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Abstract—In order to assess the quantitative distribution of mineral species within the sedimentary series
of the Atlantis II Deep, we have examined the chemical composition, mineralogy, and physical properties
of 120 sediment samples from two cores that sampled the entire sediment sequences in the West and South-
West basins. Biostratigraphic correlations and chemical budget calculations indicate that the nonmetalli-
ferous solid fractions (i.e., detrital and biogenic particles) in the older sedimentary unit (unit 1 in the West
basin) represent 46% wt of the total, and that they were deposited between 23,000 and 15-12,000 years
BP with a mass accumulation rate between 109 and 150 kg per thousand years per square metre. The muddy
sediment in the upper part of the West basin core (units 2, 3, and 4) consists mainly of metalliferous
particles which account for less than 15% wt of the mud, and yield a mass accumulation rate (130—162
kg/k.y./m?) close to that of nonmetalliferous particles deposited simultaneously. Nonmetalliferous particles
were probably the major source of Si and a significant source of Pb through dissolution in the brine system
and diagenesis in the metalliferous mud. The metalliferous sediments in the upper unit of the South-West
basin (unit U, 1100 cm) were deposited at the same time as those of the upper unit in the West basin (unit
4,335 cm). The calculated mass accumulation rate is about 700 kg/k.y./m? for unit U. The recent sediments
of the South-West basin are more enriched in Zn and Cu, and more depleted in Mn relative to Fe than the
contemporary sediments in the West basin, suggesting that the hydrothermal source has been in, or near,
the South-West basin during the last 2,250 years. Assuming that a Salton Sea—like solution supplies all
the Fe contained in the West basin metalliferous sedimentary pile, the mineralizing brine flowed at a
minimum rate of 30 L/s. Except for the period of Mn-oxide deposition, the difference between the metal/
Fe ratios in oxide-rich and sulphide-rich facies is attributed to changes in the chemical composition of the

mineralizing fluid rather than to chemical processes acting in the brine system of the Atlantis II Deep.

1. INTRODUCTION

The Atlantis I Deep is the largest brine-filled closed basin
located on the Red Sea axial rift zone (Fig. 1). The rift zone
is covered or bordered by a thick Miocene evaporite sequence.
These evaporites contribute to the formation of the dense
NaCl-rich brines that accumulate in the depression. Previous
studies have shown that about 5 km® of brines are stratified
into two dense and convective layers of distinctly different
temperature and chlorinity (Turner, 1969; Bicker and
Schoell, 1972; Voorhis and Dorson, 1975; Schoell, 1975;
Schoell and Hartmann, 1973, 1978; Hartmann, 1980). A 10—
30 m thick layer of metalliferous sediment occurs at the bot-
tom of the brine pool, overlying tholeiitic basalts ( Béicker and
Richter, 1973 ). The metalliferous sediments are fine-grained,
delicately banded silicates, sulfides, oxides, and carbonates
which have been accumulating for 25,000 years (Ku et al.,
1969; Shanks and Bischoff, 1980). The Atlantis II Deep, pres-
ently covered by stratified brine, is limited by the 2000 m
depth contour, and is divided into four subbasins called North
(N), East (E), South-West (SW), and West (W). They are
separated by bathymetric highs that do not extend above the
top of the brine pool.

The processes involved in the precipitation of the Atlantis
II Deep metalliferous sediments have been intensively inves-
tigated since 1965 (Miller et al., 1966; Degens and Ross,
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1969; Hackett and Bischoff, 1973; Shanks and Bischoff,
1977, 1980; Danielsson et al., 1980; Pottorf and Barnes, 1983;
Hartmann, 1985; Blanc, 1987; Zierenberg and Shanks, 1988).
These studies yielded a great deal of information concerning
the physical and chemical nature of metalliferous sediments,
but little concerning sources, sinks, and fluxes of sedimentary
material. The Atlantis II Deep is a dynamic system with min-
eral precipitation, occurring in multiple environments, all con-
tributing to the deposition of metalliferous sediments. At the
present, sulphides are precipitating in the reducing lower brine
(Backer, 1976; Shanks and Bischoff, 1980; Hartmann, 1985),
iron-oxides in the upper brine (Bischoff, 1969; Danielsson et
al., 1980; Hartmann, 1985), manganese-oxides in the over-
lying transition zone (Danielsson et al., 1980; Hartmann,
1985), and authigenic silicates at the sediment-brine interface
(Anschutz and Blanc, 1995). These mineralogical phases can
be coprecipitated, and some of them have been redissolved
during the settling out from the environment in which they
precipitated. The composition of metalliferous sediments de-
pends, among others, on the temperature and the composition
of the inflowing brine, the volume of the brine pool, the sur-
face area of the upper boundary of the lower brine pool, the
temperature, the chemical composition, and the stability of
the overlying brine layers. Temperature changes of the lower
brine pool show that the hydrothermal activity has varied over
small timescales (Ramboz and Danis, 1989; Blanc and An-
schutz, 1995). Thus, one can only make rough estimates of
the changes in the chemical composition and the flux of the
hydrothermal fluid on the basis of the changes in the sediment
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FiG. 1. Bathymetric map of the Atlantis Il Deep area and location
of Cores 683 and 684. SW, W, E, N: South-West, West, East, and
North Basins. Contour lines have been traced from seabeam inves-
tigations (Pautot, 1983) and corrected with sound velocity calcula-
tions for Red Sea water. Corrections also have been made for the
higher sound velocity in the brines. Grey areas correspond to the
brine-filled deep. The 2000 m contour line corresponds approxi-
mately to the top of this area. The darkest area limited by the 2050
m line shows the extention of the Atlantis II Deep lower brine. South-
wards arrows indicate the direction of the overspill of the dense brine
pool, based on the present-day topography.

