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ABSTRACT

Two sites on the southern flank of the Costa Rica Rift were drilled on DSDP Legs 68 and 69, one on crust 3.9 m.y.
old and the other on crust 5.9 m.y. old. The basement of the younger site is effectively cooled by the circulation of sea-
water. The basement of the older site has been sealed by sediment, and an interval in the uppermost 560 meters of base-
ment recently reheated to temperatures of 60 to 120°C.

Although the thickness of the sediments at the two sites is similar (150-240 m versus 270 m), the much rougher base-
ment topography at the younger Site 505 produces occasional basement outcrops, through which 80 to 90% of the total
heat loss apparently occurs by advection of warm seawater. This seawater has been heated only slightly, however; the
temperature at the base of the sediments is only 9°C. Changes in its composition due to reaction with the basement
basalts are negligible, as indicated by profiles of sediment pore water chemistry. Bacterial sulfate reduction in the
sediments produces a decrease in SO4 (and Ca) and an increase in alkalinity (and Sr and NH,) as depth increases to an
intermediate level, but at deeper levels these trends reverse, and all of these species plus Mg, K, Na, and chlorinity ap-
proach seawater values near basement. Si, however, is higher, and Li may be lower.

At the older site, Site 501/504, where heat loss is entirely by conduction, the temperature at the sediment/basement
contact is 59°C. Sediment pore water chemistry is heavily affected by reaction with the basaltic basement, as indicated
by large decreases in '%0, Mg, alkalinity, Na, and K and an increase in Ca with increasing depth. The size of the
changes in §'®0, Mg, alkalinity, Ca, Sr, and SO, varies laterally over 500 meters, indicating lateral gradients in pore
water chemistry that are nearly as large as the vertical gradients. The lateral gradients are believed to result from similar
lateral gradients in the composition of the basement formation water, which propagate upward through the sediments

by diffusion.

A model of the §'80 profile suggests that the basement at Site 501/504 was sealed off from advection about 1 m.y.
ago, so that reaction rates began to dominate the basement pore water chemistry. A limestone-chert diagenetic front
began to move upward through the lower sediments less than 200,000 yr. ago.

INTRODUCTION

On DSDP Legs 68 and 69 two sites were drilled on the
southern flank of the Costa Rica Rift (Fig. 1) to study
hydrothermal processes in young oceanic crust. The two
sites are situated in contrasting heat flow regimes: heat
loss at the younger site (Site 505) is mainly advective,
whereas heat loss at the older site (Site 501/504) is entire-
ly by conduction through the sediment column. The con-
trast, which results from the much rougher basement
topography at Site 505, has a profound effect on the
sediment pore water chemistry., Composition versus
depth profiles at both sites have unusual features not
seen before in DSDP holes. These features result largely
from the temperature and extent of reaction with basal-
tic rocks of seawater flowing through the basement be-
neath the sediment. The effect of the basement reactions
on the chemistry of the sediment pore water is obvious
in spite of a complicated overprint due to diagenetic
reactions within the sediments themselves.

GEOLOGIC SETTING

Site 505 is situated on 3.9 m.y. old crust in an east-
west trending trough that is 15 km wide, has a floor 2 to

1 Cann, J.R., 1 h, M. G., H . J., Yon Herzen, R. P., White, 5. M., et al.,
Init. Repis. DSDP, 69: Washington (U.S. Govt. Printing Office).

3 km wide, and is bounded by ridges 300 to 400 meters
high. Although the sediment in the trough is 130 to 240
meters thick, the basement crops out along the larger es-
carpments, most of which have throws of 100 to 200 me-
ters. These outcrops apparently act as conduits for the
exit of warm, circulating seawater, because the conduc-
tive heat flow in this area is only 10 to 20% of that the-
oretically predicted for crust of this age. The conductive
heat flow measurements indicate that the temperature at
the top of the basement, which has been effectively
cooled by the circulating water, is only 9°C (Langseth et
al., this volume).

Sites 501 and 504, 80 km south of Site 505, are within
300 meters of each other on crust 5.9 m.y. old. The sedi-
ment thickness is greater here (about 270 m) and more
uniform. The basement is abnormally smooth and un-
fractured compared with the crust immediately to the
north and south. Maximum throws on the faults, which
produce small escarpments, are probably less than 100
meters. The conductive heat flow measured here is es-
sentially equal to the total heat flow predicted for crust
this age, indicating that the sedimentary section has ef-
fectively capped the smooth basement, preventing heat
loss by advection. The heat flow data indicate that the
temperature of the sedimentary layers has reached a
conductive equilibrium, which requires a thermal re-
bound in the crust to a temperature of 60 to 90°C at the
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Figure 1. Location of Sites 501, 504, and 505 on the southern flank of the Costa Rica Rift, Panama Basin. Bathymetry from Lonsdale and Klitgord

(1978). Contour interval = 250 m.

top of the basement. The wide range of this temperature
estimate results from the presence of isolated heat flow
highs in the area. Site 501/504 is not located over such a
high, and the temperature at the sediment/basement con-
tact was found to be 59°C (Becker et al., this volume).

