6. SITE 504!

Shipboard Scientific Party?

HOLE 504B

Date occupied: 7 April 1983

Date departed: 16 April 1983

Time on hole: 9 days, 10 hr., 1 min.

Position: 1°13.6'N; 83°43.8'W

Water depth (sea level; corrected m, echo-sounding): 3460 m?
Water depth (rig floor; corrected m, echo-sounding): 3470 m?
Bottom felt (m, drill pipe): 3473.5°

Penetration (m): None*

Principal results: A detailed temperature-measurement profile was
completed from 78 to 449 m below seafloor (BSF), above and be-
low an underpressured high permeability zone in the upper 100 m
of basement of Hole 504B, by using both the hydraulic piston cor-
er (HPC) temperature shoe and the Barnes/Uyeda tool. These data
indicate that downhole flow has decreased from 25 m/hr. (mea-
sured on Leg 83 in November 1981) to 2 to 3 m/hr. The measure-
ment of temperatures lower in the hole was complicated by sensor
problems, but the temperatures indicate a gradient of 0.080°C/m
in Layer 2C and bottom-hole temperatures of 160° to 165°C.

Four water samples were collected using the Barnes/Uyeda tool,
and three samples were collected using the packer sampler go-dev-
il. The hole was highly contaminated with drilling mud, but major-
element water chemistry analyses done on board are reliable and
show linear relations between Mg?* and Ca?* after the latter is
corrected for the precipitation of anhydrite.

The completion of the oblique seismic experiment planned at
the hole was made more difficult by recurrent leaks in the cable
adaptor for the borehole seismometer. Nevertheless, we were able
to conduct a complete shot pattern with the seismometer at 317 m
BSF and 547 m BSF and partial shot patterns with the seismome-
ter at 727 m BSF and 942 m BSF. We also completed a multichan-
nel sonic log of the upper 150 m of basalt (Layer 2A, including the
underpressured zone). The shape of the waveforms varies with the
degree of fracturing indicated by previous borehole televiewer logs.
A packer experiment run at 1056.5 m BSF failed because the rub-
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ber packer element was unable to withstand the high temperatures
at the bottom of the hole.

In the intervals between the experiments we pumped 150,000
gal. of seawater to 4734 m below sea level (1270 m BSF), which we
estimate removed 99% of the bentonite suspended in the borehole
water (although bentonite caked on the walls of the hole would not
have been affected).

BACKGROUND AND OBJECTIVES

Hole 504B, the deepest hole drilled into oceanic crust,
was spudded during Leg 69 and deepened during Legs
70 and 83 to a total below sea level depth of 4823.5 m,
1350 m below the seafloor (BSF) and 1075.5 m into
basaltic basement (Fig. 1). Because of its depth, Hole
504B provides earth scientists with a unique opportunity
to study the geology, geophysics, and geochemistry of
oceanic crust. It was to take advantage of this opportu-
nity that the Glomar Challenger returned to the hole for
9 days at the end of Leg 92.
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Figure 1. Location of Hole 504B in the eastern equatorial Pacific. Ba-
thymetry in m.
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Our primary purpose in returning to Hole 504B was
to conduct an oblique seismic refraction experiment, in
which shots made in a spokes-and-circles pattern were
to be recorded by a borehole seismometer. In 5 days we
were to complete the shooting pattern with the receiver
at four different depths chosen to include crustal Layers
2A, 2B, and 2C. The experiment was designed by Ralph
Stephen of the Woods Hole Oceanographic Institution,
who had developed a three-component borehole seismom-
eter that could withstand the elevated temperatures of
150° to 160°C expected near the bottom of Hole 504B.
We intended to rendezvous with Stephen aboard the El-
len B. Scripps, which would then function as the shoot-
ing ship for the seismic refraction experiment.

Hole 504B had been undisturbed for over 15 mo.,
since Leg 83 had departed late on New Year’s Day, 1982.
We were scheduled to arrive in April of 1983. The water
temperature in the hole was therefore expected to have
had time to approach steady-state conditions, and the
water chemistry was expected to show signs of water-
rock interaction. The measurement of downhole tem-
peratures and the acquisition of water samples, although
second in priority to the oblique seismic experiment, had
to be performed before the water in the hole became dis-
turbed, so the first planned operation at Hole 504B was
to move the drill pipe down very slowly to minimize dis-
turbance, acquiring water samples and making tempera-
ture measurements at a number of depths.

Other objectives were to acquire multichannel sonic
(MCS) logs of the cooler part of the hole and to per-
form a deep packer experiment to test the bulk permea-
bility of the lower portion of the hole (crustal Layer 2C).

OPERATIONS

Upon arrival at Hole 504B (at 1235 hr. on 7 April
1983), we dropped a 13.5-kHz beacon, retrieved the un-
derway profiling gear, and positioned over the beacon.
The 13.5-kHz beacon began to fade out, and the 16-kHz
beacon we dropped to replace it did not work. The third
beacon we dropped (also 16 kHz) functioned properly,
and the vessel was operating in the automatic mode by
2025 hr. Scanning for the Hole 504B re-entry cone be-
gan at 0107 hr. on 8 April; the cone was spotted at
0156 hr. After verifying its presence we searched for the
Hole 504A cone, which was supposed to lie 300 m to the
west, to make sure that we were at the correct location.
Once that cone was found, the ship returned to Hole
504B, and re-entry was effected at 0706 hr. The sam-
pling program began by 0900 hr. on 8 April.

Because of the number and variety of the tools to be
used in this hole and the need to ensure that there would
be enough time to meet all scientific objectives, we used
a special bottom-hole assembly (BHA). The BHA was
terminated with a cleanout bit. A standard support bear-
ing was bored out to 3.675 in., which allowed sufficient
clearance for the borehole seismometer tools yet left suf-
ficient shoulder material to land the in situ pore water
sampler/heat flow barrels, the large-volume water sam-
pler, and the packer safety go-devil. Finally the Lynes
drill pipe packer was made up directly above the bit.

188

The size of the landing shoulder was marginal, so we
used new landing subs and watched them carefully, re-
placing them occasionally with other new subs. This con-
figuration allowed us to complete all of the Hole 504B
operations on one pipe trip and one re-entry, saving time
that was needed later to complete the scientific objec-
tives.

The water sampling and temperature measurement pro-
gram (Table 1) resulted in the recovery of water samples
at seven depths and temperature measurements at 25
depths down to 1204 m BSF. After completing the sam-
pling program, we lowered the drill pipe further to de-
termine whether the hole was open to the total depth
drilled on Leg 83. We found an impenetrable bridge at
4744 m (1270.5 m BSF). We then pulled the pipe back to
3624 m and rigged logging sheaves. The borehole seis-
mometer began running in the hole at 0630 hr. on 10
April.

The oblique seismic experiment was an ordeal. The
primary difficulty was that we did not have the two con-
nectors necessary to link the Schlumberger head on the
seismometer to the Gearhart-Owen logging cable. The
DSDP support group at Scripps, although it had assumed
responsibility for providing this equipment, had provid-
ed neither the connectors nor all the parts necessary to
construct them. As a result, the connections between the
tool and the cable flooded six times. We made a contin-
uous 7-day effort to redesign, rebuild, and refit the ca-
ble-head adaptor. Several of those on board worked con-
tinuously for more than 24 hr., and the delay ended up
costing both the Glomar Challenger and the Ellen B.
Scripps at least 3 days of ship time. In between the floods
and the failures for other reasons, the seismometer col-
lected high quality data sets from (below rig floor) depths
of 3790, 4020, 4200, and 4415 m before failing, presum-
ably from extreme temperatures, at the deepest setting
(4705 m). Despite these difficulties, however, this was
the most extensive borehole oblique seismic experiment
ever conducted. The tool came on deck for the last time
at 1359 hr. on 16 April.

We completed three other downhole operations be-
tween the seismometer lowerings. Two separate multi-
channel sonic logs were acquired for the upper 150 m of
the basement; the runs lasted about 6 hr. each and were
made on the 14th and 15th of April. The tool worked
well both times, but the data acquisition system on deck
did not record the data on the disk properly the first
time. For the second run the oscilloscope image of the
waveforms was recorded on Polaroid film and videotape
for later digitization. A deep packer experiment, con-
ducted from 1845 to 2330 hr. on 14 April, was not suc-
cessful. When the packer element arrived on deck late
on the 16th, it consisted only of the metal webbing, and
all the exterior rubber was gone. It seems clear that a
unit capable of withstanding high temperatures will be
required to conduct packer experiments in 160°C water.

For several hours on the 14th and 15th of April we
pumped seawater down to 4734 m (1260.5 m BSF), 10 m
above the bridge at 4744 m, in an attempt to flush sus-
pended bentonite (drilling mud) from the hole. During
this time we pumped a total of 150,000 gal. of water
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Table 1. Geochemistry-heat flow program, Hole 504B.