chemistry. However, whatever the chemical processes and the
hydrodynamics were that lead to the formation of the sedi-
mentary pile during the history of the Atlantis I Deep, the
sediment was derived from chemical components that were
supplied to the Atlantis II Deep system.,

We report the results of a study of the chemistry, miner-
alogy, and physics of two cores that contain the entire sedi-
mentary sequence of the W and SW basins. These data, in
combination with estimated sedimentation rates, allow us to
propose a chemical mass balance of the metalliferous sedi-
ments that takes into account the nonmetalliferous fluxes, i.c.,
biogenic and detrital phases. We also provide an estimate of
the average discharge of inflowing mineralizing fluids and the
changes that have occurred in their chemical composition in

comparison with other hydrothermal systems. The purpose of
this study is to evaluate the relative importance of the various
sources that contributed to the sediment pile over the time
span recorded by the stratigraphy.

2. MATERIAL AND METHODS
2.1. Material

Two cores were collected during the *‘Hydrotherm’” cruise (May
1985) on the RV Marion Dufresne (Blanc et al., 1986; Blanc, 1987).
Core 683 was collected in the SW basin at 2174 m and Core 684 in
the W basin at 2110 m (Fig. 1). Both cores reached the basaltic
substratum and recovered the entire sedimentary sequence present at
these sites. Core 684 consists of millimetre to decimetre thick hori-
zontal layers of an undisturbed sedimentary sequence. Disturbed lay-
ers, such as breccias or slumps were recognized in many Atlantis II
cores (Biacker and Richter, 1973). Allochthonous material does not
occur in Core 684 nor in the upper part of Core 683. However, dis-
turbances occur within the lower 2 m of the bottom part of Core 683.
The destruction of the stratification in this layer could have been
caused by a basaltic sill penetration and associated flows of hydro-
thermal brine, with subsequent conversion of iron oxides into mag-
netite (Zierenberg and Shanks, 1983). The silicates and the poorly
crystallized Fe- and Si-bearing components in both cores were de-
scribed by Badaut (1988) and Badaut et al. (1990).

A total of 120 samples, 3 to 10 cm thick, were taken from Cores
683 and 684 to define the mineralogical and chemical variability
along the sedimentary sequences. Chemical and mineralogical anal-
ysis of dried and powdered marine sediments is complicated by the
presence of salt from the interstitial brine, which is close to saturation
with respect to halite ( Anschutz, 1993). The samples were therefore
washed with deionized water to remove the salts, dried at 40°C, and
powdered. However, this treatment can induce the partial convertion
of anhydrite into gypsum and bassanite. The mass gain due to cal-
cium-sulphate hydration never exceeded 2% and was therefore not
corrected for in the chemical analyses. Some calcium-sulphate may
also dissolve, and Ca, Sr, and S concentrations may potentially be
slightly affected by washing. Raising the pH of the deionized water
is required to avoid losing a significant component of adsorbed cat-
ions. We used slightly acidic deionized water, with pH similar to that
of the present-day brine. to wash the samples.

2.2. Chemical Analysis

Samples for the analysis of the major element composition were
prepared by fusing 100 mg of powdered, dried, and salt-free sedi-
ments with 750 mg of lithium tetraborate in a glassy graphite melting
pot at 1000°C followed by dissolution in a glycerin-hydrochloric acid
solvent (Samuel et al., 1985). The alkaline fusion resulted in com-
plete dissolution of the major elements, but the volatile elements Pb
and Zn were partially lost. A tri-acid attack (HCl + HF + HCIOQ; at
120°C in Teflon crucibles during 10 days) of 1g powdered sediment
was used to determine of Zn and Pb. Iron, Mn, Si, Al, Ca, Mg, Zn,
Pb. Cu, Ti. and Zr were determined by Inductively Coupled Plasma—
Atomic Emission Spectroscopy (ICP—AES). The precision is 2—5%
for the major elements and 10% for Pb and Zr. The accuracy, deter-
mined with the aid of marine international standards, was within 5%.
Sodium and potassium were determined with flame emission spec-
trometry with Li as an internal standard. Sulfur and carbon were
quantified by infrared absorption photometry using a Leco 125. The
fraction of S in anhydrite or in sulphide minerals was deduced from
the Ca, Zn. Cu, and Fe contents, using the normative method de-
scribed below. Because the organic carbon content is below 0.2%
throughout these sediments (Blanc et al., 1990), the C content is
assumed to be present exclusively as carbonate. The precision was
better than 10% for Na, K, C, and S. The results are reported in Tables
| and 2.

2.3. Mineralogy

The mineralogy was determined by X-ray diffraction (XRD) anal-
ysis of powdered sediment with a Philips PW 1710 diffractometer
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Tabte 1. Chemical composition in grams/kilograms {g/kg) of dry and sait-free sediments sampled in

Core 683 (SW basin). (-) : not determined.