The sediments at all these sites are predominantly si-
liceous nannofossil ooze, with minor amounts of wind-
blown clay and volcanic ash. CaCOj; content increases
with increasing depth in all holes to values near base-
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ment of 60 to 70%. The most striking difference between
the sediment at Site 505 and that at Site 501/504 is dia-
genetic and results from the higher temperature of the
crust at the latter site. The sediments from Hole 505,
where heat flow is low, show only a slight consolidation
from ooze to chalk in the lower 22 meters of the 232-
meter-thick section. In contrast, Site 501/504 in the high
heat flow area shows two distinct diagenetic boundaries,
from ooze to chalk at a depth of 143 meters and from



chalk to cherty limestone intercalated with chert at 235
meters. (The basement is at 264 to 274 m.)

SAMPLING METHODS

Sediments were recovered by both rotary drilling and hydraulic
piston coring. Sediment pore waters were sampled by using both the
standard squeezing technique and the Barnes in sifu sampler in
conjunction with the Uyeda-Kinoshita (DSDP-Tokyo) downhole tem-
perature probe (Table 1). This probe projects through the bit and pe-
netrates about 1 meter into the sediments at the depth drilled or washed.
The water sample flows into the Barnes tool under hydrostatic pres-
sure through the timer-operated valve and a stainless steel filter
screen, displacing distilled water from a copper and stainless steel coil
in series into an overflow cylinder with a pressure-relief valve. The
prime aliquot from the steel coil is thus usually undiluted pore water,
whereas the overflow aliquot is diluted with the distilled water dis-
placed from the coils. Both aliquots have been analyzed for some
chemical species to detect the effects, if any, of precipitation and ox-
idation in one or the other aliquot after sampling.

Hole 505 subcores were cooled to 6.8 to 10.5°C prior to squeezing
to approximate the in situ temperatures of 2 to 8°C. The Site 501/504
subcores were squeezed at 20 to 24°C, although the in situ tempera-
tures varied (approximately linearly) from 2°C at the seafloor to 59°C
at the basement contact. The depth interval that corresponds to tem-
peratures from 20 to 24°C is approximately 90 to 115 meters.

ANALYTICAL METHODS

All samples were filtered through 0.45-um cellulose membrane fil-
ters and analyzed in the shipboard laboratory for pH, salinity (via re-
fractive index), chlorinity, alkalinity, Ca, and Mg using standard titra-
tion techniques (Gieskes, 1974). Shore-based analyses of K, Li, Sr,
and Mn were made by flame atomic absorption spectrophotometry.
SO, was analyzed by polarography (Luther and Meyerson, 1975); Fe,
NH,, and Si by colorimetry; and §'®0 and D by mass spectrometry.
Na was calculated from charge balance. Results and uncertainties are
given in Tables 2 and 3.

RESULTS AND DISCUSSION

Site 505

The profiles showing the change in pore water com-
position with increasing depth in Hole 505 are unusual
in that many chemical species reach a maximum or min-
imum concentration at an intermediate level in the col-
umn of sediment and then return to nearly seawater val-
ues at basement.

This characteristic is most clearly shown by sulfate,
alkalinity, Ca, Mg, and NHj (Fig. 2). In the upper 100
meters of the sediments, sulfate decreases almost line-
arly with depth, alkalinity and NH, increase to many

Table 1. Sediment and sediment pore water sampling at Sites 501/504
and 505.

Depth of
Basement
below
Seafloor  Depth and Continuity of Number and Type of
Leg Hole (m) Sampling® Pore Water Samples
68 501 264 Spot cored to basement B squeezed
69 504 — Cored to chert at 237 m? 17 squeezed
69  S04A 264 Cored 227 to 264 m 2 squeezed,
1 in situ®
69 504B 274.5 Cored lower 14 m 1 squeezed
69  504C i Noned 4 in situ
69 505 232 Cored to basement 16 squeezed,
4 in situ

2 Rotary drilling was used except where noted otherwise.
Hydraulic piston coring.

€ In situ samples were taken with the Barnes tool.

d Washed to 220 m,

ELEMENTAL AND STABLE-ISOTOPE COMPOSITION

times the seawater value, Ca decreases greatly, and Mg
(and Mg/Cl) increases slightly. At depths below 100 me-
ters all these trends reverse, and the sediment pore water
composition closely approaches that of seawater at the
sediment/basement contact.

The profiles for these chemical species in the upper
100 meters are similar to those that have been observed
at DSDP sites in rapidly deposited, organic-rich hemipe-
lagic sediments (Sayles and Manheim, 1975). The reduc-
tion in sulfate and increase in alkalinity result from
bacterial sulfate reduction utilizing organic matter:

2CH,0 + SO%~ = H,S + 2HCO; (€))

Sediment in the interval from 100.3 to 100.5 meters be-
low the seafloor emitted gas bubbles and an intense
odor of H,S when the core was split, indicating that
sulfate reduction is probably most active at that depth.
The progressive depletion of Ca in the upper 100 meters
is doubtless due to calcite precipitation in response to
the increase in alkalinity:

Ca2* + 2HCO5 = CaCO; + HO + CO,  (2)

When the slight Mg increase is included, the changes in
sulfate, alkalinity, and Ca approximately balance with
respect to charge.

