling-temperature transient from the down-hole-flow
transient, but also because the down-hole flow started
sometime in the middle of a complex 10-day period of
intermittent drilling, so that it is quite speculative to as-
sign a time origin for the down-hole flow with respect to
bore-hole temperatures corrected for the drilling dis-
turbance. Moreover, existing correction procedures for
the drilling transient are based on purely conductive
equilibration of the hole, and do not include powerful
advective heat transfer by fluid flow in the hole after
drilling is stopped.

Nevertheless, to check that Leg 69 temperatures are
consistent with flow rates determined from Leg 70 logs,
we applied a simple conductive extrapolation (eq. (1);
Bullard, 1947) to the Leg 69 data, which showed a sig-
nificant temperature increase with time after drilling
was stopped. In Figure 6, these results are overlaid on
the transient development of temperature with a 90-m/
hr flow. Approximately 5 days elapsed between the time
drilling was started and penetration of the formation at
350 meters sub-bottom (see below). An additional 5
days elapsed between penetration of this zone and ces-

sation of Leg 69 drilling. The Leg 69 extrapolation is
reasonably consistent with predicted temperatures for
90-m/hr flow at about 5 days, and suggests that no ma-
jor change in flow rate occurred between Leg 69 and
Leg 70 measurements.

The destination of the mass flux down 504B can be
pinpointed with some accuracy by careful examination
of the 3 December measured temperatures deeper than
the casing. Figure 7 shows the entire temperature log,
along with the theoretical curve for flow down the hole
at 90 m/hr. It is remarkable that the two temperature
points immediately beneath the casing lie directly on the
theoretical curve, implying that no significant fluid in-
jection occurs in the uppermost 50 meters of basalt. The
zone of rapid temperature increase from about 360 to
400 meters can occur only if the vertical flow has virtu-
ally stopped (see Nowak, 1953); thus, nearly all the mass
flow must be diverted into the basement between about
330 and 360 meters sub-bottom.

By Darcy’s Law, the thinness of the radial injection
zone (about 30 m) must be due to some combination of
local permeability contrasts and/or locally maintained
pressure gradients. The latter possibility is convincing-
ly ruled out by the in sifu packer tests of Zoback and
Anderson (this volume), who found formation fluid un-
derpressures of about 6 to 12 bars in the basement to
489 meters sub-bottom. The maintenance of high local
pressure gradients within the basement would require
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unnaturally effective pressure seals. In contrast, the 275-
meter sediment cover is a much more effective barrier
to flow and allows maintenance of a large pressure dif-
ference. Judging primarily from the uniformity of mea-
sured basement under-pressures, we must assume that
the mass flux down Hole 504B debouches into an anom-
alously permeable formation. Under this assumption,
we introduce a hydrological model in the next section
that allows us to estimate the permeability of this for-
mation, as well as predict the future mass flux down the
hole.

FLOW OF WATER THROUGH A BORE HOLE
THAT PENETRATES UNDER-
PRESSURED BASEMENT

Judging from the temperature data and packer tests
in Hole 504B, we assume that a high-permeability for-
mation controls the flow, and that the initial pore pres-
sure of this formation is less than hydrostatic. When the
bore hole penetrates into the section, the water in the
hole immediately is set at hydrostatic pressure, which re-
mains constant because the hole is well connected to
ocean bottom water.

We assume that the high-permeability formation is
flat-lying, with a uniform thickness A and infinite radial
extent (Fig. 3). Formation hydraulic properties are
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taken to be isotropic and constant: permeability k, por-
osity ¢, interstitial fluid viscosity g, and compressibility
C. In an infinite radial geometry about a bore hole of
radius a, the pressure P(r,f) in this formation obeys the
diffusion equation (Matthews and Russell, 1967):

¥p ,1op _ 9uCip ®)
ar ror k ot

with the initial condition p(r,0) = P, in situ pore pres-
sure and the boundary condition p(a,t) = P, hydrostatic
pressure.