Depth
{cm)

Fe Mn Si Al CaMg Zn

Cu

S C Na K S Pb Zr

5
50
9N
110
155
185
200
224
275
315
350
365
420
456
490
525
556
603
662
696
728
782
828
889
918
958
981
989
997
1020
1033
1048
1067
1077
1085
1090
1091
1102
1113
1118
1128
1169

245
291
325
275
276
296
355
299
300
283

14.0
12.2
20.0
20.0
10.0
343
20.0
29.3
25.5
13.5
10.0
121
10.0
13.2
22.2
14.1
3.2142.2
743
13.4
17.4
10.5
14.3
13.5
52.9
22.5
34.3
49.3
57.9
3.8
42.2
32.9
15.0
24.3
51.5
84.6
12.7 54.9
6.4 134.4
1.1 2344
2.1 146.5
3.7 87.2
0.7 230.0
1.1273.7

90.0 1
97.2 1
54.9
.0 58.0
5.5113.4
43.7
36.5
34.5
18.0
52.0
46.0
29.4
54.0
36.2
33.6
74.0
30.3
381
4.5 68.0
6.4 126.3 1
4.0 68.01
6.0 40.4
13.7 36.0
10.6 52.8
7.5 66.0
6.0 77.0
91.4
72.9
32.0
92.7
9.4 727
7.511251
144 61.8
13.9 53.0
50.7 95.0
2.5237.1 1
1.6 96.7
0.5 11.7

— -2 C

0.50
1.76
7.79
7.90
9.26
2.56
7.68
6.16
4.60
6.90
7.82
6.90
7.10
6.85
4.68
9.70
3.41
5.29
7.70
1.56
0.10
5.5
7.90
4.34
7.10
8.97
3.30
2.68
6.86
7.32
2.38
1.70
2.52
1.18
1.42
5.50
433
0.91
4.04
1.19
1.90
1.21

2.00
2.0

67.7 0.14
0.10
0.20
0.17
0.09

0.14

0.034
0.022
0.014
0.020
0.65 -
0.027
0.026

0.027
1.01 -
0.018
0.029
0.029 -
0.011
0.032
0.024
0.029
3.40 - -
0.022
0.017
1.50 - -
0.85 -
0.014 -
0.016
0.014 -

52.0 -
0.40
0.66
0.17
0.09

0.12
0.16
0.18
0.22
0.52
0.88
0.20
0.37
0.58
0.25
0.14
0.13
0.10

10.0
10.3
9.1
6.3
103
17.9
4.9
16.0
29.7
151
8.7
9.8
4.1
4.9
4.2
59
12.4
2.9
4.4

0.12
0.16
0.14
0.18
0.14
0.15
0.10
0.10
0.12
0.23
0.48
1.42
1.03
0.33
1.25
0.89

69.8
1109
1071
116.2
198.6
235.0
206.5
155.7
123.1
186.7
226.8
259.8

1198
1240
1260
1320
1350
1389
1428
1465
1485
1508
1560
1599

3.6 64.0
1.5198.7 34
1.9 168.7 25.3
1.1 2909 33
2.7 188.7 5.9
2.12051 25
. 61 2.6 33.553.2
2.3 129 275 729627
1.2 63 3.7 951553
1.4 45 2.8103.038.0
1.4 51 321244462
1.1 33 1.6208.0299

— - Z C

2.50
0.68
0.53
0.03
0.56
0.07
0.04
0.03
0.02
0.03
0.18
0.04

51.0
155.6
1219
163.3
114.5
169.2

22.9

32.6

711

724

57.5

81.6

5.2
9.3
2.0
23.6
13.4
3.9
0.4
0.8
1.2
0.3
0.3
0.6

0.84
0.77
0.49
0.88
0.45
0.70
0.09
0.16
0.23
0.44
0.41

0.78 0.12

using CuKa X-Radiation. The semiquantitative X-ray method of
Hooton and Giorgetta (1977), which relies on empirically derived
intensivity factors for the various minerals, was used for quantitative
mineralogy by reference to an internal standard. The precision was
improved by using the chemical data via a normative procedure. In
this procedure each element in a given sample is assigned to a suc-
cession of minerals that have been determined by XRD. For example,
in a sample which contains pyrite. sphalerite, and chalcopyrite, we
assign all Zn to sphalerite, and all Cu to chalcopyrite. This assump-
tion is consistent with the low Zn and Cu contents of clays, hydrox-
ides, and carbonates from the Atlantis II Deep (Brockamp et al..
1978; Missack et al., 1989). The pyrite content is obtained from the
remaining S. If the same sample contains anhydrite, but no calcite,
the Ca content is assigned to the excess S prior to calculating the
amount of pyrite. Because of the assumption of ideal mineral stoi-
chiometry and because of the variable crystallinity of some of the
minerals, the precision of the mineralogical composition determined
by the normative procedure may sometimes be low. The distribution
of cations in solid-solution carbonates was estimated by the position

of the (104 ) diffraction peak ( Goldsmith and Graf, 1958). Elements
in excess after partitioning into identified minerals (mainly Fe and
Si) were attributed to clays and silico-ferric phases, which are ubig-
uitous but cannot be determined precisely on powdered sediment by
XRD. The Fe/Si ratios deduced from excess Fe and Si were always
similar to the stoichiometric Fe/Si ratios of clay minerals determined
on Cores 683 and 684 by Badaut (1988). Simultaneous use of the
semiquantitative X-ray method and the chemical composition permits
the proportion of minerals to be determined with a precision better
than 20%, which is sufficient for our purpose. Additionally, the gran-
ulometric fraction greater than 63 pm was extracted for microscopic
observations to recognize and quantify biogenic particles and coarse
detrital particles. The results of the micropalacontological study are
reported by Anschutz and Blanc (1993a).