Some calcite precipitation apparently occurred when
the cores were warmed during recovery, because the in
situ samples have higher Ca and alkalinity than the
squeezed samples (Fig. 2). Similarly, the difference be-
tween the in situ prime and overflow aliquots from 96
and 146 meters suggests that some calcite precipitated
from the prime aliquot for these two samples. Precipita-
tion is less likely to occur in the overflow aliquot be-
cause it is diluted in situ immediately on collection.

Below a depth of 100 meters, the reversed trends are
less linear than the trends above 100 meters. Nonlineari-
ty results either from the presence of additional reaction
zones or from changes in the diffusive properties of the
sediments. For sulfate, alkalinity, and Ca, the profiles
can be divided into three linear segments between the ex-
trema at 100 meters and the sediment/basement con-
tact, with changes in slope at 170 and 210 meters (Fig.
2). Ammonia likewise shows the change in slope at 210
meters, which corresponds to the diagenetic change from
unconsolidated ooze to chalk.

These changes in slope are minor features of the over-
all reversed trends, however. The fact that the trends
continue to basement indicates that for the sediment
pore waters, the basement contact represents a source of
sulfate and Ca and a sink for alkalinity, Mg, and NHj.
Because sulfate minerals are absent in the sediments and
absent or extremely scarce in the upper 900 meters of the
basement, the source of sulfate at the basement contact
must be the basement pore water. The composition of
this water is apparently close to that of unaltered seawa-
ter for these five species, as indicated by the composi-
tion of the basal sediment pore water.

Other species that display maxima or minima in the
sediment column but reverse and trend toward seawater
concentrations near basement are K, Li, and Sr (Fig. 3).
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Table 2. Composition of sediment pore water and surface seawater from Site 501/504.

Sample

Location Sub-bottom  pH 8% D
Water Core/Section Depth at Salinity Chlorinity  Alkalinity S04 MNa K Ca Mg Sr Li Fe Mn NH3 Si SMOW  SMOW
Hole Sample (interval in cm) (m) 3°C (%s) (mMy? (meg/l)  (mM) (mM) (mM) (mM)} (mM) (M) (uM) (aM) (xM)  (uM)  (zM) %) (%a)
Samples squeezed from sediment®
501 Surface - - 801 333 525.0 2.42 27.16 4506 1007  9.61 5081 856 46— - <50 0.5 - -
scawater
(6/79)
1 1-1, 145-150 1.5 7.50 348 557.0 4.05 — — — 1106 4813 153 - - 919 18 897 - -
2 1-2, 145-150 1.0 743 146 557.9 5.03 2629 4838 12,13 1219 47.42 160 283 — - - 808 - -
3 1-6, 140-150 9.0 7 32 556.2 3.14 28.12 4784 1261 1030 5170 896 303 — 8 <50 687 -04  -04
4 34, 140-150 3] 708 344 559.9 2.60 18,16 4811 10.87 3198 2038 S8 358 - 49.8 B46 1145 -1.5 -1.8
5 4-2, 140-150 115 6.81 34.6 568.9 210 19.09 4874 926 4316 1203 627 39.9 — 41.5 696 1573 -3.0 =36
7 5-2, 140-150 172 699 344 555.3 1.41 19.76 4714  7.85 4805 950 SB1 289 - 127 621 1497 -1%  -50
8 63, 140-150 230.5 704 340 5524 1.20 19.40 4698 7.5 4696 974 528 206 2 — 64 618 1509 -4.5 -54
9 7-1, 140-150 m 743 49 559.9 0.69 1.7 4761 614 4698 1328 438 251 - 50 S5 556 -26 -60
S04  Surface - 814 331 521.0 2.14 27.21 450.3 1020 10.06 51.36 850 242 <092 <37 <50 0 e -
seawater
{20/9/79)
1 1-1, 146-150 11.5 752 385 555.2 5.50 26.86 4800 12.88 1011 5028 112 286 122 854 306 446 - -
2 31, 146-150 203 738 4.9 558.0 5.70 24.81 4793 12.53 1021 5002 144 IR 1.59 717 519 461 -0.1 —
k] 51, 144-150 29.1 741 351 561.7 4.95 uT 4820 12.52 1093 4830 185 249 028 59.6 660 498 aas -
4 7-1, 144-150 1.9 17 366 561.7 4.69 2.75 4829 1202 1194 4590 227 19.5 078 470 721 557 - -
5 91, 144-150 46.7 .24 363 563.5 4.41 21.64 4846 1179 1297 4372 261 2.5 0.83 348 9% 571 - -
6 11-1, 140-150 55,5 7.09 352 564.4 4.85 20.76 4845 1161 1462 4191 299 320 043 306 B3 577 -1.0 -
7 15-2, 144-150 73.1 720 363 568.1 4.77 19.60 488.5 1125 1849 3677 375 36 <020 353 955 1169 - -
8 21-1, 140-150 99.5 7.00 349 567.2 3.70 18.7§ 4870 1078 2310 3127 439 422 1.51 331 B6D 1298 -1.9 —
9 27-1, 140-150 125.9 12 M4 562.6 1.98 18.09 4790 990 2868 2625 533 420 209 255  BOO 132 -11 -
10 33-1, 140-150 1523 .09 340 560.8 1.53 19.34 479.01 913 3283 2261 S84 394 163 138 660 1317 -27 -
1 40-1, 140-150 183.1 713 344 555.3 1.72 19.00 4733 B3 3558 1992 5TI 26 427 903 60 1639 -3.5 -
12 40-1, 130-140 183.0 6.83 34.4 562.6 0.82 19.35 480.1 896 3562 2000 365 32.5 172 9.04 681 1630 -32 -
13 43-1, 140-150 195.5 695 344 556.2 0.55 19.04 4739 888 3563 1957 573 309 270 675 529 150 - -
14 45-1, 140-150 203.5 690 343 552.6 0.99 19.34 4712 8.5 3549 19.77 580 28.7 205 649 583 1448 -33 -
15 471, 140-150 2115 701 342 552.6 0.16 19.02 4700 828 3442 2121 558 279 109 649 630 1391 -4.3 -
16 49-1, 140-150 219.5 6.95 342 554.4 0.63 19.34 4724 890 3640 1891 577 267 139 569 600 1724 -3.8 -
17 52-1, 107-117 2311 692 340 5515 0.50 17.80 469.5  8.16 3659 18.43 S 254 0.81 482 652 1553 -3.7 -
S04A it 1-1, 28-33 268 696 341 552.5 0.83 20.60 4693  BOE 3902 1883 444 W6 — 601 551 1454 -32 —
19 3-1, 46-57 246.0 698 342 5571 0.68 21.32 4708  6.07 42.42 18.65 448 26 - 543 480 87 -2.5 -
5048 365 1-1, 129-135 261.8 693 347 (558.8) 0.63 21.97 4725 — 3338 2836 — 40 — - - m -1.4 —
Samples taken in situ
S04A 1528 — 152.0 7.48 Er A (560.8) 117 ¥ 4786 848 3590 2314 479 36.6 — — 1060 - -
S04C I5-1% - 53.5 7.58 351 563.8 8.49 3.1 4832 10.62 1091 5292 130 333 <37 594 671 606 0.3 -
15-2¢ — 101 7.20 352 566.1 8.00 22.80 485.1 1037 1455 46.84 247 340 <37 45.2 845 1260 - —
1s-af - 162.5 .7 M7 (559.6) 7.13 1.0 4843 7.68 2194 3527 442 394 5.1 390 609 (1400 -0.5 -
15-4f - 220 732 3 (553.00 439 23.30 4835 B2 2860 2593 535 135 80 865 787 (1600) -0.% -
Analytical uncertainty () — w3 = 03 1 2 0.7 1 0.5 05 2 2 6 2 2 2