This equation is completely analogous to the heat-
conduction problem in which an internal cylinder is held
at a constant temperature, different by AT from the in-
itial temperature, the solution of which we used above
in the first flow-rate estimate (see eq. 2 and Table 2). Us-
ing this solution (Jaeger 1942, 1965; also Carslaw and
Jaeger, 1959, p. 335), the pressure is given by:

~ .fnC’-on(ﬂ) = Yo(‘iajo(u)d
o) = AP + 2P [ ¢-x2 _\d a & 9
w
0

Jo2(u) + YoHuw) u

where AP = Py — P, x = kt/¢pCa?, u is dimensionless.
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The flow of water g through the cylindrical face of the
bore hole, per unit area, is controlled by Darcy’s Law:

= _kop
pop

-

r=a

[=-]
_ 4kAP e"”“zdu = 4kAP I(x)
wrap § ullg®(w) + Y2w)]  ap

(10)
The total flow down the bore hole g, which is the

quantity measured, is equal to the total flow through the
face, that is,

I(x) (11)

pm?

Jaeger and Clarke (1942) have tabulated this integral for

x = 0.01 to 1000. Values also can be calculated readily

by numerical integration. For large x (i.e., greater than

1000), equation (1) can be approximated accurately by:

- Y e } (12)
[tn(dx) — 2P

drkh { 1

AP = —
p o \in(dx) — 2y

where y = 0.572.
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These relations have been used to produce a plot of
the flow down the hole in meters per hour per bar of
pressure differential AP per meter of length of hole wall
as a function of time after the well bore is pressurized
(Fig. 8). Curves for four different permeabilities are
shown. The permeability strongly controls the rate of
flow, as clearly seen from equation 1. It is clear that, for
an infinite-reservoir model, the flow rate decreases very
slowly with time.

The flow rates deduced from well temperature logs at
Hole 504B, 10 and 50 days after the formation was ex-
posed to hydrostatic pressure, are plotted on the curves.
To place these points, we have assumed that the pressure
difference (P, — P;) is 6 to 12 bars and the flow rate is
90 +5 m/hr. With this pressure difference, a high per-
meability of about 0.2 darcy (2 x 10-? ¢cm?) is required
to sustain the flow. Using different data, Zoback and
Anderson calculated a bulk permeability of 0.040 darcies
over the interval 320 to 490 meters sub-bottom in Hole
504B, which included the highly permeable 30-meter
section discussed above. Had they assumed that most of
the flow occurred over the 30-meter section, they would
have deduced a result in agreement with ours.

The model explains why the flow apparently changed
so little in the 40 days between the Leg 69 and 70 mea-
surements. The model also predicts that the flow will

1 Hour 1 IIJav 1 Mfmh 1 Year
T

1.0
U T L T T T
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Figure 8. Log-log plot of down-hole flow rate normalized by pressure
differential and height of injection zone, versus time, for infinite-
reservoir model. Theoretical curves given for four values of forma-
tion permeabilities. Two Hole 504B data points fix permeability of
formation at 330 to 360 meters sub-bottom at about 0.2 darcy
(2 x 10~"* m?). The two bulk permeability values come from
Zoback and Anderson (this volume).
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continue undiminished far into the future. For example,
it predicts that the flow rate 3 years after Hole 504B was
drilled will be on the order of 80 m/hr. Perhaps we will
have a change to test this upon possible future re-entry
of 504B.

At the same time, re-entry measurements will allow
assessment of the suitability of an infinite-reservoir
model, which must in reality fail at some finite length
scale. A lower bound on the size of the real finite reser-
voir can be approximated by integrating a steady-state,
radial Darcy Law (e.g., Dake, 1978, p. 116):

_ 2wrkh dp
o = % dr (13)
with Q, = total radial volume flux.
This integrates to
p0) - pl@) = 2 1n (i) 14
2xkh  \a

For our volume flux of 6.36 m3/hr into a 30-meter-thick
formation of 0.2 m darcy permeability, equation (14)
yields a characteristic radial length scale of about 1.1
km. This is really the approximate distance scale over
which the hydrostatic pressure in the hole decays to the
ambient formation under-pressure, and is not a direct
measure of reservoir size; however, it does supply a
minimum bound on the reservoir extent, because the
mass flux into a smaller reservoir would be charac-
terized by a recognizable temporal decrease of down-
hole flow rate.

DOES WATER FLOW DOWN THE HOLE DEEPER
THAN THE HIGH-PERMEABILITY FORMATION?