Tool(s) deployed
Depth Von Herzen Barnes/ Barnes/Uyeda  Large-volume
below HPC Uyeda Maximum- in situ (go-devil)
rig floor Depth heat flow heat flow reading pore water water
(m) (m BSF) shoe sampler  thermometer sampler sampler
Run 1
3551 78 v v
3580 107 » »
3609 135 » »
3638 164 » »
3666 193 » »
3695 221 v v
3724 250 » »
3752 2719 v v
3781 307 v v
3809 336 v v
3838 364 » I
3866 393 - v 2
3894 421 v -
3923 449 v v
Run 2
3980 507 v
4009 535 v
4037 564 - -
Run 3
4066 592 v
4094 621 -
4123 650 I »
4152 679 -
Run 4
4210 736 » v
4238 765 -
4267 794 - »
Run 5
4400 926 -
Run 6
4478 1004 - -
4507 1033 » »
Run 7
4526 1052 - o
Run 8
4572 1099 I '
Run 9
4621 1148 »
Run 10
4678 1024 - »

2 Sampler failed to trigger.

down the hole, 6.8 times the calculated volume of the
hole. If we assume that contamination was reduced by
50% by each flushing, less than 1% of the original sus-
pended mud remains. Since the process does not remove
bentonite caked on the walls, however, it will never be
possible to determine how much the remaining benton-
ite has affected the future chemical alteration of the rock
or seawater.

Leg 92 completed pulling out of Hole 504B (bit was
on deck) at 2215 hr. on the 16th of April, 1983. We were
under way for Balboa, Panama at 2236 hr.

COMPOSITION OF DRILLING MUDS
(PRELIMINARY RESULTS)

Muddy water was recovered at the three large-volume
(go-devil) sample depths of 926, 1100, and 1204 m BSF
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in Hole 504B. The mud-to-water ratio increased with
depth.

In order to investigate the nature and extent of the re-
actions between the hot water and the mud, the drilling
bentonite from supplies on board the Glomar Challeng-
er for Leg 92 (which, according to Mike Storms, Opera-
tions Manager, was the same drilling mud as used on
Leg 83) and the mud samples recovered from the go-
devil sampler were analyzed by petrographic microscopy
and X-ray diffraction (XRD). The mud samples ana-
lyzed were GDW-I-5 (first go-devil depth [926 m], barrel
5); GDW-II-5 (second go-devil depth [1100 m], barrel
5); and GDW-I11-4 and GDW-III-5 (third go-devil depth
[1204 m], barrels 4 and 5). Smear and XRD slides of
both bulk and coarse fractions (coarse silt and sand)
were analyzed. XRD data from glycolated (with glycer-
ol) samples were also obtained.

Results

All the mud samples recovered from the hole are dif-
ferent from and darker in color than the shipboard ben-
tonite (Table 2). Iron-manganese oxyhydroxide, which
occurs as coatings on pre-existing phases and as discrete
particles, is presumed to be responsible for the brown
colors; dark volcanic glass and magnetite derived from
the walls of the hole may be responsible for the black
color.

The bentonite is composed mainly of smectites, with
some quartz and feldspars, traces of mica grains, small
amounts of barite, and traces of oxyhydroxides. Volcanic
glass, some brown and some colorless, composes 3 to
5% of the bentonite. The brown glass grains are coarser
than the colorless grains. Two additional, as yet uniden-
tified, minor components are also present. The quartz-
to-feldspar ratio is higher in the coarse fraction than in
the bulk sample.

Samples GDW-1-5, GDW-111-4, and GDW-III-5 are gen-
erally similar mineralogically. Smectite is the major con-
stituent; the samples contain more iron-manganese Oxy-
hydroxides, mostly fine grained, than the bentonite, dis-
tinctly less volcanic glass, less quartz, and much less
feldspar. Barite was observed only in the deepest sample
(GDW-I11-5).

There are, however, some important differences be-
tween Sample GDW-I-5 and the deepest go-devil sam-
ples (GDW-III-4 and GDW-III-5). The size of the coarse
fraction, and thus the concentration of quartz, feldspar
(£ volcanic glass), and iron-manganese oxyhydroxides
(and barite), is significantly greater in the two lowest

Table 2. Color of bentonite and mud sam-
ples from Hole 504B.

Sample Color
Bentonite Pale olive 5 Y 6/3
GDW-1-5 Olive brown 2.5 Y 4/4
GDW-11-5 Black 10 YR 2.5/1

GDW-111-4  Dark yellowish brown 10 YR 4/4
GDW-I11-5  Dark yellowish brown 10 YR 4/4

Note: Colors are according to the Munsell soil
color chart.
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samples, and it is greatest in GDW-III-5. In addition,
anhydrite, which we presume formed by reactions in the
borehole, is present in only trace quantities in Sample
GDW-I-5, but it is an important phase (up to a few per-
cent) in Samples GDW-I11-4 and especially in GDW-III-5.

Sample GDW-II-5, a black mud, although coarser
grained than even Sample GDW-III-5, is composed pri-
marily of smectite. Iron-manganese oxyhydroxides are
moderately abundant as fine disseminated particles (as
in GDW-I-5) but are even more common as coarser par-
ticles; they compose about 50% of the coarse fraction.
This fraction also contains considerably more volcanic
glass than the other mud samples. In addition to brown
and some colorless glass, green glass is present, although
it is not very common. Only traces of quartz and feld-
spars were observed. This sample contains some magne-
tite, but no anhydrite was detected.

The bentonite and each of the mud samples exhibit a
different glycolated smectite peak. Coccoliths were rec-
ognized in the mud samples. In Sample GDW-III-4, for
example, a species of Gephyrocapsa, an extant genus,
was present.

Summary and Discussion

The muds recovered by the go-devil sampler at 926,
1100, and 1204 m BSF (at temperatures from 135° to
155°C) differ from the original drilling bentonite as fol-
lows:

1. The mud samples contain considerably less vol-
canic glass than the bentonite.

2. The mud samples are highly enriched in iron and
manganese oxyhydroxides relative to the bentonite.

3. Compared with the bentonite, the mud samples,
even the deepest sample (GDW-III-5), contain much less
quartz and even less feldspar.

4. X-ray diffraction analyses indicate downhole chan-
ges in the smectites. The smectite in the mud samples al-
so differs from that in the bentonite.

5. Anhydrite is present only in the mud samples, in
particular in the deepest and hottest sample (GDW-III-5).
It is absent in the bentonite sample from the ship.

The reactions postulated in the borehole would re-
move Ca?*, SO}, Na*, iron, and manganese from sea-
water and release silica and some Ca?* to the solution.
(Although not evident from this preliminary study, at
least some dissolved Mg2* must have been removed by
the smectites as well.)

The effect of the presence of bentonite on the interac-
tion between seawater and Layer 2 is difficult to evalu-
ate, since the trends that result from reactions between
seawater and ocean crust could be very similar to those
that result from reactions between seawater and bentonite.

OBLIQUE SEISMIC EXPERIMENT

The objective of performing the borehole seismic ex-
periment was to learn about the velocity-depth struc-
ture, seismic anisotropy, heterogeneity, and attenuation
of Layer 2 in young oceanic crust. The information ob-
tained in this oblique seismic experiment (OSE) is on a
scale of hundreds of meters, and, when compared with
the extensive smaller scale downhole logging measure-



ments made at Hole 504B, it provides a rare synoptic
view of physical rock properties and large-scale seismic
structure.

The oblique seismic experiment entails clamping a
three-axis seismometer at various depths down a bore-
hole, generating a series of explosions in a known pat-
tern at the sea surface (Fig. 2), and recording arrival
times and amplitudes for each shot. The data can then
be used to determine the details (resolution: 100 m) of
the velocity-depth structure, the attenuation of the up-
per oceanic crust, the presence and orientation of seis-
mic anisotropy, and the degree of lateral heterogeneity.
The results of the experiment, when coupled with an ex-
amination of the recovered rock and the measurement
of various downhole properties (such as porosity, sonic
velocity, crack density, and resistivity) can help reveal
the relationship of large-scale seismic velocity to in situ
borehole mineralogy and crack structure, the type and
significance of anisotropy, if any, and the relationship
of any such anisotropy to crack orientation and the crust-
al formation process.

The successful completion of three previous oblique
seismic experiments (Fig. 3: south of the Bermuda Rise
on Leg 52 [Stephen, 1978, 1979; Stephen et al., 1980a,
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1980b]; in the Tamayo Fracture Zone area on Leg 65
[Stephen et al., 1983]; and near the Costa Rica Rift in
Hole 504B on Leg 70 [Stephen, 1983; Stephen and Hard-
ing, 1983]) has proven the value of such experiments. In
the Bermuda Rise experiment, good quality three-com-
ponent amplitude and traveltime data helped produce
velocity-depth functions for both compressional and shear
waves. Polarization analysis of the data revealed the shear
wave splitting indicative of seismic anisotropy (Stephen,
1981). The Tamayo Fracture Zone experiment collected
only vertical-component data, but synthetic seismogram
analysis (Stephen, 1977; Stephen et al., 1983) produced
a well constrained velocity-depth function. The previous
(Leg 70) oblique seismic experiment in Hole 504B ob-
tained only traveltime data because the seismometer failed
when it encountered the high (120°C) temperature in the
borehole. A velocity—depth function was determined from
the traveltime data alone (from two ocean-bottom hy-
drophones and two borehole geophone positions), but
the lack of amplitude data precluded the synthetic seis-
mogram modeling that would have further constrained
the velocity-depth function.