2 As mM chloride, equals chlorinity (%.) » 1.0243/35.453 x 1000.

b Ay samples squeezed from sediment were at 20 to 24°C except Water Sample 504B-36 (which was at 6°C).

€ Water Sample 504B-36 was obtained by squeezing at 6°C 8 days after the core was taken. Some evaporation occurred during that time. All values in the table except pH and 8180 have been corrected from the measured
chlorinity of 602.5 mM (20.85%,) to that estimated for the original sample (in parentheses in the table). .
1S denotes in sifu sample taken with the Barnes tool. Water Sample SO4A-1S-2 consisted of a diluted overflow aliquot only; all values for it in the table except pH and 5180 have been d from the
of 602.5 mM ({20.85%.) to that estimated for the original sample.

€ Data for pH, salinity, chlorinity, alkalinity, Ca, Mg, Mn, NH3, and $180 are from the prime aliquot, Other data are from the overflow aliquot normalized to the chlorinity of the prime aliquot.

f Data for pH and blEO are from the prime aliquot, which was contaminated with seawater during recovery. Other values were calculated from data for the overflow aliquot by modeling it as a mixwure of pore water, sur-
face seawater, and distilled water, assuming that the pore water had values for chlorinity and Si as given in the table (in parentheses).

Table 3. Composition of sediment pore water and surface seawater from Hole 505.