At first glance, it seems clear that bottom water flow-
ing down through the casing exits into the basement
over a relatively thin section of the hole, 60 to 90 meters
below the sediment/basement interface; however, some
downward flow could exist in the bottom section of the
hole as long as it is so slow that it has virtually no effect
on the temperature gradient. Figure 4A shows that, for
a flow of 1 m/hr, the gradient is little affected below 100
meters. The simple differential heat-exchanger model
used earlier, in the first approximation of the down-hole
flow rate, can be used to estimate the maximum rate un-
detectable with temperature measurements (see eq. 5).

This model gives, for the gradient in the bore hole, at
a depth z:

d T(Z, U) I
= [ 1 — :fz]
g €

Using the parameters appropriate to Hole 504B (Table
2), this relation implies that flows less than about 1 to 2
m/hr are not detectable in terms of a resolvable reduc-
tion in gradient in the bore hole. Therefore, there could
be flow down Hole 504B of 1 to 2 m/hr, below 360 me-
ters sub-bottom, which is not detected. Assuming uni-
form basement under-pressure, the maximum undetect-
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able flow rate sets an approximate upper limit for the
bulk permeability of the basement below 360 meters.
Using our radially infinite reservoir model, this limit is
strongly dependent on the vertical averaging interval A.
For the Leg 69 drilled section to 490 meters, we find a
maximum bulk permeability of about 10-3 darcy (10-13
m?) below the high-permeability zone. This limit is
shown on Figure 8, and is in fair agreement with the Leg
69 bottom-hole value of 2 to 4 x 10-3 darcy reported by
Zoback and Anderson (this volume). For the entire base-
ment below 360 meters, to 836 meters, this calculation
yields a maximum bulk permeability nearly an order of
magnitude less, about 10-4 darcy (1016 m2),

SUMMARY AND CONCLUSIONS

From our suite of temperature measurements at Hole
504B, we directly conclude:

1) Before drilling, heat transfer in the upper 840 me-
ters of oceanic crust at Hole 504B occurred by domi-
nantly conductive means. The magnitude of the heat
flow, about 190 mW/ma2, fits well with simple plate-tec-
tonic predictions.

2) After penetration to basement, bottom water was
drawn down the hole at 90 m/hr, into a 25- to 30-meter
thick formation about 350 meters sub-bottom. This
draw-down rate persisted for 50 days, indicating an un-
der-pressured reservoir of > 1-km radial extent.

3) The packer tests of Zoback and Anderson (this
volume) indicated that basement pore waters were un-
der-pressured by 6 to 12 bars (0.6-1.2 MPa). In com-
bination with this result, the large volume flux into the
aquifer yields an estimate for the formation permeabil-
ity of about 0.2 darcy (2 X 10-13 m2).

Hole 504B clearly penetrated a high-permeability
conduit, of the type hypothesized to control water flow
in the basement. The permeability estimate for this zone
is about five times higher than the bulk basement per-
meability determined by Zoback and Anderson (this
volume). High volume fluxes through such channels can
result in high effective basement permeabilities on a
scale of kilometers. The down-hole data show no evi-
dence of flow in this conduit prior to drilling. In combi-
nation with the conductive sediment-temperature pro-
file (Langseth et al., this volume), and the pervasive
basement under-pressure to 489 meters sub-bottom (Zo-
back and Anderson, this volume), this strongly con-
firms the capacity of the 275-meter sediment cover to
seal the basement aquifer from the ocean bottom water.

The thermal data do not require active hydrothermal
circulation in the upper kilometers of crust at Hole
504B, prior to the penetration of the sediment seal. On
the contrary, the magnitude of the conductive heat flow
and the uniform thermal gradients in both the sediment
and the lowermost 400 meters of drilled basement argue
against vigorous vertical hydrothermal convection at the
site; however, the data do not preclude such circulation
at very slow rates. The good agreement of conductive
heat flows in the sediment and deep basement, which
bracket the permeable aquifer, argues against lateral
flows through it, unless the circulating water is com-
pletely equilibrated with the geothermal gradient. Such



a situation could occur at very low lateral flow rates, or
if the flow covered very large distances.