On Leg 92, the three-component borehole geophone
was clamped at four depths spaced approximately 200 m

—» Path of shooting ship
o Receiver depth (6 km)
++ Shooting program (0.5 km)

Figure 2 Schematic c_liagram of an oblique seismic experiment over oceanic crust. Schematic shows gen-
eralized chan:lges in velocity. On Leg 92 a three-component borehole seismometer was deployed at
four depths in basement, and almost 1000 charges were fired on radial lines and concentric circles

about the hole within a radius of 8 km.
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Figure 3. Locations of the three previous borehole seismic experiments: the Bermuda oblique seismic ex-
periment (BOSE) on DSDP Leg 52, the California oblique seismic experiment (COSE) on DSDP Leg
65, and the Galapagos oblique seismic experiment (GOSE) on DSDP Leg 70. The Leg 70 experiment at
Site 504 obtained only traveltime data; the Leg 92 experiment at the same site obtained a much more

complete data set.

apart: 3780, 4010, 4190, and 4405 m below sea level
(BSL), or equivalently 42, 272, 452, and 667 m into base-
ment. The high temperatures (up to 160°C) in Hole 504B,
which caused the Leg 70 borehole seismometer to fail,
necessitated the use of a new seismometer designed and
tested for temperatures up to 200°C. The basic unit was
a WLS-1100 wall-lock seismometer purchased from Geo-
Space Corp. This unit was modified by the Woods Hole
Oceanographic Institution with a variable-gain, three-
component seismometer. While the Glomar Challenger
maintained its position, the shooting ship Ellen B. Scripps
sailed a series of radial lines and concentric circles cen-
tered on the hole, firing 7-kg shots every 0.5 km out to a
distance of 8 km. This firing sequence was repeated with
the geophone at each depth, with varying degrees of suc-
cess. The failure of the adaptor that connects the Gear-
hart-Owen logging head to the Schlumberger head on
the borehole seismometer prevented the successful col-
lection of all 1600 planned shot records. Despite the re-
peated flooding of this connector, 994 shots were fired,
and three-component true amplitude data were record-
ed on magnetic tape and ultraviolet paper. The data and
an initial analysis are presented by Little and Stephen
(1985).

In conclusion, the Leg 92 oblique seismic experiment
was the most intensive borehole seismic experiment ever
undertaken over oceanic crust (four geophone depths and
994 shots). In its lowest position (4415 m below rig floor),
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the geophone acquired the deepest borehole seismic da-
ta ever collected in oceanic crust, and it encountered the
highest temperature (about 160°C) at which a borehole
seismometer has ever remained functioning in oceanic
crust.

BOREHOLE WATER STUDIES

A number of studies of the chemistry of the intersti-
tial waters collected during the Deep Sea Drilling Proj-
ect have suggested that some changes in the composition
of these fluids are the result of the low-temperature al-
teration of the underlying basalts of Layer 2. These ba-
salts are a sink for potassium, magnesium, sodium, and
1830 (H,0) as well as a source of calcium (Lawrence et
al., 1975; Lawrence and Gieskes, 1981; Gieskes and Law-
rence, 1981; Gieskes, 1983). McDuff (1981) has argued
that to maintain these concentration gradients, the large-
scale circulation of formation waters must occur in ocean
crust until it reaches an age considerably greater than
that at which the so-called sealing of the crust occurs
(Anderson and Hobart, 1976). This sealing occurs largely
as a result of the accumulation of a thick sediment cov-
er, impermeable to advection, so that transport of ions
from Layer 2 through the sediments becomes diffusive
(McDuff, 1981).

Hitherto there have been few opportunities to study
the chemistry of the formation waters of the basalts to
test some of the ideas developed on the basis of intersti-



tial water data. More direct inferences about the nature
of formation waters were made possible during Legs 69,
70, and 83 with the go-devil packer sampler working in
an active mode (Anderson, Honnorez, Becker, et al.,
1985, pp. 47-48). Although contamination with freshly
introduced seawater from the drill pipe was evident, the
data obtained did suggest that the composition of for-
mation waters was similar to that of the pore waters of
the basal sediments of Site 504.

Studies carried out during Leg 83, when Hole 504B
was deepened, indicated that the composition of the bore-
hole waters had been changed greatly by the introduc-
tion of surface seawater into the hole during Leg 70 about
2 yr. before. Water was sampled at two depths during
Leg 83: about 460 m BSF (80°C) and about 790 m BSF
(116°C). Mottl et al. (1985) concluded that the end mem-
ber concentrations of these samples, when corrected for
contamination by the bottom waters during Leg 70, were
as follows:

Depth
(m ca?t wmg?*t k* si 875/ S04
BSF) T(C) (mM) (mM) (mM) (mM)  B86Sr  (mM)

=460 80 29 40 8.6 0.8
=790 116 48 22 6.7 1.9

<0.7088  24.6
<0.7080 15

The differences in concentration between the two sam-
ples were interpreted in terms of the interaction between
the drill hole water and the surrounding rock at the tem-
peratures encountered, because at both the 80° and 116°C
isotherms the inflow of bottom water was thought to be
negligible. Thus, the prevailing conditions provided what
amounted to a natural rock-seawater interaction experi-
ment.

Whereas the Leg 83 experiments were carried out un-
der relatively clean hole conditions, Leg 83 left drilling
mud in the hole, as is evident from the large amount of
bentonite retrieved from the bottom of the hole. As a re-
sult, the water studies carried out during Leg 92 repre-
sent not only basalt-seawater interactions but also ben-
tonite-seawater interactions. Leg 92 visited Hole 504B
about 15 mo. after Leg 83, a period somewhat shorter
than the 23 mo. between Legs 70 and 83.

Hole Conditions and Operations

Because the time available was limited, we decided
not to use the large-volume water sampler until we reached
greater depths (and therefore temperatures) than on Leg
83. However, three successful runs were made with the
Barnes/Uyeda water sampler (Fig. 4) at 564 m BSF
(91.5°C), 650 m BSF (101°C), and 736 m BSF (108°C).
We sent this tool down the pipe in a free fall. After it
reached the bottom of the pipe, we slowly lowered the
pipe by <50 m. We followed this procedure to ensure
that we were sampling downhole water and not water
pushed down the hole by the tool during its descent in
the pipe. We could not use this procedure with the go-
devil packer sampler, however, because this tool is low-
ered on the sandline. Lowered in this manner, this sam-
pler can seriously contaminate the borehole water, be-
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cause it is 20 m long and pushes down a considerable
plug of bottom water or a mixture of bottom seawater
and borehole waters from higher levels. This plug will
then mix with true in situ borehole water in an undeter-
mined fashion (see the sections on bottom-water con-
tamination).

The first go-devil run, which took samples at 926 m
BSF (127°C), suggested that we would have problems
with drilling mud that would be more severe at greater
depths. Typically the sample barrels contained large
amounts of bentonite as well as iron oxyhydroxides. The
borehole water had to be separated from the bentonite
by careful decantation and filtration. The bentonite con-
tamination grew worse at 1099 m BSF (141°C), and at
1204 m (150°C) a thick slurry was recovered. The water
samples for chemical analysis from the last two go-devil
runs were obtained by centrifugation and subsequent
filtration.

Sample Treaiment

Most slurry samples were immediately acidified with
nitric acid to prevent the precipitation of iron oxyhy-
droxides and stored for future work (about 1 ml of con-
centrated HNO; was used for a 250-ml sample). Some
nonacidified samples were also taken for the compari-
son of trace metals. Samples of bentonite, pipe dope,
lubriplate grease, and so forth were also collected for
contamination studies.

Samples for the analysis of dissolved silica were ob-
tained from the various sample bottles after filtration
and stored in plastic vials. However, the silica values
may not be representative of in situ values, because in-
teraction with bentonite may have taken place after sam-
pling at temperatures lower than in sifu temperatures.
Samples from the Barnes/Uyeda tool were analyzed af-
ter the titration of these samples for alkalinity.

The methods used for major-element analyses were
as follows: calcium and magnesium—titrations, Wescan
ion chromatography; potassium—Wescan ion chroma-
tography; lithium—Wescan ion chromatography; sulfate—
Wescan ion chromatography; minor constituents (H,SiOy,
NH,+, NO;-)—colorimetry; chloride, sulfide, reduced
sulfur—potentiometry. Alkalinity was also determined by
potentiometric titration. (Alkalinity samples were stored
for further work in the shore laboratory, but this chap-
ter addresses the shipboard chemistry only.)

Before discussing the analysis results, we will consider
the contamination of the borehole water by the sam-
pling equipment and by the water introduced from high-
er levels (mostly bottom seawater).

Contamination

Nitrate as an Indicator of Bottom-Water
Contamination

Mottl et al. (1985) point out that nitrate is a good in-
dicator of contamination by bottom water, because at
the high-temperature, reducing conditions present in the
hole, nitrate would normally be absent. Nitrate is absent
from surface seawater, but bottom water has an NOj
concentration of about 39 uM. The temperature profile
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Figure 4. Depth of Hole 504B (Leg 92) samples. In situ temperatures
were estimated from the Leg 70 gradient of 0.114°C/m, shown on
Figure 10. BAW-1 failed to trigger, and still contained distilled
water,
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for the upper part of this hole, below the casing, showed
signs of bottom-water flow-in, and the samples from
GDW-I (Fig. 4) showed appreciable quantities of nitrate.
Moreover, the Barnes/Uyeda sample taken below GDW-I
(BAW-5) contained as much as 35 uM nitrate (90% of
bottom-water concentration). We presume that these high
values result from downhole contamination by bottom
water, although the route from the seafloor to the sam-
pling device is obscure.

If reduced substances (e.g., Fe2*, reduced sulfur spe-
cies) are present in the hole, however, reactions with NOz
may have occurred that would hamper the use of NOj
as an indicator of contamination. There is experimental
evidence in support of the operation of this process (J.
Boulégue and F. Morel, pers. comm., 1983). The ab-
sence of correlation between Ca?* and NOj (Fig. 5) al-
so indicates that nitrate content is of limited usefulness
as an indicator of bottom-water contribution. The go-
devil samples from the lowest two depths show very small
nitrate values, but these samples may have been affect-
ed by reduction, particularly the samples from GDW-II,
which have appreciable concentrations of reduced sulfur
species. Thus, the lack of NOs cannot be used as a pri-
ori evidence that a sample is uncontaminated.