Sample
Location Sub-bottom  pH s1%0
CorefSa‘ﬂiun Depth at Salinity Chlorinity Alkalinity = SOgq Na K Ca Mg Sr Li Fe Mn NH3 Si SMOw
Water Sample  (interval in cm) (m) 25°C (%) (mM)? (meg/)  (mM) (mM) (mM) (mM) (mM) (uM) (M) (M) (M) (M) (xM) (%)
Samples squeezed from sediments®
Surface seawater - — 8.05 36 532.2 1.93 27.55 4548 10.25 1019 51.82 851 4.1 <l <1.9 <10 4.3 -
(29/9/79)
20 2-1, 144-150 20 7.71 4.6 552.8 3.04 28.50 4743 12.26 1023 52.67 B5.4 28.0 530 105 <50 548 -
21 2-3, 144-150 5.0 7.64 346 557.4 4.27 27,86 478.6 1237 988 53.02 819 267 1.20 103 203 687 —_
2 2-5, 144-150 8.0 7.53 34.4 558.3 3.98 27,93 479.6 1212 991 5299 89.2  26.5 1.96 929 186 674 0.0
2 3.3, 140-150 14.5 7.40 34.6 £61.1 6.85 25.99 481.2 iz B.40 5444 88.8 279 3195 BO.5 496 704 0.2
24 4-6, 140-150 28.5 7.29 4.4 562.9 8.93 2335 4842 1220 6.20 54.32 87.2 26.5 1.7l 3.7 786 758 0.3
25 5-3, 140-150 335 7.29 346 561.1 9.41 22,83 4829 12.41 595 539 866 274 222 366 842 746 0.0
26 6-3, 0-10 41.6 7.27 4.4 562.0 8.38 2372 484.2 1209  6.21 5400 B9.3 269 2.65 9.8 BOS 755 -0.2
n 9-2, 140-150 70.0 71.29 342 562.9 13.26 18.96 4340 11.91 3.74 5457 838 242 1.98 17.7 1371 784 =
28 114, 140-150 101.5 7.42 342 564.8 15.92 17.13  486.4 11.52  3.62 542 915 227 1.78 356 1504 822 =
29 14-4, 140-150 130.0 7.21 34.2 562.9 13.19 17.87 482.0 11.37  3.63 54.57 98.1 21.9 2.9 163 1774 775 =0.1
30 17-5, 140-150 169.5 7.19 342 566.6 10.31 18.77 485.2 1144 421 5392 108 223 | 9.60 1281 837 -
3 20-5, 140-150 198.0 712 344 560.2 7.58 21,44 480.3 1107 578 53.25 113 19.5 1.13 7.3 886 814 =
2 21-7, 140-150 210.5 1.26 5.0 562.0 6.19 22.36 480.2 11.15 6.51 5379 107 19.2 2.16 6.55 2 =03
3 22-5, 140-150 217.0 7.25 345 564.8 5.06 23.80 483.0 11.60  7.14 5387 107 20.4 2.09 5.18 587 768 —_
34 23-5, 140-150 226.5 7.30 35.2 563.8 385 25.61 483.0 11.67 8.32 5349 98.3 213 1.03 432 334 786 —
35¢ 24-2, 140-150 231.5 7.48 342 553.3 1.2 26.54 471.8 12.53 839 5307 833 229 1.11 9.51 142 635 =02
Samples taken in situ
I8-1, prime — 95.5 8.08 4.1 561.1 16.78 — — — 197 53595 — — — 26,5 1250 — e
IS-1, overflo — - —_ - (172.0) (18.54) 2323 4925 10.41 4.85 5595 82.0 305 — 2.7 8§78 250 =
[S-2, prime - 145.5 8.03 4.1 556.5 13.33 - - - 4.63 5495 — — - 223 1087 — —
15-2, overflowd - - — — (367.0) (14.13)  20.64 4802 1027 5.03 5495 105 23.8 - 18.7 544 584 —
15-3¢ — 183 8.10 342 555.5 10.68 2093 4780 1025 599 5329 118 23.7 - 17.5 928 670 —
1S-4¢ - 211 7.83 342 556.5 6.64 2492 4785 10.69 812 5332 114 223 - 1.7 603 651 -

:M mM chloride, equals chlorinity (%) x 1.0243/35.453 x 1000.
All les sq d from sedi were at 6.8 to 10.5°C except Water Sample 505-35 (which was at 14°C).
;Waler Sample 505-35 was squeezed 6 days after collection. The core interval app i highly disturbed and was probabl: i 1 by drilling fluid (surface seawater).
Data have been normalized to the chlorinity of the prime aliquot, except for chlorinity and alkalinity (in p heses), Alkalinity was calculated from the difference in Ca between the prime and normalized
overflow aliquots.
& ﬁ'ﬁ f:I)‘r pH, salinity, chlorinity, alkalinity, Ca, Mg, Mn, and NH3 are from the prime aliquot. Other data are from the overflow aliquot normalized to the chlorinity of the prime aliquot. Mg is identical in
aliquots.
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Figure 2. Composition of sediment pore waters in Hole 505.

K* (mm) Li* (um) Si (uM) se2t (um) MnZ* (uM]
05 115 125 | 20 22 24 26 28 30 500 700  900| 80 100 120 0 50 100
Surface Seawater
o2 . ° =
Seafloor -~ & ° ° ‘. 3‘ .‘
Sy ey [ ]
50} ® ° ¢ ° !
L ] L ] L] L ] L]
ﬁwor i ° ™ & |A=250 o 4 o 4
E
S L] L] L] [ ] [
-5.150’.& Fa Fay 4 o
[=]
L ] L] L ] L ] L ]
O Fay 7y Ty A
200} ° ® ° ° .
A e o o, A A g® g2 53
232 ® ® o—2 o—=2 %
250 \Basement
300t

Figure 3. Composition of sediment pore waters in Hole 505. See Figure 2 for key.

The major trend reversal for these species occurs at or
near the ooze-chalk boundary at 210 meters. The K data
show a large temperature of squeezing effect, especially
in the upper 50 meters, where the temperature discrep-
ancy was largest, but the K/Cl ratios of the in situ sam-
ples indicate that K is depleted in the sediment column
and returns to seawater concentrations near basement.
Li is similarly depleted in the sediment pore waters and
may or may not still be depleted at the basement con-
tact. Sr is slightly depleted to 100 meters and enriched
below that depth to a maximum at 200 meters, but it de-
creases again toward seawater values near basement.
Chemical species that do not exhibit prominent trend
reversals are Mn, Fe, Si, Na, Cl, and 6'%0. Mn (Fig. 3)

shows a maximum in near-surface sediments, drops
sharply at depths to 29 meters, and declines gradually at
depths below that to basement. Fe shows a similar pat-
tern but with much more scatter. Si (Fig. 3), Na, and CI
(Fig. 4) increase sharply in the upper 25 meters to a val-
ue that remains largely constant below that depth. §!30
varies within a narrow range from 0 to 0.3 in the upper
30 meters and from 0 to —0.3 at depths from 30 meters
to basement.