2.4. Porosity and Density

The proportions of water, salt dissolved in the interstitial
water, and salt-free sediment in seventy-three subsamples
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Table 2. Chemical composition in grams/kilograms (g/kg) of dry and salt-free sediments sampled in

Core 684 (W basin). {(-) : not determined.
Depth Fe Mn Si Al Ca Mg Zn

(cm)

S € Na K S Pb Zr Ti

5 336 5.9 100 74 257 60 23.2
35 258 20 125 55 145 6.0 280
100 368 3.6 126 7.9 123 56 300
U 140 250 5.8 131 10.6 436 10.7 38.9
N 170 284 2.8 151 9.0 40.0 9.5 355
I 190 192 7.6 120 11.6 415 7.6 540
T 215 290 2.6 128 10.1 200 6.7 31.4
240 259 100 146 122 300 9.0 614

404 294 16.1 28 43 045 1.01 0030 0.01
460 18.3 103 10.0 3.9 0.38 0.64 - -
759 213 11.2 2.1 49 0.54 0.78 0.039 0.66
6.82 246 159 7.0 7.1 022 030 -
497 17.7 139 7.8 6.2 032 068 0.041 06
6.20 51.0 13.7 126 3.3 0.25 1.3 -
161 513142 1.2 7.6 0.12 1.26 0.023 -
6.60 40.6 151 5.1 6.7 0.19 0.83 0.049 0.66

0.84

0.84

4 260 340 0.6 110 79 107 45 81.01079 676 43 7.1 2.1 0.2 207 0.020 0.54
271 261 08 173 133 69 9.4102.610.15 129.0 0.7 53 6.8 0.14 0.01 0032 0.54
312 165 4.4 172 131 151 4.1138.115.71 1650 11.2 7.6 4.8 0.82 1.96 0028 0.54

318 238 39.6 94 59 84 55 36.01030 1053 529 5.1 1.2 0.83 0.57 -
242 57.8 528 2.4 20 1.33 0.56 0.021 -
1.48 31.5 68.0 2.8 2.0 1.88 0.49 0.020

330 292 360 69 64 193 43 46
335 292 544 55 69 136 43 8.7

340 459 335 34 42 129 24 54

381 525 56.8 23 1. 36 16 73
415 485 323 23 14 20 11 50
442 1203133 10 21 79 96 28
480 1083776 10 14 50109 21
502 4031866 20 1.7 21 29 49
550 2622650 14 19 12 24 26
S90 516 520 29 01 79 30 35

600 484 494 38 27 150 3.7 33
611 452 640 29 27 57 22 59
630 506 20.7 48 2.7 10.7 3.7 68
650 432 416 40 1.7 65 22 16
690 425 336 S5V 27 636 39 45
717 471 86 96 48 72 40 22
745 365 318 143 3.7 86 73 S.2
3 778 376 247 B85 48 150 7.0 3.7
792 406 8.0 126 27 64 57 24
821 412 232 89 48 179 72 59
828 364 240 93 42 214 6.8 8.2
848 285 650 29 4.7 95 45 680
876 2223039 23 27 57 67 50
901 97 3591 16 23 35 55 21
933 2922269 28 27 5.0 47 18
950 229 268.7 25 3.2 57 67 24
956 4251020 43 37 122 40 3.2
975 519 259 45 3.7 1.4 27 22
993 300 59 192 53 13.6 9.2 99

—-—-ZC

072 6.3 283 1.5 1.3 0.79 0.65 0.028 0.48
117 28122 1.1 0.6 0.05 0.63 0.023 0.24
058 4.1 58 2.7 0.5 006 0.11 0.033 -
125 28 36 1.1 4.5 131 0.10 0.021 0.12
076 40 25 7.2 23079015 0.023 -
095 22 18 26 1.0 029 063 0019 012
130 19 09 1.1 07033043 -

1.12 3.0 64 1.6 0.9 007 035 0.027 0.12
094 28 103 13 1.3 0.07 010 0.028 0.24
092 4.2 13.2 04 0.4 007 009 0021 -
092 1.8 139 25 1.10.10 0.70 0.023 0.36
1.0 23 6.4 3.0 0.6 0.14 0.14 0.033 -
172 24 322 19 12013075 0018 018
506 3.2 105 63 3.3 0.7 032 -
276 45 149 57 7.8 0.16 0.10 0025 03
354 44 305 50 23 047 0.37 0.023 -
139 29 9.0 7.6 50 0.14 067 0029 03
1.14 2.2 304 4.5 2.7 0.19 0.85 0.025 0.54
1.54 63 249 40 2.0 0.17 0.85 0.019 -
770 97.2 27.3 1.3 1.0 0.48 3.70 - -
068 21 55 67 28 061 220 0018 042
063 24 16 38 14045048 - 0.36
090 20 0.1 56 27 039 052 0.031 0.8
050 0.2 35 6.8 3.2 0.62 023 0.020 -
051 1.6 11,2 2.5 27 0.14 0.75 0.021 048
03t 29 73 36 21 0.07 0.30 - 0.36
118 30 74 27 93 0.10 0.24 0.020 -