Chloride Contents as an Indicator of Bottom-Water
Contamination

Except in the samples from GDW-III, chloride con-
tent is remarkably constant at a level well within 1% of
the bottom-water concentration (554 mM). Surface wa-
ter has chlorinities of about 534 mM, so surface-water
contamination should readily be apparent. Sample GDW-
I11-3 has a low chlorinity value, but we have reason to
believe that the extremely high iron content of this sam-
ple caused problems with the titration. Samples GDW-
111-4 and GDW-111-5 are somewhat high in Cl (about 1.6
to 2.2% higher than bottom water).

After surface water was introduced during the Leg 83
sampling, one of the Leg 83 go-devil samples (PA-3 of
Mottl et al., 1985) had a chloride content of about 529
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Figure 5. Nitrate-calcium correlation for GDW-I.



+ 4 mM, a value close to the surface-water value of
533 mM. However, our data indicate that since then chlo-
rinities have risen to values equal to those of bottom
waters (554 mM): the samples from BAW-2 to BAW-4
(which have no nitrate) have a chloride content of about
554 mM. The rise in values can best be explained by the
gradual downward mixing of bottom waters continuously
introduced in the upper part of the hole. As temperature
increases downhole, water density gradually decreases,
and thus mixing should occur between the borehole and
the overlying waters. It seem clear that a period of 15
mo. is sufficient to eradicate any remnant signal of sur-
face-water chlorinities. In view of the rather constant
Cl- concentration, we assume that contamination by
surface seawater was minimal.

The Barnes/Uyeda BAW-2 to BAW-4 samples do show
bottom-water chlorinities. Nitrate concentration, on the
other hand, is at not the bottom-water value but zero,
evidence not only that nitrate in the deeper parts of the
hole will be reduced but also that any nitrate detected
deeper than these samples must represent contamination
from the top of the hole.

The rather uniformly high downhole Cl- concentra-
tions rule out significant surface-water contamination,
and the high NOj values in the samples from GDW-I
indicate contamination from bottom water. Thus, real
major-ion concentration changes may be larger than es-
timated, although the absence of a NOj -Ca2* correla-
tion indicates that no proper extrapolation can be car-
ried out. However, the correlations between Ca?* and
Mg?+ and other ions will remain valid as long as the
processes that affect the formation waters are similar at
all levels in the hole.

Pollution by Go-Devil Sampler

The concentrations of dissolved lithium (Table 3) are
generally quite high and extremely variable for the go-
devil samples but not for the Barnes/Uyeda samples.
The values in the GDW-III samples are so high that we
have little doubt that they reflect contamination by lu-
briplate grease. M. Mottl (pers. comm., 1983) came to
similar conclusions about the Leg 83 samples. Thus, the
concentration of each chemical constituent studied in

Table 3. Formation water chemistry.

SITE 504

the samples must be evaluated for potential contamina-
tion by grease or the packer lubricant.

Minor Constituents

Little hydrogen sulfide was found in the samples, but
the concentrations of reduced sulfur compounds are high
(Table 4). The Table 4 data and the fairly high concen-
trations of ammonia suggest that reducing conditions
prevail in Hole 504B throughout the depth interval sam-
pled. Whether larger amounts of sulfide did form is at
present difficult to assess, because such sulfide might
have precipitated in the environment high in dissolved
iron. However, anhydrite has been observed in the deeper
bentonite samples; thus, a considerable portion, if not
all, of the sulfate depletion may be due to CaSO, precip-
itation.

The increased concentrations of ammonia may be ex-
plained best by both nitrate and nitrogen reduction, such
reduction having been catalyzed by the reduced sulfur
species or by the presence of iron at high temperature (a
process that has been observed before in hydrothermal
systems).

Dissolved-silica data from the Barnes/Uyeda in situ
samples from PAW-2, 3, and 4 are plotted in Figure 6.
The concentrations are slightly below the level of quartz
saturation in distilled water (Couture, 1977). However,
various authors have shown that (at least at 25°C) the
solubilities of various silica phases are lower at the ionic
strength of seawater by as much as 10%. This hypothe-
sis would indicate that the dissolved silica in the hole is
characterized by equilibrium with quartz. The much low-
er concentrations in the go-devil samples testify to (1)
the essential validity of the Barnes/Uyeda samples and
(2) the effects of bottom-water contamination as well as
the possible re-equilibration with bentonite in the go-
devil samples. The concentration of dissolved silica is
not clearly correlated with the concentration of dissolved
Ca or Mg, so the silica concentrations cannot be used to
estimate bottom-water contamination.

Major Constituents

Before discussing major-element correlations we shall
discuss the depth distribution of the major cations. For

Fc+-"’

Depth  pH  Alkaliiy  Ca Mg L Na o K a  so, BTy ps037)+1s0iT) Si0; NOy NH,

Sample (m) (25°C)  (meq/dm3) (mM) (mM) (sM) (MM) (mM) (mM) (mM)  (uM) (uM) (mM)  (uM)  (uM)  (uM) (T°C)  Salinity
BAW-2 564 - _ 16.4 48.4 27 468 10.0 550 28.0 N.D. N.D. - 575 (1] 18 91.5 36.0
BAW-3 650 7.55 1.97 20.1 46.0 7 471 9.1 557 28.0 N.D. N.D. - 710 (1] 20 1 36.3
BAW-4 736 7.49 1.79 236 43.2 27 463 9.8 552 26.2 N.D 1.6 - 905 0 28 108 36.0
BAW-5 1004 7.66 1.94 10.7 53.7 27 473 10.1 552 290 — - -_ 155 15 0 130 35.2
GDW-1-1 926 6.36 1.50 289 89 500 457 8.8 555 2.3 — — 0.29 6E0 16.5 T2 127 .6
GDW-1-2 926 6.47 1.415 29.5 379 380 446 B2 555 2.3 — — 1.08 BOS 14.5 64 127 4.6
GDW-1-3 926 6.57 1.425 294 N8 175 452 B.2 551 21.2 — — 1.03 540 5.0 62 127 4.1
GDW-1-4 926 6.39 1.175 28.0 38.2 210 462 8.6 558 21.8 - - 1.14 535 1.0 69 127 34
GDW-L§ 926 628 1.26 262 390 135 460 B4  S52 230  ND 130 124 360 40 sS4 127 3.1
GDW-1-0V 926 6.39 1.18% 253 41.1 440 464 8.9 551 25.6 — - 1.0 310 4.5 82 127 349
GDW-11-4 1099 6.23 1.55 31 343 100 450 8.2 556 15.7 1.5 420 1.60 230 2.0 62 141 kEN 3
GDW-11-5 1099 6.1 1.02 28.1 73 75 453 79 551 19.6 0.2 320 1.10 145 1.5 9 141 LER ]
GDW-ILOV 1099 6.16 0.995 253 36 115 462 B4 S49 240 i = — o o0 57 141 3.1
GDW-111-3 1204 6.49 7.57 55.8 20.6 360 408 6.8 526 17.0 - —_— 3.7 3o 2.5 77 150 336
GDW-I11-4 1204 6.86 2.70 60.3 20.4 290 433 7.4 563 18.0 — — 0.33 405 1.0 82 150 5.2
GDW-111-5 1204 7.1 4.05 59.7 239 190 433 7.5 566 18.7 N.D. 200 0.46 685 1.0 71 150 36.0
GDW-IIT-OV 1204 7.19 4.90 60.5 21.1 240 424 7.8 559 15.5 - — 0.110 1095 1.5 58 150 5.8
Note: OV = overflow chamber. N.D. = not determined; — = not detectable.
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Table 4. (Ca2+){503_) ion product in
seawater at equilibrium with anhydrite
and in Hole 504B samples.

T (Cattys037)

0 ((mM]?)
In seawater at 25 850
equilibrium with 45 450
anhydrite 75 300
125 100
In Hole 504B
GDW-1 127 620
GDW-I1 141 550
GDW-I11 150 1022

this we choose magnesium (Fig. 7) as representative be-
cause (1) it is removed from any seawater in the hole,
presumably into silicates and (2) magnesium depletion
due to Mg-oxy-sulfate precipitation should not be a prob-
lem at these relatively low temperatures.

We assumed that the NOj concentration of about 15
M in the GDW-I samples represented pollution by wa-
ter from the upper part of the hole, and using this value
we arrived at a correction for the Mg2* data that sug-
gested lower concentrations in situ (Fig. 7). The samples
from GDW-II appear to be contaminated by bottom wa-
ter, despite low NOj concentrations (NO; was proba-
bly rapidly reduced in this reducing environment). Bot-
tom-water contamination is also evident from the low
dissolved-silica values. The samples from GDW-III, on
the other hand, which have a greater bentonite content,
are probably much less contaminated by bottom water,
although the dissolved-silica values are still low. Figure 7
also shows the magnesium data obtained by Mottl et al.
(1985) during Leg 83. The latter data show a considera-
bly larger downhole gradient, but, of course, the hole
was much cleaner (less contaminated by bentonite) dur-
ing Leg 83, and the hole had been left for a longer time
span for reaction.

We conclude that the in situ data probably follow a
smooth trend line, a result in part of decreased reaction
rates at higher levels (lower temperatures) in the hole
and a result also of mixing effects in the hole.