A plot of the Na/Cl ratio (Fig. 4) shows that two of
the in situ samples, especially that from the most active
zone of bacterial sulfate reduction at a depth of 100 me-
ters, show anomalously high Na/Cl ratios. Since Na was
calculated from charge balance, the anomalous values
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Figure 4. Composition of sediment pore waters in Hole 505. See Fig-
ure 2 for key. Values for Na were calculated from charge balance;
two in sifu samples (open triangles) have anomalously high Na and
Na/Cl because of spuriously high sulfate measured in the overflow
aliquots, resulting from oxidation of H,S. See text and sulfate
values in Figure 2 for comparison.

are believed to result from an overestimate of some
measured anion. Comparison with Figure 2 suggests
that this anion is sulfate, which for the in situ samples
was measured in the diluted overflow aliquot. Appar-
ently some of the abundant H,S in these samples was
oxidized to sulfate prior to analysis. This sulfate would
have been balanced by H+ initially, which would com-
bine with HCOj5 and be lost as CO,. The anomalously
low alkalinity was not measured, because this species
was analyzed much earlier and only on the prime ali-
quot. The resulting spurious charge balance showed up
only in the calculated values for Na. The shape of the
Na/Cl profile in Figure 4, with a maximum at the H,S-
rich intermediate depths, implies that a small amount of
H,S may have been oxidized in the squeezed samples as
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well. This case demonstrates the usefulness of analyzing
both aliquots from the in sifu sampler.

In summary, the sediment pore water chemistry at
Site 505 is dominated by the effects of bacterial sulfate
reduction and by diffusion between this zone of intense
reaction and the upper and lower boundaries of the sedi-
ment column, both of which fix the pore water composi-
tion near that of unaltered seawater. The bacterial reac-
tion zone is most intense at an intermediate depth of 100
meters and has a large effect on sulfate, alkalinity, NH3,
and Ca and a small effect on Mg and Sr. A second reac-
tion zone that affects these species as well as K and Li is
probably present at the ooze-chalk boundary 22 meters
above basement. The fact that the sediment pore water
composition near the basement contact closely approach-
es that of seawater implies that the cool seawater circu-
lating through basement is largely unaltered. Apparent-
ly the flow rate of seawater through basement at this site
is rapid relative to its rate of reaction with basement ba-
salts at the low prevailing temperature, which is only
9°C at the basement contact.

Site 501/504

Five holes were drilled at Site 501/504 roughly along
an east-west line 500 meters long (Fig. 5). The most un-
usual feature of the pore water profiles from this site is
the pronounced variation in solution composition that
occurs laterally over this distance.

Figure 6 shows the lateral and vertical variations in
alkalinity, Ca, and Mg. The vertical variations are simi-
lar to those observed in many DSDP holes and are op-
posite to those at Site 505 for Ca and Mg; Ca increases
and Mg decreases with depth on nearly a mole-for-mole
basis. Alkalinity exhibits a maximum that is smaller and
much shallower than at Site 505 and then decreases to
even lower values near basement. For all three chemical
species, the concentration at a given depth varies regu-
larly over the 300 meters from west to east between Hole
501 and Hole 504C, indicating the presence of a contin-
uous lateral gradient over that distance. This is shown
for Ca in Figure 7.

| |
o 504C *
501 5048
A
A" 504A
&
504
83°44.0'W
1°13.50' N

0 100 200 300 m
L 1 L S T
L 1
0 500 1000 ft

Figure 5. Location of the five holes at Site 501/504.
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Other species that show obvious lateral variations are
sulfate and Sr (Fig. 8) and 8'%0 (Fig. 9). For these spe-
cies the lateral variation is apparently less regular than
for Ca, because the order of the two intermediate holes
(Holes 504 and 504A) is reversed. Whether 8D (Fig. 9)
shows lateral gradients cannot be determined, because
this species was only analyzed in Hole 501.

The origin of the lateral gradients in sediment pore
water composition at this site cannot yet be determined
with certainty, but it is clearly related in some way to the
origin of the vertical gradients. The decrease in sulfate
with depth to a nearly constant value below 100 meters
(Fig. 8) is almost certainly due to bacterial activity, as
are the shallow maxima in alkalinity (Fig. 6) and NH;
(Fig. 10). The lateral gradient in sulfate concentration
over the depth interval from 50 to 100 meters implies
that the sulfate-reducing bacteria in Hole 504 are more
active at that depth than they are in Hole 504C and less
active than they are in Hole 501. This may result from a
lateral difference in temperature or sediment composi-
tion, but the evidence at hand (Beiersdorf and Natland,
this volume) indicates that such differences must be very
small.