0.42

1000 171 44.0 103 16:0 62.2 11.5 20.511.25 476:6 60.0 43 7.1 0.16 0.90 0.044 1.26
1002 26 7.3 133 19.1 722 83 76.8 249 1145 419 3.5 7.6 0.26 272 0.044 -

U 1026 113 5.2 128 10.7 5.5 3.4141.52550190.3 167 53 1.50.15 225 0.023 0.36
N 1051 113 21.8 81 148 43.6 9.2102.7 2.41 133.7 41.5 45 3.6 0.10 0.77 0.023 -
I 1062 194 20.8 141 154 178 6.8 51.217.55 167.8 350 6.3 4.2 0.10 210 0.028 0.96
T 1081 285 26.8 1517 1.6 175 7.0 10 330 285 136 7.0 1.5 007 0.32 0.031 -
1100 254 1.6 217 21 107 7.7 40 486 248 6.2 145 12.6 0.09 0.47 0.015 -
1108 71 1.8 166 42 686 1.9 525 697 1619 13.3 24 1.7 045 1.54 0.009 -
2 1119 200 29 177 9.8 150 6.0 1472542 1454 115 73 8.6 0.05 248 0.021 06
1123 201 343 81 79 386 77 9.7 1.35 857 621 4.0 3.2 007 1.16 0.016 -
1131 61 9.9 108 13.2 329 6.0 985 229 1557 321 74 4.2 0.11 191 0018 -
1136 78 5.9 83 13.0 50.0 5.0 165.025.50 171.0 13.8 3.1 2.0 0.72 1.95 0.030 0.48
1146 171 37.0 65 106 20.7 13.7 517 0.06 119.6 753 3.6 3.2 0.10 0.97 0.025 -
1150 112 89 71 1431308 58 9.8 3.64 1579 204 2.8 3.7 0.48 0.76 0.025 -
1155 159 456 25 6.9 1158 114 14 1.55 99.8 569 56 1.7 1.08 0.16_0.018 -
1759 405 383 32 37 172 48 70 1.5 11.2 315126 1.3 0.52 0.11 0.023 -
1162 469 533 50 32 72 33 52 018 21 132 16 2.1 002 010 0022 036
1176 100 108.1 48 13.2125.8 21.4 54 0.54 39.1 855 2.6 4.0 0.29 0.27 0053 1.02
U 1194 115 8.8 189 49.7 322 17.3 16.8 1.36 113.0 21.9 10.8 12,5 0.22 0.10 0229 54
N 1209 494 89 52 85 150124 46 023 48 230 3.6 2.9 004 0.10 0.050 0.96
I 1229 490 40 19 24 45 45 09 007 27 119 3.1 0.8 0.02 0.05 0.032 -
T 1244 88 53 166 50.2 593 171 6.1 042 668 354 10.5 11.6 033 0.30 0.128 4.38

1266 98 1.9 186 33.6 54.0 140 80
1293 416 5.0 37 69 365135 38
1 1295 313 11.2 14 42 715312 45
1300 90 4.6 106 27.6 126.3 163 1.0
1326 32 4.4 96 2762086 225 03
1368 52 7.8 89 2542116 239 0.1

0.45 107.4 29.4 39 4.2 0.23 0.11 0.129 -
046 2.4 440 34 1.8 017 -
020 25962 39 13026 0.09 0.021 -
1.00 53.0 549 3.8 3.7 0.50 0.08 0.154 -
007 35702 32 4.0 074 005 0.112 -
006 2.8 781 5.0 84 060 035 0.082 2.04

0.032 -

were estimated by successive weighing of bulk mud, dried
sediment, and washed and redried sediment kept in the
same container (Blanc et al., 1986). The amount of crystalline
halite in the sediment was insignificant (Anschutz and Blanc,
1993b). The density of bulk muds was estimated from the den-
sity of each phase, i.e., 1.2 g/cm® for the interstitial brines (IB),
which corresponds to water + salt, and 3 g/cm® for the solid
fraction (SF). Density (p) is calculated as p = [(IB)/1.2
+ (SF)/3]1 .

3. RESULTS
3.1. Mineralogy

The high depth resolution of the subsampling and the nor-
mative procedure for quantifying the distribution of major
minerals allow us to define precisely the lithological units.
The resulting definition is more detailed than that proposed
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by Bicker and Richter (1973), which was based on multiple
cores but with lower stratigraphic resolution (Fig. 2). The
new lithologic description presented in this paper can never-
theless be compared readily to that of Bécker and Richter
(1973). Based on Core 684, the thicknesses of DOP (Unit 1)
facies, SU1 (Unit 2), and SU2 (part of Unit 4) sulphide-
bearing facies are 2.3 m, 1.55 m, and 1.80 m, respectively.
These are very close to the average thicknesses of these facies
(2.35 m, 1.30 m, and 1.60 m) calculated from several hundred
cores collected in the W, E, and N basins ( Urvois, 1988). The
thickness of the CO (Unit 3) facies of Core 684 is 6.65 m,
which is greater than the average for the Atlantis II Deep (i.e.,
2.35 m; Urvois, 1988). However, the thickness of this facies
is typical of the W basin. Core 684 therefore is representative
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of the entire sedimentary sequence of the Atlantis II Deep.
Because the complete sedimentary series has rarely been re-
covered in the SW basin, average thicknesses of lithologic
units could not be estimated in this basin (Urvois, 1988).
However, the complete sedimentary series recovered in Core
683 is useful for studying the hydrothermal history of the SW
basin.