In the following discussion we assume that one type
of reaction sequence is responsible for both the release
of calcium by volcanic rocks and the uptake of magne-
sium, potassium, and sodium. This assumption appears
to be in reasonable agreement with the experimental work
of Seyfried and Bischoff (1979). If this hypothesis is true,
the relationships between major-ion concentrations would
be nearly linear. If downhole mixing is also important,
as suggested by the Barnes/Uyeda samples, linear rela-
tionships would also occur.

Major-Ion Correlations

Figure 8 presents a correlation plot of CaZ* versus
Mg2+. The solid dots are measured values. Only the
Barnes/Uyeda samples and the samples from go-devil
runs GDW-1 and GDW-II show a 1:1 correlation between
calcium and magnesium. Some of the factors that have
a bearing on these data are discussed below.
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The detection of measurable amounts of anhydrate
in the lower parts of the hole strongly suggests that sub-
stantial amounts of CaSO, have precipitated. As discussed
earlier, little evidence had been found for sulfide forma-
tion, at least in major quantities, although reduced sul-
fur compounds do occur (Table 3). We have, therefore,
assumed that much of the sulfate has been removed from
the waters as a result of anhydrite precipitation.

From the literature, we obtained (Ca?*) (SOZ2~) ion
products in seawater solutions in equilibrium with anhy-
drate (Table 4). The ion products for Hole 504B water
samples are also listed in Table 4. At all depths the solu-
bility product is exceeded and thus precipitation is theo-
retically possible.

Assuming that all sulfate depletion is the result of
calcium sulfate precipitation, we can compute a corrected
calcium concentration as follows:

Cacorrected = Cameasured + ASOy

where ASQj, is the change in sulfate concentration from
seawater (about 29 mM). The corrected data are plotted
in Figure 8. The uncertainty in SO, is probably +2 mM
at most, that in Ca +1 mM; thus, we estimate the cor-
rected values to be within 5% of those given.

Both sodium (obtained from change balance calcula-
tions) and potassium show decreases with increasing depth
(Table 3). In Figure 9 these data are plotted versus Mg?*.
For a drop in Mg2* of about 32 mM (52.5 to 20.5 mM),
there is a change in Na* of about 50 mM and in K+ of
about 3 mM. If we assume that the corrected Ca?* val-
ues are representative of the Ca?* increase, one obtains
a slope of ACa2+/AMg?* = — 1.9, or a change in Ca2*
of about 61 mM for a drop in Mg2+ of 32 mM. Thus, if
the total anion concentration is approximately constant,
one needs 2 X (61 — 32) = 58 mM of Nat and K* to
compensate the net Ca2* gain, in very good agreement
with observed changes. It is probable that Na* uptake is
due to Na+-montmorillonite formation, an idea also sug-
gested by bentonite alteration in Hole 504B.

For comparison we present in Figure 8 the Leg 83 ex-
trapolated values for Ca2* and Mg?*+ (Mottl et al., 1985).
These data follow our suggested correlation.

Summary and Conclusions

1. Originally introduced surface seawater in the hole
has been entirely displaced by displaced by bottom wa-
ter as a result of mixing processes along a density gradi-
ent. Such mixing, which may well be a continuous pro-
cess, explains in part the apparently smooth gradients in
chemical composition down the hole, although the in-
creased reaction rates at the increasing downhole tem-
peratures will also contribute to this process. We suggest
that bottom-water chlorinities have been established
throughout the hole by slow downward mixing, but that
reaction rates involving cation exchange with basalts and
bentonite are rapid enough to establish gradients in the
major-ion composition.

2. Dissolved-silica concentrations may be controlled
by quartz solubility.

3. Dissolved-nitrate values suggest that waters from
the upper part of the hole are introduced to greater depths
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Figure 6. Dissolved silica versus temperature, Hole 504B. Solid lines are solubility curves determined by Cou-

ture (1977).

as a result of the downdraft created by lowering the drill
pipe and/or the sampler. This water has caused contam-
ination in the go-devil samples and in one Barnes/Uyeda
sample.

4. Ammonia may result from nitrate and/or nitro-
gen conversion catalyzed by high concentrations of dis-
solved iron.

5. Close correlation between calcium (after adjust-
ment for anhydrite precipitation) and magnesium sug-

gests a slope of ACa/AMg = —1.9, the excess calcium
produced being balanced by Na+ and K+ uptake.

TEMPERATURE MEASUREMENTS

Hole 504B, spudded during Leg 69 in October 1979,
has been re-entered on three subsequent legs: Leg 70 (De-
cember 1979), Leg 83 (November 1981 to January 1982),
and Leg 92 (April 1983). In each case an important pri-
ority upon re-entry was the measurement of borehole
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Figure 7. Dissolved magnesium versus depth, Hole 504B. Dashed line represents suggested Mgz+ values
after correction for contamination by water from higher in the hole.

temperatures, before any disturbance of the water in the
hole (Fig. 10). The periods of time between the four legs
were sufficiently long so that the disturbances to the
borehole temperatures due to drilling operations on pre-
vious legs should have dissipated, and borehole temper-
atures should have fully equilibrated with geothermal
conditions. The first order of business after the re-entry
of Hole 504B on Leg 92 was the acquisition of a se-
quence of temperature measurements and water sam-
ples. These measurements were made in steps down the
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hole, with no pumping. The results are assumed to rep-
resent the equilibrium downhole thermal state.
Extensive temperature logging during Legs 69, 70, and
83 (Becker, Langseth, and Von Herzen, 1983; and Beck-
er, Langseth, Von Herzen, and Anderson, 1983) revealed
an extraordinary downhole flow of ocean bottom water
into a shallow basement reservoir, superimposed on a
predominantly conductive geothermal gradient extend-
ing from 400 to 1350 m BSF (Fig. 10). Becker et al.
(both 1983 refs. cited above) based the following conclu-
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Figure 8. Dissolved calcium versus magnesium, Hole 504B. Arrows
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sions on these temperature measurements: (1) the rate of
downhole flow was on the order of 90 m/hr. (6000 I/hr.)
in December 1979 and had decreased to about 25 m/hr.
(1500 1/hr.) by November 1981; (2) the downhole flow
was directed into a high permeability (greater than 60-
mD) reservoir that probably encompassed the upper 100
m of basement; and (3) before Hole 504B was drilled,
heat transfer through the upper 1.35 km of ocean crust
there was predominantly conductive and in agreement
with the theoretical value of about 190 mW/m?2 predict-
ed from plate cooling models. The temperature mea-
surements showed no clear evidence that hydrothermal
circulation is presently active in the vicinity of Hole 504B;
the downhole flow after drilling was not hydrothermal
convection, but was flow forced by basement pore fluid
underpressures (Anderson and Zoback, 1982).

The Leg 92 temperature measurements were designed
to reassess the two major hydrogeologic/geothermal pro-
cesses occurring in the hole. We particularly wanted to
know (1) the April 1983 rate of downhole flow to find
out whether the flow rate had continued to decay since
Leg 83 (as we expected); and (2) the equilibrium geo-
thermal gradient in the deep basement, particularly in
the section drilled by Leg 83 (836 to 1350 m BSF), where
no undisturbed temperatures had been measured previ-
ously. We were successful in meeting our first goal, but
only partially successful in determining the deep geo-
thermal gradient, primarily because of the difficulty of
accurately measuring the very high downhole tempera-
tures (about 100 to 160°C). The temperature measure-
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Figure 9. Dissolved potassium and sodium versus magnesium, Hole
S504B.

ments in Hole 504B from Legs 69, 70, 83, and 92 are
discussed in detail by Becker et al. (1985).

Measurement Techniques

The sequence of temperature measurements in Hole
504B during Leg 92 is summarized in Table 5. Three dif-
ferent devices were used to measure temperatures: (1)
the Barnes/Uyeda in situ pore water heat flow sampler,
which was a modification of a design by Yokota et al.
(1980); (2) the Von Herzen hydraulic piston corer (HPC)
heat flow shoe; and (3) maximum-reading thermome-
ters. Both the Barnes/Uyeda probe and the HPC shoe
monitor the resistance of single thermistors, which on
Leg 92 were fixed 1.3 and 1.1 m in front of the bit. The
Barnes/Uyeda probe records 128 resistance samples at
user-selected 1- or 2-min. intervals; the HPC tool was
set to record 1379 samples at 12-s intervals. Every tool
was allowed to free fall to the bit instead of being low-
ered while attached to a wire line. This allowed us to add
sections of pipe while the temperatures were being mea-
sured, so we were able to measure temperatures over a
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Table 5. Leg 92 temperature measurements, Hole 504B.

Number of
Heat flow temperature-
lowering Tools used depth data Remarks
8 Von Herzen HPC heat flow shoe 77.9-449.3 12 Excellent data quality to 70°C
Barnes/Uyeda probe? 77.9-449.3 14 Good data quality
9 Barnes/Uyeda probea 478.0-563.6 4 No data transferred to read-
out box
10 Barnes/Uyeda probe? 563.6-678.5 5 Recorder drift—minimum in
situ value was acquired at
563.6 md
11 Barnes/Uyeda pmbcc 707.3-793.5 Good data quality
Maximum-reading thermometer 793.5 1 Thermometer reading: 115°C
Large-volume water sampler 926.4 1 Broken thermometer
with one maximum-reading
thermometer
12 Barnes/Uyeda probe® 985.2-1033.2 3 Recorder drift—minimum in
situ value was acquired at
985.2 m*®
Maximum-reading thermometer 1033.2 1 Faulty thermometer—readings
were too high
Three maximum-reading ther- 1050.9 1 Two thermometers were
mometers in heat flow faulty; one measured
assembly 133.3°cf
Large-volume water sampler 1099.8 1 Two thermometers were
with three maximum-reading questionable;® one
thermometers measured 134,7°Ch
13 Barnes/Uyeda probe 1146.7 1 Recorder drift—minimum in
situ value was acquired at
1146.7 m
Large-volume water sampler 1204.3 1 One thermometer was ques-

with two maximum-reading
thermometers

tionable;® one measured
142.2°Ch

: Recorder no. 1, set for normal (low) temperatures. Thermistor #6.
Recorder no. 2, adjusted for high temperatures. Thermistor #6.