In any case, bacterial sulfate reduction is not the
dominant influence on sediment pore water chemistry at
this site, as it is at Site 505. This can be seen in the pro-
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Figure 8. Sulfate and Sr in sediment pore waters from Site 501/504.
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files for alkalinity and Ca (Fig. 6). Alkalinity reaches
the largest maximum in Hole 504C, the hole with the
smallest sulfate decrease; at a depth of 50 meters, the al-
kalinity gain (6 meq/l) more than balances the sulfate
loss (4 meq/1). For the other holes, however, the sulfate
loss far exceeds the alkalinity gain at this depth by the
same amount that the Mg loss exceeds the Ca gain.
Thus, the large amount of alkalinity that must have
been produced by sulfate reduction via Reaction 1 has
apparently been consumed (along with Ca) via Reaction
2 (CaCO, precipitation). The Ca concentration has nev-
ertheless increased, while Mg has decreased. Except for
the upper 50 meters in Hole 504C, therefore, the reac-
tions that dominate the pore water chemistry are those
that have produced Ca and consumed Mg.

The pattern of Ca enrichment accompanied by Mg
and 180 depletion observed at this site is common in
DSDP holes. It has been convincingly attributed in gen-
eral to the alteration of basement basalts beneath the
sediment column (Lawrence et al., 1975; Lawrence and
Gieskes, 1981; and McDuff, 1981). This explanation al-
most certainly applies here, because the sediments con-
tain 10 to 25% clay and <1% volcanic glass that is
rhyolitic and not obviously altered (Beiersdorf and Nat-
land, this volume). These concentrations are too small
to account for the depletions in 30 and Mg by the alter-
ation of the silicate fraction in the sediments.

If the vertical gradients in Ca, Mg, and 6'80 originate
mainly through the reaction of seawater-derived solu-
tions with the basement basalts, it follows that the later-
al gradients in these species also originate from base-
ment. Either the basement pore waters vary laterally in
composition or, if they are uniform, the effect of their
composition propagates nonuniformly through the sedi-
ments by advection or diffusion or both.

The data in Figure 11 support the former hypothesis.
The linear reduction in the Na/Cl ratio of the sediment
pore waters with increasing depth suggests that Na is be-
ing taken up by basalts that are undergoing alteration in
the basement and that it is unreactive in the sediments.
If the basement pore waters were laterally uniform in
composition and the lateral gradients in Ca and Mg re-
sulted from differential propagation of this uniform
basement signal through the sediments, one would ex-
pect differential propagation of the Na-depletion signal
as well. The Na/Cl ratio, however, shows no lateral
variation in the sediment pore waters. Thus, the most
likely explanation is that the basement pore waters vary
laterally in their amount of Ca enrichment and Mg de-
pletion but have a constant Na and chloride concentra-
tion. These lateral gradients propagate upward through
the sediment pore waters by diffusion and are modified
secondarily by diagenetic reactions in the sediments.

The other alkali elements, K and Li, like Na, show no
obvious lateral gradients (Fig. 12), although K may be
lower in Hole 501 than in the other holes. K is spurious-
ly high in the upper 100 meters because of the tempera-
ture of squeezing effect, but it definitely becomes more
depleted in the lower sediment pore waters as the base-
ment is approached. Both K and Li are affected by reac-
tions in the sediments. The K concentration drops sharp-
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ly at the top of the chert section. Li shows a complex
pattern due to diagenetic reactions, with a strong sink at
a depth of 38 meters and a source in the sediments near
the ooze/chalk boundary at 143 meters. Below that depth
it decreases toward basement.

The Mn profile (Fig. 10) is similar to that at Site 505.
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In summary, the sediment pore water profiles at Site
501/504 are greatly affected by reactions in the basaltic
basement, which is presently at temperatures of 59°C
and higher. Lateral variations in sediment pore water
chemistry exist for alkalinity, Ca, Mg, sulfate, Sr, 30,
and possibly K. These gradients apparently result large-



ly from diffusive propagation upward through the sedi-
ments of similar lateral gradients in the composition of
the basement pore waters. The basement waters are ap-
parently enriched in Ca and depleted in Mg, Na, K, 180,
deuterium, sulfate, and alkalinity relative to seawater.

THERMAL HISTORY OF THE CRUST AT
SITE 501/504

A most unusual feature of the sediment pore water
profiles at Site 501/504 is the reversal in the §'80 gra-
dient with increasing depth (Fig. 9). This is the first time
this feature has been seen in a DSDP hole. The reversal
coincides with the lower diagenetic boundary at 235 me-
ters between chalk above and a zone below in which
limestone and chert are intercalated. At this same depth
Si in the pore waters decreases sharply to a concentra-
tion approximately equal to chalcedony saturation at
the in situ temperature of 56°C (Fig. 9). The 6!%0 of the
carbonate fraction of the sediments also drops sharply,
after decreasing by about 2%, in the upper 235 meters
(Table 4 and Fig. 13). The slight decrease in the upper
sediments is reflected in the 6'®0 of the benthic forami-
nifera, which decreases by the same 2%, from the depth
at which CaCO; overgrowths first appear (153 m) to the
top of the chert (Table 5 and Fig. 14). These features of
the carbonate isotopic chemistry have been observed at
two other DSDP sites in the Panama Basin: Site 157 on
the Carnegie Ridge and Site 158 on the Cocos Ridge
(Keigwin, 1979). These sites share other features with
Site 501/504, including high sedimentation rates, high
heat flow, and similar lithologies, with chert present
deeper in the sections.