3.1.1. Core 684

Core 684 from the W basin is divided into four main units
in addition to the basalt which was recovered at the base of
this core. Unit 1 (bottom to 1155 cm) is mainly detrital and
biogenic material enriched in foraminifera, radiolaria, and

SW BASIN (core 683)
normative mineralogy (%)

20 40 60 80 100
]

L Il 1 1 A

FiG. 2. Distribution of minerals vs. depth in Cores 683 and 684, expressed as weight percent of dry and salt free
sediments. The ages (Core 684) were deduced from intercore correlation within the Red Sea using absolute abundance
patterns of planktonic fauna. Lithological units defined in this study are caled 1, 2, 3, and 4 (Core 684) and U and L
(Core 683). Corresponding facies proposed by Bicker and Richter (1973) are shown for Core 684: detrital-oxide-pyrite
(DOP), lower sulfide (SU1), central oxide (CO), upper sulfide (SU2), and amorphous-silicate (AM). Sulf: Sulphide
minerals; Fe-Ox: iron oxide and oxyhydroxide; Mn-Ox: manganese oxide and oxyhydroxide; Anh: Anhydrite; Carb:
Carbonates; Detr: Detrital silicates; CL + am: Clay minerals and amorphous Fe- and Si-compounds; Mg-CL: Magnesian

phyllosilicates.
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pteropod fragments. This sediment contains mixed Mn, Fe,
Mg, and Ca carbonates, including ankerite, kutnahorite, dolo-
mite, and siderite. The nonmetalliferous sediments are accom-
panied by pyrite, which presumably originates from the re-
action between iron oxides and sulphide produced by bacterial
sulphate reduction during early diagenesis (Shanks and Bis-
choff, 1980). Within unit 1, three stratified intercalations of
goethite or lepidocrocite mixed with siderite are recognized.

Unit 2 is predominantly characterized by sulphide minerals.
The S, Zn, Cu, and Fe contents indicate that the cumulative
content of sphalerite, pyrite, and chalcopyrite is as high as
50%. The distribution of the three mineral species is not uni-
form. Two sulphidic layers occur between 1150 and 1100 cm
and between 1066 and 1000 cm. These layers are separated
by a thin layer of clay-rich sediment. Anhydrite is common
at the bottom of unit 2. Carbonates in this unit are siderites
that contain MnCOQ, in solid solution. Detrital silicates, mostly
quartz and feldspar, and biogenic amorphous silica (diatoms
and radiolaria), can comprise more than 20% of the sediment,
estimated by observations under the binocular, but very few
carbonaceous tests were found. The top of unit 2 is marked
by a manganosiderite and calcite-rich layer.

Unit 3 is characterized by the predominance of iron and
manganese oxides and oxyhydroxides. Goethite, hematite,
manganite, groutite, and todorokite are the main mineral spe-
cies with variable proportions throughout the unit. Subunit 3a
(1000-875 cm) contains mostly goethite and manganite, ac-
counting for 80% of the total. The content of manganite in-
creases from 14% at the bottom to 60% at the top of this
subunit. Unit 3b (875-835 cm) is a thin sulphidic subunit,
containing manganosiderite but no Mn'~ or Mn** minerals.
Hematite also occurs in this unit. Unit 3b is overlain by car-
bonate and iron silicate rich layers (unit 3c). The sediment
from 750 to 600 cm (unit 3d) consists essentially of goethite
(60—-80% ) and Ca, Fe, and Mn carbonates (6 to 20%). From
600-415 cm (unit 3e), the goethite becomes enriched in Mn
as seen by the shift of the XRD peaks toward the groutite
peak (Stiers and Schwertmann, 1985) and by the increase of
the total Mn content. At shallower depth, the separate phases
groutite and goethite occur, followed upward by manganite
and todorokite. The core section from 415-335 cm (unit 3f)
contains mostly goethite (50—70% ) with minor amounts of
hematite (10-20% ), manganosiderite, and no calcite. The up-
permost samples of this unit contain 3% anhydrite.

Unit 4 (335 cm to top of the core) is characterized by sul-
phides, clays, and poorly crystallized material which is con-
sidered to be Fe- and Si-bearing. The base of unit 4 is com-
posed of manganeous siderite (50% ), sulphide (16%), and
calcium sulphate (3% ), followed upwards by a ZnS-rich in-
terval. The amount of ZnS decreases regularly upwards from
20% to 4% of the solid fraction, as we notice from the de-
crease in the Zn and S contents. The pyrite and chalcopyrite
contents decrease in the same way as ZnS. At the top of the
core (140—-0 cm) the sulphides are X-ray amorphous and are
therefore most likely to be iron monosulphides (Pottorf and
Barnes, 1983; Zhabina and Sokolov, 1982; Brockamp et al.,
1978). Samples of unit 4 contain up to S% anhydrite. In this
unit, Fe-Mn and Ca carbonates range from 3 to 15%. The Fe-
and Si-bearing poorly crystallized portion comprises up to
85% of the solid fraction.

3.1.2. Core 683

Two major units were defined in the SW basin. The lower
unit (unit L) consists of anhydrite (12 to 70%}), talc, and
serpentine (up to 28%) and iron oxides (20 to 60%). It can
be divided into two different subzones: a magnetite-rich facies
(bottom to 1365 cm) in which talc is a major component but
with coarse basaltic fragments at 1465 cm, and a hematite-
rich facies (1365 to 1180 cm) in which the anhydrite content
is maximal. The hematite-rich facies contains carbonates
(<11%).