[
d

Recorder no. 1, adjusted for high temperatures. Thermistor #6.
Strong temperature effect on recorder response—recorded temperatures drift too low with time. Maximum value

was obtained at first depth, before temperature effect became too significant.
€ Moderate temperature effect on recorder response—recorded temperatures drift too low with time. Maximum val-

f
reuse thermometer,

ue was obtained at first depth, before temperature effect became too significant.
100-to-400°F thermometer in pressure case. Mercury separated during measurement. Unable to shake down and

£ Thermometer was exposed, requiring pressure correction to high indicated values.

0-to-300°F thermometer in pressure case.

depth interval greater than the length of a stand of pipe.
A typical tool run included several 8- to 10-min. stops at
intervals of single stands of pipe (about 28.5 to 29 m).

Both the Barnes/Uyeda probe and the HPC heat flow
shoe were run simultaneously during a single lowering in
the upper part of the hole (0 to 450 m), where the down-
hole flow of bottom water was expected to depress tem-
peratures and no borehole water samples were desired.
We used two tools to guarantee the recovery of data in
this interval so we would be sure to be able to estimate
the downhole flow rate. The Barnes/Uyeda data were
good throughout the lowering, and the HPC data were
superb (Fig. 11) except for the last two temperatures,
which were too high for the 0-to-70°C range of the HPC
thermistor bridge. At every depth the temperatures from
the two tools agreed within 2%; above 30°C, the Barnes/
Uyeda readings were consistently lower than the HPC
heat flow tool values. Since the HPC thermistor had
been calibrated more recently, and since the HPC tool
recorded the known bottom-water temperature (2.01°C)
very accurately, the HPC readings were assumed to be
accurate and were used to determine the flow rate. For
the two measurements above 70°C, where the HPC tool
was off scale, the Barnes/Uyeda values were corrected

by + 1.9%, the average ratio of the HPC values to the
Barnes/Uyeda probe values in the range from 30 to 70°C.

Below 400 m, temperatures greater than 70°C pre-
cluded the use of the HPC temperature tool, and the
Barnes/Uyeda probe was run for short intervals (Fig. 12).
The Barnes/Uyeda recorder was adjusted to increase the
resolution of the thermistor’s resistance (which is low at
high temperatures). Several factors limited the accuracy
of the Barnes/Uyeda readings at temperature greater than
100°C:

1. Thermistor resistance was calibrated only to 100°C.
The validity of extrapolating the calibration constants
to higher temperatures is unknown.

2. At high temperatures, relatively large changes in
temperature produce only small changes in thermistor
resistance, so the nominal resolution of the recorder is
limited to about +0.5 to 1°C.

3. The recorder electronics are sensitive to high tem-
peratures, as indicated by the obvious downward drift
of temperatures with time at heat flow stations 10, 12,
and 13 (Fig. 12). Because of this effect, the highest val-
ues yielded at these stations are those recorded first (at
the shallowest depths, immediately after the tool free
fell to the bit), and even these values are considered min-
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Figure 11. Temperatures measured with the Von Herzen HPC heat flow shoe during the first Leg 92 temperature lowering in Hole 504B (8 Apr. 1983). Depths are in m BSF. The Barnes/Uyeda
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Figure 12. Temperature-time records for the successful Leg 92 Barnes/Uyeda probe lowerings in Hole 504B (Leg 92 heat flow/pore water stations 8,
10, 11, 12, 13). Occasional spurious temperature spikes are probably the result of missed digits in the recorded thermistor resistances. Note the
drift of the recorder response in three of the deeper, higher temperature stations (10, 12, and 13). For these three stations, the maximum recorded
temperature was interpreted as a minimum value for the in sifu temperature.
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imum for the depth being measured, because the free
fall was largely through cold bottom water, with only a
few minutes of the descent through the warm water in
the hole.

The recorder used for most of the stations (no. 1) was
the one that showed less drift (sensitivity to tempera-
ture). However, it was also noisier and occasionally
dropped digits during recording or playback. Many of
the dropped digits could be corrected, but those that
could not probably produced the narrow spikes in the
records shown in Figure 12. During a distilled-water boil-
ing-point calibration of the Barnes/Uyeda probe, the
probe read 99.5 to 99.9°C. Nevertheless, because of the
factors discussed above, the accuracy of the Barnes/Uye-
da probe measurements is probably no better than +2
to 3°C at temperatures above 100°C.

Several maximum-reading thermometers were used in
water-sampler lowerings between temperature stations
(Table 5). Over half of the thermometers run produced
no usable data because of breakage and the effects of
pressure. Two thermometers produced reasonable data
in the bottom of the hole, but only one could be shaken
down and reused. The latter was tested in a distilled-wa-
ter boiling-point calibration, and it read 100 to 100.5°C,
but it was later broken and so cannot be tested at higher
temperatures. Despite the fact that both this thermome-
ter and the Barnes/Uyeda probe calibrated very well at
100°C, the downhole readings from the two differed by
5 to 10°C at higher temperatures. We have greater confi-
dence in the readings from the previously reliable Barnes/
Uyeda probe, which gave higher downhole temperatures
than the maximum-reading thermometers. Our bias is
supported by the chemistry of the water obtained by the
large-volume samples in which the maximum-reading ther-
mometers were run. The nitrate concentrations suggest
that cold bottom water was brought into the hole around
the sampler, resulting in measured temperatures cooler
than geothermal temperatures.

Results

The undisturbed Leg 92 hole temperatures are shown
along with the Leg 69, 70, and 83 results in Figure 10.
Above 400 m, the Leg 92 data provide a good indication
of the downhole flow rate. Deeper than 400 m, the Leg
92 values are generally consistent with a conductive heat
transfer of about 190 mW/m?2, but this conclusion is not
unequivocally supported by temperatures obtained in the
section drilled on Leg 83 (900 to 1350 m BSF).

Leg 92 Rate of Flow of Bottom Water Down
Hole 504C

As on Legs 69, 70, and 83, the temperatures mea-
sured in the casing (0-275 m) and in the uppermost base-
ment are significantly lower than those expected both
from the surface heat flow and from the sediment tem-
peratures measured at Hole 504C (Fig. 10). The low tem-
peratures indicate the continued downhole flow of bot-
tom water into the upper section of basement. The tem-
peratures measured in the cased section during Leg 92
are clearly higher than those measured on Leg 83, which
were in turn higher than the values measured on Leg 70.
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The increase in temperature indicates a significant slow-
ing in the rate of downhole flow over the more than 3 yr.
since the flow started (when Leg 69 first drilled into base-
ment).

Becker et al. (both 1983 refs.) developed a compli-
cated model to predict the temperatures that would oc-
cur down the casing as the result of various uniform
(steady-state) rates of flow. This model considers only
steady-state flow rates and yields estimates of upper
bounds for the real, decaying flow rates. The Leg 70 da-
ta indicated a flow rate on the order of 90 m/hr. (about
6000 1/hr.), and the Leg 83 data 2 yr. later indicated a
flow rate of 25 m/hr. (about 1500 1/hr.). An exponential
fit through these two flow rate estimates suggested that
the Leg 92 flow rate would be on the order of 10 to
15 m/hr. When the high-quality Leg 92 HPC tempera-
ture data are plotted over the temperature profiles pre-
dicted by Becker for several constant flow rates (Fig. 13),
however, the Leg 92 temperatures indicate an even lower
flow rate than expected, on the order of 2 to 3 m/hr.
(100 to 200 1/hr.).

The downhole flow has been shown to be forced by
underpressures in the upper part of basement (Ander-
son and Zoback, 1982). However, the origin of these un-
derpressures has not been determined. The strong de-
crease in flow rate over 3 yr. (Fig. 14) may result from
several factors: (1) a local decrease in the magnitude of
the underpressures in the vicinity of the hole; (2) local
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Figure 13. Leg 92 re-entry temperature measurements in the upper
part of Hole 504B, plotted on predicted temperature profiles for
the downhole flow of bottom water at a constant rate since Octo-
ber 1979 (1272 days), when Leg 69 penetrated basement.
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ally no flow continued deeper.

changes in the permeability near the hole, possibly re-
sulting from chemical reactions between basalt and the
flowing seawater; and/or (3) the filling of a relatively
small reservoir (on the order of 1 km in radius) into
which Hole 504B was drilled.

Deep Basement Heat Flow

The downhole flow of ocean bottom water extends
only about 100 m into basement and is an artifact of
drilling through the sediment seal; it has had no notice-
able effect on temperatures deeper than 400 m, which
are representative of the pre-drilling geothermal state of
the crust. Two types of temperature data exist below
400 m: undisturbed temperatures (those measured im-
mediately upon the re-entry of the hole on Legs 70, 83,
and 92), and paired (continuous temperature logs taken
at the end of Legs 69, 70, and 83). The latter tempera-
tures were measured in the borehole after it had been
disturbed by the drilling process, but undisturbed tem-
peratures can be estimated by extrapolation (by using
the method of, for example, Bullard, 1947).