From the linearity of the deep basement thermal gra-
dient, we infer that the basement under-pressures mea-
sured on Leg 69 to 490 meters sub-bottom (Zoback and
Anderson, this volume) can be extrapolated to the full
836 meters Leg 70 hole depth. With basement perme-
abilities of 10-4 darcy (10-1!6 m2) and higher, vertical
gradients of pressure cannot be sustained over periods
of hundreds to thousands of years without invoking
large vertical flows of pore waters. The uniform thermal
gradient in the deep basement mitigates against such
flow, and therefore against vertical pressure differences
in the basement.

The origin of the basement under-pressure remains
enigmatic. Using sediment-porosity data from Wilkens
et al., (this volume), and estimates of sediment compres-
sibility and permeability from Hamilton (1974) and
Bryant et al., (1974), the time constant L2¢uC/k for
“‘pressure diffusion’’ through the 275-meter (= L) sedi-
ment layer is on the order of 1 to 1000 years; therefore,
relict under-pressures cannot be maintained in the base-
ment over longer periods of time, so an ongoing de-
watering process is probably responsible. Tectonic pro-
cesses with time scales much longer than 1000 years, in
particular the subsidence of the cooling plate, probably
could not maintain basement underpressure against the
faster pressure diffusion through the sediments. Zoback
and Anderson (this volume) present a model that dem-
onstrates the feasibility of a cellular hydrothermal sys-
tem, confined to basement, which explains both the base-
ment under-pressure and a possible +25-mW/m?2 am-
plitude variation in the surface heat flow.

Similar down-hole draw-down into basement after
drilling has occurred at three other DSDP holes—335
and 396B on the Mid-Atlantic Ridge (Hyndman et al.,
1976, 1977; Erickson and Hyndman, 1977), and 454A in
the Mariana Trough (Uyeda and Horai, 1932). All these
sites are located in sediment ponds on young crust, a
hydrogeologic setting in which there exist large varia-
tions of hydraulic resistance to circulation between base-
ment and bottom water. Large-scale hydrothermal con-
vection from beneath the sediments toward discharge
sites at basement highs and outcrops easily could reduce
the volume and pressure of basement pore fluids, partic-
ularly if the sediment were effectively impermeable to
recharge of bottom water. Such a large-scale system
should be detectable by detailed multi-penetration heat-
flow surveys; in the case of Hole 504B, the surface-heat-
flow data are indefinite in this regard (compare Lang-
seth et al., this volume; and Zoback and Anderson, this
volume). A follow-up heat-flow survey addressed to this
matter will be conducted in 1982.

NOTE ADDED IN PROOF

Preliminary interpretation (by K.B.) of Leg 83 temperature mea-
surements on re-entry of Hole 504B confirm the conclusions of this
report with one possible exception. Nearly two years after the Leg 70
measurements, temperatures were still strongly depressed in the upper
part of the hole, but the level at which the temperature recovered to-
ward the geothermal gradient appeared to be about 20 meters shallow-
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er than on Leg 70. This suggests that our narrow (30 m), high permea-
bility aquifer model may be in error and that instead the entire upper
90 meters of basement may be an aquifer. If that is the case, the bulk
permeability of this aquifer, as determined from the model of equa-
tions (8)-(12), would be 0.08 darcy, considerably less than the 0.2 dar-
cy permeability obtained for the 30-meter model. Nevertheless, 0.08
darcy is about twice the bulk permeability of the upper 214 meters of
basement determined by Zoback and Anderson (this volume).

The Leg 83 measurements are discussed briefly in R. N. Anderson,
J. Honnorez, et al. (1982). Leg 83 temperatures also indicate that the
downhole flow had slowed considerably in the two years since Leg 70.
Toward a more complete interpretation of the Legs 69, 70, and 83
results, we anticipate an expansion of the mathematics used in this
study to account for both a time-varying downhole flow and a finite
radial reservoir size. Rather than rush to modify the conclusions of
this chapter based on Leg 83 temperatures, we will wait until a com-
plete study can be done and publish the results in Volume 83.
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APPENDIX
Solution of Transient Temperature Field for Bore-Hole Flow
(after Lesem et al., 1957)