The upper unit (unit U) is characterized by the presence of
sulphides and abundant clay and Fe- and Si-bearing com-
pounds. The lower part from 1180 to 1100 cm has a low
sulphide content ( <2%), predominantly ZnS, and is essen-
tially composed of anhydrite (78 to 90%). At 1090 cm, sul-
phides become important and reach the highest value in either
core (55%). The anhydrite content decreases significantly.
The upper 10 m of the core has a relatively constant sulphide
content (7 to 20%) except at 700 cm, 155 cm, and in the
upper fifty cm, where the ZnS content is higher (from 19 to
25% of total sulphide minerals). Iron oxides and anhydrite
appear sporadically in the upper part of unit U.

3.2. Physical Properties

In the uppermost 10 m of Core 683, the solids content is
extremely low (from 5 to 12%) and therefore the density of
the mud is close to the density of the brine. The porosity
decreases abruptly at the bottom of unit U and the solid frac-
tion increases to 58%. The solid content at the top of Core
684 (units 4 and 3) is similar to unit U of Core 683. The
solids content increases rapidly in unit 2 and reaches a con-
stant value of 46% in unit 1. The calculated densities are given
in Table 3, and agree with direct density measurements via
gamma densitometry on other cores from Atlantis II Deep
(Thisse, 1982). For a box of 1 m? cross-section an height
corresponding to the series of units 2, 3, and 4, the mass of
the solid fraction is 1943 kg (Table 3). Because of the po-
rosity variation, the mass of the salt-free dry sediment in the
nonmetalliferous layer of unit 1 (called ‘‘non-met’” in Table
3) corresponds to 32% of the total mass of the solid fraction
of Core 684, whereas the thickness of this layer is only 11%
of the total.

3.3. Geochemistry

The elementary composition of the sediment is plotted in
Figs. 3 and 4. All the samples contain high concentrations of
Fe (90 to 525 g/kg), except those enriched in detrital min-
erals and anhydrite. The Fe derives from iron-oxides or oxihy-
droxides, clays, and poorly crystallized Fe- and Si-bearing
products. The Si concentration ranges from 76 to 217 g/kg in
the sulphide-bearing facies. The highest concentrations occur
in units 1 and 2 of Core 684, where radiolaria and diatoms
are abundant (Fig. 3). The peak of Si, Al, and Na at 1465 cm
in Core 683 (Fig. 4) is linked to the presence of basaltic
fragments. Elsewhere in the cores, the Si content reflects the
hydrothermal clay content. The Mn concentrations in W basin
sediments are higher than in those of the SW basin. In Core
684, the highest Mn concentrations are related to the occur-
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Table 3. Physical characteristics of the sediments from Core 683 and 684.
CORE 683 684
UNIT L UNIT U UNIT 1 UNIT 2 UNIT 3 UNIT 4 UNITS

SUBUNIT 1100-1180 0-1100 | non-met  oxy 3a  3b 3c 3d  3e 3f 2+3+4
1 DSFS (wt%) 57.0 57.0 11.0 459 459 248 151 83 8.1 104 155 144 6.8
2 DENSITY (kg/1) 1.85 1.86 1.30 1.71 .71 142 132 1.26 1.26 1.28 1.32 1.32 1.25
3 THICKNESS (cm) 440 80 1100 153 77 155 125 40 85 150 185 80 335 1155
4 MUD MASS (kg/m2) 8180 1450 14320 | 2620 1320 2200 1650 500 1070 1920 2440 1060 4190 15030
5 DSFS (kg/m2) 4660 827 1575 1200 600 546 250 42 87 200 380 153 285 1943
6 RATE (kg/k.y./m2) 700 |109-150 130-162

Notes : Line 1 and 2 : Dry and salt-free sediments (DSFS

and density of the solid fraction are given for each unit and sub-unit.

Unit 1 is divided in a non-metalliferous facies (non-met) and a iron-oxyhydroxide facies (oxy). Lines 4 and 5 : mass contained
in a column of 1Tm x Tm x thickness (line 3). Line 6 : mass accumulation rates of the solid fractions for units U, 1 and 2+3+4.

rence of manganese oxyhydroxides. In all samples of Core
683, Mn is present as manganese carbonate. The highest Zn
content occurs in the deepest part of each sulphidic facies and
decreases upwards. Copper follows similar trends, but shows
lower variations than Zn over the sulphide-bearing intervals.
Sodium and potassium occur in low concentrations (<13 g/
kg). The depth variation of Na and K is similar, and follows
approximately that of Si (Figs. 3, 4). Hence, Na and K are
assumed to be present in silicate species in detrital material
and in authigenic Fe-bearing clays in the metals-rich units.
Sodium and potassium are also enriched in the manganese
oxyhydroxide-rich sediment. The relation with mineralogy in-
dicates that K is preferably incorporated in todorokite whereas
Na is linked to MnO(OH) ( groutite and manganite). Except
in the Mn-rich facies, the Al concentration shows a pattern
similar to that of the alkaline elements. This is because Al is
present in the same minerals. In unit 1, the mean concentra-
tions of Zr and Ti of the nonmetalliferous sediments are 0.126
g/kg and 3.21 g/kg, respectively. In the metalliferous units
2, 3, and 4, the mean concentrations are 0.026 g/kg Zr and
0.47 g/kg Ti. Zirconium and titanium are 5 to 7 times less
abundant in the metalliferous sediment than in unit 1. The
concentrations in Zr and Ti of unit U average 0.018 g/kg and
0.42 g/kg, respectively.