In work based largely on such extrapolations and con-
firmed by the equilibrium re-entry temperatures at depths
shallower than 650 m, Becker et al. (both 1983 refs.)
concluded that conductive heat transfer predominates in
the basement at Hole 504B. In the 400- to 900-m sec-
tion, linear gradients of about 0.11°C/m were indicated
by both the Leg 70 and Leg 83 extrapolated tempera-
tures, although the results of the two legs were offset by
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about 5° (Fig. 10). Becker, Langseth, Von Herzen, and
Anderson (1983) and Becker et al. (1985) prefer the lower
(Leg 70) values, because the data quality was poorer on
Leg 83 and the Leg 83 drilling disturbance of the hole
was much more complicated and harder to compensate
for. Below 900 m, a steplike increase in thermal conduc-
tivity associated with a transition from pillow lavas to
dikes produced a lower temperature gradient of about
0.07°C/m (Fig. 10).

An important goal of the Leg 92 re-entry temperature
measurements was to verify the extrapolation of the base-
ment temperatures and to test the linearity of the pre-
dominantly conductive temperature gradient, particularly
at depths below 900 m. As shown by Figure 10, the Leg
92 temperatures generally corroborate the linear temper-
ature gradient of 0.11°C/m in the pillow lavas above
900 m, and they support the interpretation that the Leg
83 extrapolated temperatures were about 5° too high.

At depths greater than 900 m, the five Leg 92 temper-
ature measurements show considerable scatter, primari-
ly because three different devices were used to obtain the
data: the Barnes/Uyeda probe (two measurements) and
two maximum-reading thermometers. However, the scat-
ter in the data does not suggest other than a conductive,
linear gradient. We estimate this gradient by differenc-
ing each of the two data pairs measured with a single in-
strument. The preferred Barnes/Uyeda probe readings
yield a gradient of 0.080°C/m; the maximum-reading
thermometer data yield a gradient of 0.072°C/m. The
maximum-reading thermometer temperatures seem about
5 to 10°C low, whereas the Barnes/Uyeda probe read-
ings extrapolate nicely to meet the better quality data
above 900 m. Extrapolating the Barnes/Uyeda gradient
deeper indicates a bottom-hole temperature of 160 to
165°C.

Thus, we interpret the sketchy Leg 92 data below 900 m
as indicating slightly lower temperatures than the Leg 83
estimated temperatures and as having a slightly (5 to
10%7?) higher gradient. This interpretation, if accurate,
would partially resolve an otherwise unexplained discrep-
ancy in the Leg 83 data: although there is clearly a change
in the linear gradients of the Leg 83 estimated tempera-
tures at 900 m that is associated with a discontinuity in
thermal conductivity across the pillow-dike transition,
the heat flow values that are calculated from these gra-
dients do not agree particularly well with each other.
Becker, Langseth, Von Herzen, and Anderson (1983) es-
timated a heat flow of 180 + 20 mW/m? for depths
from 400 to 900 m and a heat flow of 140 + 30 mW/m?
for depths greater than 900 m. A slightly higher gradient
below 900 m would result in a heat flow value that would
be in better agreement with both that calculated for the
section above and that predicted for the plate (about 190
mW/m?). Specifically, the Barnes/Uyeda probe temper-
atures below 900 m, which give a gradient of 0.08°C/m,
result in a heat flow estimate of 160 mW/m? (see Becker
et al., 1985, for detailed discussion).

According to the analysis of Luheshi (1983), the con-
ductive gradient deeper than 400 m is clearly large enough
to allow slow convection and mixing of the fluids within
the borehole. Such convection would be unrelated to the
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downhole flow of ocean bottom water into the upper
100 m of basement. Such convection must also be slow
enough so that a conductive gradient within the bore-
hole could be maintained by radial conduction in equi-
librium with the geothermal gradient in the surrounding
crust. Such possible convection could have important
implications for the interpretation of the chemistry of
sampled borehole fluids.

MULTICHANNEL SONIC LOGGING AND
PACKER EXPERIMENT

For the last several years, the Lamont-Doherty Geo-
logical Observatory and the U.S. Geological Survey at
Menlo Park have been making in situ geophysical mea-
surements of the properties of the oceanic crust that
most directly affect the circulation of an active hydro-
thermal system penetrated by Hole 504B, which is on
the southern flank of the Costa Rica Rift (Anderson et
al., 1982). Measurements of permeability, ultrasonic bore-
hole imagery, and two-channel Schlumberger sonic log-
ging have provided a most useful description of the chan-
ges in the circulation of oceanic crust Layers 2A, 2B,
and 2C that are related to the degree of fracturing and
alteration. However, Layer 2A is so intensely fractured
that the attenuation of sonic energy was too great to
cross-correlate the two waveforms returned from each shot
by the Schlumberger tool. It is precisely this attenuation
that marks the zones of highest permeability in the oce-
anic crust. We returned to Hole 504B during Leg 92 to
run a multichannel sonic log through Layer 2A. Our
tool has two major advantages over the Schlumberger
sonic log: (1) the spacing between the receivers is 1 ft.
(0.30 m) instead of 2 ft. (0.61 m), and (2) the tool has
eight receivers instead of two. The eight receivers allow
us to develop a small refraction profile across the array
at each shot depth. Precise velocities and waveform spec-
tra are recorded across the array. Deeper into the dikes
of Layer 2C, we found that the rock had distinctive fil-
ter characteristics. Wavelengths of 30 to 40 cm were se-
verely attenuated for both the P and S coda. We inter-
preted this spacing as being related to the aspect ratio of
a fundamental pattern of fracturing or jointing never
before observed in oceanic crust. We were anxious to de-
termine the filter characteristics of Layer 2A in Hole
504B.

A unique aspect of our logging program is the con-
struction of a fracture spectrum log of the hole. In this
log we display the degree of fracturing observed on the
borehole televiewer with the P and S wave velocity and
the P and S coda peak frequency and energy. An altera-
tion log designed to distinguish between the porosity and
the hydroxyl content of the formation (which uses a nu-
clear log cross-correlation technique developed at La-
mont) adds the downhole variation in the degree of al-
teration downhole to the observed acoustic changes.

Operations

A detailed description of the multiple-receiver, long-
spacing sonic logging tool and operating techniques ap-
pears in the Site 597 chapter (this volume).
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The 12-channel receiver array for the multichannel
sonic logging tool, which was severely damaged at Site
597, was repaired and reassembled as an 8-channel string,
with spacing as follows: source to first receiver, 10.3 ft.
(3.14 m); receiver 1 to receiver 2 and receiver 2 to re-
ceiver 3, 1 ft. (0.30 m); receiver 3 to receiver 4, 2 ft.
(0.61 m); receiver 4 to receiver 5, 1 ft. (0.30 m); receiver
5 to receiver 6, 2 ft. (0.61 m); receiver 6 to receiver 7 and
receiver 7 to receiver 8, 1 ft. (0.30 m). This reconstruc-
tion was important, because a new 12-channel array that
was shipped to Costa Rica was impounded by customs
at San José, so we sailed from Puntarenas, Costa Rica,
on the Ellen B. Scripps for the rendezvous with the Glo-
mar Challenger without the replacement array.

The tool was first put down the hole on 14 April, and
it worked beautifully. However, software looping and up-
hole computer triggering problems prevented the proper
recording of waveforms. The interval from 3850 to 3750 m
below the rig floor (376.5 to 276.5 m BSF) was logged
onto floppy disks. Later playback revealed no useful in-
formation on the disks. The software program was digi-
tizing part of the first waveform eight times. We spent
the next 2 days attempting to debug the program and
planning alternative recording techniques. We decided
to record the data on video tape and Polaroid images
from an oscilloscope. The program was eventually de-
bugged and used to digitize from the videotape play-
back. When we again logged Hole 504B from 3900 to
3750 m (426.5 to 276.5 m BSF), the tool functioned beau-
tifully; in total, 400 sonic waveforms were recorded dur-
ing 1.5 hr. in the formation.

Results

A description of the advantages of multichannel son-
ic logging can be found in the Site 597 chapter (this vol-
ume). In brief, recording a source with a less-than-1-m
wavelength by using eight receivers spaced 1 ft. (0.3 m)
apart produces waveforms sensitive to borehole changes
that occur over less-than-0.3-m intervals. Fractures, pil-
low boundaries, flow contacts, and so forth can be seen
as differences between coda (waveform packets) over sev-
eral receivers. These changes in P, S, Stonely, and late-
arriving normal modes can be related directly to the bore-
hole televiewer image (BHTV). Because the tool was sta-
tionary at each shot point (shot points were 3 m apart),
a miniature refraction survey resulted from each shot.
The waveforms are displayed in Figure 15. Table 6 lists
the changes observed in the waveform coda that relate
directly to the downhole changes in the BHTV images
(which were logged during Leg 83).

The results are excellent. The traveltimes of the P and
S coda are highly erratic in Layer 2A in the previous
Schlumberger log, but the normal moveout of P and S
coda across our MCS logging array allow us to make
precise velocity calculations at each shot depth. The sys-
tem also makes possible the observation of changes in
both the amplitude and frequency of the normal modes—
particularly the shear and Stonely waves. Attenuation
can be calculated by measuring the amplitude and fre-
quency changes of these coda between waveforms. It



Table 6. Comparison between multichannel sonic waveforms (Fig. 15) and borehole
televiewer imagery (Newmark et al., 1985) in Hole 504B.