For a semi-infinite geometry of the cased section of the hole, with
the depth coordinate z positive downward, the following equations
hold:

In the earth, r > a, neglecting the vertical-heat-conduction term;
the earth temperature T,(r,z, ) fulfills:

azTe + ]aTc _ 1 BT, (Al)
art r ar x ot

with the boundary conditions:
T, = 0 atz = 0,allrs (A2)
T. — gz asr — o (A3)
and the initial condition
T, = gz att = 0,allz (A4)
Assuming radial mixing in the borehole, so there is no radial varia-

tion of bore-hole water temperature T, (z,f), thermal balance in the
bore hole is expressed by

aT, aT, aT,
wa’(ec; (—" + v—“‘) = 2maK, —*
e Gr ¥V o |,
or
aT, _ , IT, _, 9T (AS)
at r | e iz
with 8 = 2K,/a(gc)y (A6)
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The water temperature obeys the boundary conditions:
T, =0atz=0all? (A7)
Tu@) = Tya) allzt (A8)

and the initial condition

T, =gz att =0 (A9)
The system of equations (A1) through (A9) is an initial-value prob-
lem in both time and depth, and can be solved by a double Laplace
Transform. If T(s,z) denotes the Laplace Transform with respect to

time, and T(s,p) denotes the iterated transform with respect to depth,
the fully transformed equations reduce to

#*T, 1 0T, 1[- 2
+ = = —|sT, - = (A10)
ar? r ar xL¢ P
= _ & aT, (Al1)
+w)y — =5 =8 —
(s + vp) 2 8 =
with the boundary conditions
T (@ = Tua) (A12)
and
T & (AI3)
T, - = r— o
] . p2
The solution to (A10) satisfying (A13) is
T, = £+ AKy(gr), with g = \/57x, (A14)
sp?
and with A determined using (A12) and (All)
A = —gv/sp (s + vp)Ky(ga) + gK,(qa)] (A15)

This yields, for the transformed water temperature:
7, = £ sKo(ga) + BgK,(qa) (A16)
P2 \sl(s + vp)Ko(ga) + BaK,(qa))

This can be rearranged to isolate terms in p:

T, _ sKy(ga) + BgK(ga)( L) 1
g svKy(qa) s, BaKi(qa)
v vKy(ga)

which can be inverted with respect to p using the convolution theorem:

&
32(] +[SqK|(qa)])
sKy(qa)

.(expr_ i (1 + Bakiga)\ [ _ 1) (A18)
v sKolqa)

The non-exponential part on the right-hand side of (A18) arises in
the solution of the radial-heat-conduction problem about cylinder
with a constant supply of heat [Carslaw and Jaeger, 1959, p. 342, eq.
(6)]. Thus, the exponential part may be interpreted as representing the
variation of the effective source strength with depth, because of the
flow down the hole.

(A18) must be inverted by contour integration about a branch point
at s = 0 (see Lesem et al., 1957, for details). The final solution for the
water temperature is:

To(s2) — & =
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= _ am g
T.(t2) = gz 4;?“38 I, +2gva® L (A19) fi = L") + Yy*(u)
X
- f, = L)) + Y)Y, (u)
with
Cw) = [uatf, - ulf,]sin( 28z )+ 2a cos( 28z )
1 — ex —xtu wvaf, ™ wvaf,
L du i e (A20)
L = du
| fo L o = 2e9
(ec)y,
L =0 ift=z/v

Despite the rather imposing appearance of (A21), both integrands
& ( I:_ idy z are quite smooth and decay very rapidly as u increases. Thus, they are
= 1 — exp|—— ( = —);I amenable to numerical integration by any number of basic techniques.
0 wAu For this study, results were obtained by Gauss-Legendre quadrature
over a finite interval. Convergence of the results was checked by first
- Hﬁzfz) . (A21) increasing the number of nodes used in each small subinterval, and

. exp(—— Clu) ift > z/v

v

then increasing the upper finite interval of the integration. Com-
parison to a later trial run with Romberg integration suggests a max-
2 2 imum error no worse than 1 part in 1000—certainly far better than the
Au = uly(u) - ai(W) * + uYp) — a¥ () precision to which the material parameters in (A19) are known.,

vaf;
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