The large %0 depletions observed in the sediment pore
waters at Site 501/504 have been attributed to the altera-
tion of basement basalts, as discussed earlier. By mak-
ing some fairly simple assumptions the diagenesis of the
lowermost sediments can be shown to account for the
reversal toward heavier values of §!30 in the pore waters
and the sharp decrease in 6!80 of the carbonate sedi-
ments that occur at a depth of 235 meters.

For this we used the model of Lawrence et al. (1976).
In this model carbonate with an initial §!80 value of
31%0, (SMOW) is allowed to recrystallize in a pore fluid

Table 4. Oxygen isotope composition of
the carbonate fraction of sediments
from Hole 501.

s1%0
Interval Depth SMOW
Sample (cm) (m) (%o)

501-1-3 30-32 33 30.9
33 86-87 58.9 311
4-3 25-26 115.4 30.6
5-3 47-48 172.6 29.5
6-3 30-31 229.4 29.7
7-1 127-128  236.9 28.2
8,CC - 245.1 27.0
9-1 10-11 254.7 28.2
10-1 4-6 264.1 27.3
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Figure 13. The 6'80 of the carbonate fraction of the sediments from
Hole 501.

Table 5. Stable isotope composition of Hole 504 benthic foraminifera.

Cibicidoides spp. Uvigerina spp.
Depth 580 PDB s13c PDB '8 PDB  5!3C PDB
Sample (m) (%s) (%) (%o) (%s)
504-28,CC  131.2 — — 3.12 —1.40
29,CC  137.5 1.88 -0.28 = —
30,CC  141.3 1.80 —-0.45 o =
31,CC 1449 — = 3.25 -1.37
32,CC  150.1 1.48 -0.30 — =
33,CC  152.8 — — 1.88 —0.80
34,CC  158.6 — - 2.35 -0.98
35,CC  163.6 1.02 -0.17 — =
36,CC  167.3 1.60 —-0.41 — -—
37,€cC 1717 1.46 -0.13 — -
38,CC  176.8 - — 2.40 -0.93
v,cCc 1717 — — 2.29 -0.87
40,CC  184.1 1.17 +0.01
41,CC  189.8 — — 2.12 -0.75
42,CC 1924 - — 2.17 -0.76
43,CC  198.4 1.40 -0.69 — -
44,CC  200.3 == - 2.09 -1.07
45CC  204.5 — - 1.65 -0.93
46,CC  207.7 = — 1.92 -0.76
47,CcC 2117 = — 1.87 -0.71
48,CC 2153 - — 1.55 -0.72
49,CC  220.1 1.37 -0.24 — —_
50,CC  223.7 — — 1.67 -0.82
51,cC 2275 - - 1.64 -0.76
52,cC 2313 - — 1.50 -1.01
53,CC  234.8 1.06 -0.42 A =
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Figure 14. Carbon and oxygen isotopic composition of two genera of benthic foraminifera from Hole 504.

with an initial §'80 of — 5%,. The reaction is assumed to
take place at 50°C in carbonate sediment with 50%
porosity. It can be shown that only 10% recrystalliza-
tion is needed to change the 6!30 of the pore water at
depths from 230 to 260 meters to the values observed. A
more complex model involving 10 to 40% recrystalliza-
tion and the diffusion of !80 out of the reaction zone is
needed to explain the decrease in the §!80 values of the
carbonate sediment (Figs. 13 and 14).

The latter model can be used to constrain the timing
of the alteration in the basement and sediments that
produced the 6O profile. If the 630 depletion in the
sediment pore waters originated in the alteration of the
basement and propagated into the sediments by diffu-
sion, an approximately linear depletion profile with a
minimum value at the basement contact would have pre-
ceded the onset of the §'80 reversal resulting from sedi-
ment diagenesis. The model indicates that about 1 m.y.
would be required for a profile to develop the degree of
linearity displayed by that for Site 501/504 at depths
above 235 meters (Fig. 9), assuming that the profile was
initially vertical, as it is at the younger Site 505. As dis-
cussed earlier, the pore water profiles at Site 505 were
interpreted to mean that the flow rate of relatively unre-
acted seawater through basement was too rapid relative
to the rate of basalt-seawater reactions for the values of
6'80 to shift away from 0%,. This condition apparently
changed at Site 501/504 about 1 m.y. ago, so that the
reaction rates in the basement exceeded flow rates and
the '80 of the basement waters shifted to about — 5%.

The shift in 6'%0 of the sediment pore waters toward
the heavier values resulting from sediment diagenesis
has caused the diffusion profile above 235 meters to be
cut off from its source of light '¥Q/160 in the basement,
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Thus, the light values just above the uppermost chert
are not being replenished at present and will tend to dis-
appear with time via diffusion. That this has not yet
happened to a significant extent constrains the timing of
the diagenetic shift toward heavy values in the lower
sediment pore waters. The abruptness of the 630 rever-
sal indicates that the diagenetic front that produced the
reversal moved upward from the basement to its present
position over a time period much shorter than the last
200,000 yr., according to our preliminary calculations.
This diagenetic front, which is marked by carbonate re-
crystallization and chert formation, corresponds ap-
proximately to the 56°C isotherm. Thus, it would ap-
pear that the basal sediments became heated to this tem-
perature only quite recently.
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