Depth
below
rig floor  seafloor

Depth
below

Observations on Leg 92

Observations on Leg 83

{m) (m) multichannel sonic logs borehole televiewer imagery
3751 2.5 Variation in amplitude across receiver array.  Zone of internal fracturing.
Change in frequency of shear and
Stonely coda, Channels 6, 7, 8 have
high frequency reflections? or normal
modes.
3754 280.5 Change in amplitude across receiver array. Fracturing at positions of receivers 6 to 8.
357 2735 Largest amplitudes at middle receivers (5 Position of middle receivers corresponds to
and 6). zone of unfractured rock between
fractured zones.
1760 286.5 Amplitude changes from low to high down  Fractured zone at receivers 1 to 3. Rock is
string. more solid at receivers 4 to 8.
3763 289.5 Change in modal coda (three packets at Massive basalt.
receiver 3, two at receiver 2).
1766 292.5 Large variation in amplitudes of shear Fractured zone.
code.
37172 298.5 Very fast: wave at receiver 8 is | to 2 km/s Massive.
faster than it was at 3766 m.
3775 301.5 Repeatability of waveforms shown on Massive,
multiple shots at receivers 5 and 6.
778 304.5 Large coda change across receiver array. Rubble zone.
1781 307.5 Amplitude increases at receiver 8. Rubble zone to massive at 3783 m (309.5 m
3784 310.5 Receiver 7 charging against wall. Massivs]hasnl( with fractures.
1787 313.5 Saturated amplitudes. Massive—no fractures.
3790 3185 Saturated amplitudes, very fast shear. Massive—no fractures.
13793 3125 Still saturated. Massive—no fractures.
3796 3245 Boundary in amplitude between receivers 5 Fractured but more massive, deeper than
and 6. receiver 5.
1799 275 On first receiver, highest coda amplitude is Rubble zone, heavily fractured zone.
shear rather than Stonely (which are
high frequency and slow).
3802 305 Low amplitude at receivers 2 and 3. High Breccia.
amplitude at receivers 5 and 6. High
frequencies on receiver 7.
3805 3315 Highest amplitude at receiver 4. Low Aquifer.
frequency Stonely coda.
3808 3345 High frequency Stonely coda. No shear Aquifer.
coda except at receiver 1.
381 3375 High shear amplitude on receiver 1. Aquifer.
Change in shear velocity and amplitude
below receivers 2 and 3.
3817 3435 Ulrra-high-frequency Stonely coda. Agquifer.
1820 346.5 Highest frequencies at receiver 4, lowest at End of aquifer; then into fractured basalt.
receiver 7.
1823 3405 Larger shear than Stonely coda. Very low Extensively fractured.
frequency Stonely coda at receiver 8.
3826 3525 Receiver 1, huge amplitude; receiver 2, two Extensively fractured.
coda packets; receiver 3, no large shear,
3835 361.5 Stonely velocity, 6 km/s. Positive zones spaced at about 5-m inter-
Vi .
3838 364.5 Shear veloeity, 1.23 km/s. Fractured zone.
3841 367.5 Clear P coda at receiver 1. Still fractured.
3844 370.5 P velocity very slow, about 1.5 km/s. Heavily fractured.
3847 3735 Low amplitude at receiver 8. Small breccia zone at receiver 8.
3850 376.5 Shear velocity, 1.8 km/s. Vertical fractures.
3853 379.5 Altenuation strong at receiver 8. Fractured zone.
3856 3g2.5 Saturated at receivers 4 to 5. Different Fractured zone.
shear factor at receiver § than at
receiver 7.
3859 3855 Large shear velocity jump of 0.6 km/s Small solid flow at 3861 m (387.5 m BSF).
between receivers § and 6. Then receiv-
er B faster than receiver 6.
3862 388.5 P velocity, 3.7 km/s, Extensively fractured.
3865 391.5 Larger amplitudes at receivers 3 to 6, then Extensively fractured.
small again at receivers 7 to 8.
3868 394.5 Large shear coda at receiver 1. Extensively fractured.
8N 397.5 Saturated amplitudes at receiver 5. Extensively fractured.
3883 409.5 Shear velocity, 2.4 km/s. Solid flow ar 3880 to 3885 (406.5 o
411.5 m BSF).
3886 412.5 Large P coda, velocity 2 to 4 km/s at Rubble to fractured basalt.
receivers 1 1o 3 but 4.3 km/s at receiv-
ers 7 1o 8.
3889 415.5 P wave velocity up to 2.8 km/s. Fractured basali,
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should be noted that the tool makes a downhole correc-
tion for geometric attenuation by automatically increas-
ing the gain at successively more distant receivers. No
intrinsic attenuation would give eight waveforms with
exactly the same energy and frequency content for each
coda. Fractures clearly affect attenuation by scattering
and venting energy away from the borehole. Shipboard
(preliminary) observation of the waveforms leads us to
believe that this scattering is the dominant mode of at-

tenuation in the upper oceanic crust (not a surprising
result). Table 6 reveals a direct correlation between the
degree of fracturing and the degree of attenuation in
Layer 2A.

Packer Experiment

For the third time at Hole 504B, we attempted to
make a packer slug flow test of permeability at 4530 m
below rig floor (1056.5 m BSF) in the dikes at the bot-
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3751

3754

3757

3760

3763

3766

3769

3772

3775

Figure 15. Full waveforms recorded by the multichannel sonic logging tool. At each depth, signals recorded from the near receiver (farthest left) to
the far receiver (farthest right) are shown. The eight receivers are spaced from 3 to 6 m from the source (see text). Typical frequencies are from 5 to
20 kHz, and typical traveltimes over the offset spread are from 50 to 200 us/ft. (164 to 656 ps/m).

tom of the hole. A permeability of 10~ ! m? was expect-
ed at this depth as the result of calculations based upon
the exponential decrease in measured permeability with
increasing depth shallower in the hole. However, the pack-
er jacket failed at the high temperatures encountered in
the dikes. We have now shown conclusively that the DSDP

208

packer system will not work at 150°C. Two failures were
identified. The one-way check valve on the go-devil that
prevents deflation when the go-devil shear plug blows
out returned to the surface damaged, and the packer el-
ement itself returned stripped of its outer rubber tread.
The steel belt showed enough damage to suggest that the
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Figure 15 (continued).
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3808
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Figure 15 (continued).
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Figure 15 (continued).
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Figure 15 (continued).
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tread was already gone at the point of inflation. The
steel slammed against the borehole and failed to hold
a hydraulic seal even momentarily. The next alternative
appears to be to try asbestos packers.

SUMMARY AND CONCLUSIONS

A number of sampling and measurement programs
were conducted at Hole 504B at the end of Leg 92. Ex-
tensive temperature logging during Legs 69, 70, and 83
showed a rate of downhole water flow of 90 m/hr. in
December 1979, which decreased to 25 m/hr. in Novem-
ber of 1981. The flow was directed to an underpressured
high permeability reservoir in the upper 100 m of base-
ment. Leg 92 temperature measurements showed that the
flow had decreased to 2 or 3 m/hr., or 100 to 200 1/hr.,
by April of 1983. Downhole temperature measurements
were complicated by sensor problems but indicate a gra-
dient of 0.080°C/m in crustal Layer 2C with bottom-
hole temperatures of 160 to 165°C (Becker et al., 1985).

Water sampling showed the borehole fluid in Hole
504B in April of 1983 to be a mixture of seawater and
bentonite drilling mud. We found uniform bottom-wa-
ter chlorinites down the hole but a clearly developed ma-
jor-ion alteration chemistry characterized by downhole
increases in Ca?* and decreases in Mg2* and K+. The
good correlation between Ca2*, after adjustment for the
anhydrite precipitation observed lower in the hole, and
Mg2+ suggests a value of —1.9 for the Ca/Mg ratio.
Dissolved-silica concentrations follow the quartz solu-
bility curve.

Dr. Ralph Stephen of the Woods Hole Oceanograph-
ic Institution conducted an oblique seismic refraction ex-
periment in which shots fired at the surface were regis-
tered by a three-component seismometer clamped to the
borehole wall at depths of 317 m BSF, 547 m BSF, 727 m
BSF, and 942 m BSF. The Ellen B. Scripps was the shoot-
ing ship. The experiment was designed to investigate re-
gional fracture density, seismic anisotropy, and low ve-
locity layers. Data analysis is incomplete, but the Leg 92
borehole seismic experiment is the most comprehensive
completed to date, even though cable connector failures
plagued the experiment. The preliminary data show clear
evidence of anisotropy (Little and Stephen, 1985).

Sections of the upper portion of Hole 504B were logged
with a multichannel sonic tool to interpret mesoscale frac-
turing from the acoustic behavior of crustal Layer 2A in
the immediate vicinity of the borehole. A comparison
of the results of this logging with the results of previous
borehole televiewer logging shows that the differences in
the shape of the waveforms correspond to differences in
the degree of fracturing. A packer experiment intended
to determine the bulk formation permeability deep in
the hole failed because the rubber borehole seal could
not withstand the high ambient temperatures.

During two intervals between other operations we
pumped 150,000 gal. of seawater through the hole from
a below rig floor depth of 4734 m (1270 m BSF). We es-
timate that this procedure is equivalent to 6.8 flushings
and thus should have removed 99% of the bentonite not
caked on the walls of the hole.
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