4. DISCUSSION

Based on the high resolution of the mineralogical, chemi-
cal, and physical properties of sediments from the Atlantis II
Deep, it is possible to discuss the relative importance of the
sources that contributed to the mineral deposits in the SW and
W basins. The contributions by the various sources over the
time span recorded by the stratigraphy can only be defined
for elements which were incorporated in the sedimentary solid
fraction, after they were supplied to the Atlantis Il Deep sys-
tem. In order to distinguish between soluble and nonsoluble
species, the mass of the individual elements contained in the
sediment pile is compared with that dissolved in the present-
day brine (Fig. 5, Table 4). The calculations use the mean
chemical composition of each lithologic unit and consider a
column with a cross-section of 1 m’. The average height of
the brine is 71 m (Hartmann, 1980); therefore the sediment
contained in a 1 m® cross-section is compared with the mass
of elements dissolved in 71 m* of brine.

The content of alkali metals (Na and K) and alkaline-earth
metals (Ca, Mg, and Sr) in the sediment pile is less than what
is dissolved in the brine column (Fig. 4), which means that
these elements are preferably kept in solution. The alkali and
alkaline-earth content of the sediment pile can therefore not
be used to define the supply of these elements into the Atlantis
IT system through time.

The metalliferous sediment in both cores is approximately
200-fold enriched in Si, Fe, and Zn with respect to the present
brine (Fig. 4). The enrichment is much greater for Pb, Cu,
and Al (>2000) (Fig. 4). Sulphur occurs as both sulphate
and sulphide minerals, but reduced sulphur as H,S has not
been detected in the deep brine. Assuming an H,S concentra-
tion of the lower brine equal to the analytical detection limit
(e.g., 0.1 um/1), the enrichment of sulphur in the sediment,
relative to the brine, must exceed 20,000.

In the SW basin, where Mn occurs as manganese carbon-
ates, the mass of precipitated Mn is slightly greater than the
amount of Mn dissolved in the present brine column. In the
W basin, the Mn enrichment is also low in the units in which
Mn only occurs as manganese carbonates. For the manganese
oxide—bearing units 3a and 3e, Mn is about 10 times enriched
with respect to the brine. These low enrichments suggest that
the Mn contained in the solid fraction must comprise only a
part of the total Mn supplied. Previous studies have shown
that Mn"* diffuses out of the lower brine pool into the over-
lying mixed brine layers (Danielsson et al., 1980; Hartmann,
1985), thus causing precipitation of Mn outside the Atlantis
11 Deep (Bicker and Richter, 1973; Bignell et al., 1976).

A chemical mass balance of the metalliferous deposit in the
Atlantis IT Deep can be achieved for Fe, Si, Al, Zn, Cu, H,S,
Pb, and to a lesser extent for Mn. A chemical mass balance
can not be achieved for Na, K, Ca, Mg, and Sr because they
have not been immobilized in the sediment.

4.1. The Contribution of Nonmetalliferous Particles

The content of nonmetalliferous particles is very low in the
sulphide-rich and oxide-rich units. This is not necessarily an
indication of weak contributions from biogenic and detrital
sources since dilution and postdepositional dissolution may
be important ( Anschutz and Blanc, 1993a). If the proportion
of nonmetalliferous material is directly proportional to the



4212

CORE 683
Fe (g/kg)
0 150 300 450 0

| I 1 J L 1 1 i

Mn (g/kg)

3 6 91215

|

P. Anschutz and G. Blanc

Si (g/kg)
0 50 100

Al (g/kg)
150 0 106 20 30

Depth (cm)
Ca (g/kg)
0 150 300 0

L 1 J

0
200
400
600
800

1000
1200
1400
1600

Depth (cm)

S (g/kg)
0 150

C(g/kg)
300 0 10 20

i | WP 1 |

30 03 6 91215 03 6
1ol

L 1 1 1

[ PR T

Zn (g/kg)
0 100

Cu (g/kg)

200 0 5 10 15 20
U WP, P S

Na (g/kg)

L 1 1 1 .| L

Depth (c¢m)
Sr(g/kg)
0 05 1 1.5

Pb (gkg)

Zr (g/kg) Ti (gkg)
0 002 004 0 1 2 3

L 1 | L 1 1 P |

FiG. 3. Concentration vs. depth profiles of chemical components of the dry and salt-free sediment from Core 684.

concentration of a relatively immobile element delivered as
detrital particles to the metalliferous sediment, Al, Ti, or Zr
could be chosen as indicators of nonmetalliferous contribu-
tions. However, Al is mobile in the low-temperature hydro-
thermal systems ( Von Damm et al., 1985, Gamo et al., 1993)
and can therefore also be mobile in the Atlantis II Deep sys-
tem. It is also possible that Al is removed from biogenic silica
during early diagenesis (Stoffyn-Egli, 1982). Detection of
micromolar concentrations of Al in the present-day lower
brine and in the interstitial waters of metalliferous sediments
suggest that this may be so (Blanc, 1987). The mean Zr and
Ti concentrations are 0.126 g/kg and 3.21 g/kg, respectively,
in unit 1, whereas they are about 0.073 g/kg and 1.90 g/kg
in the young deep-sea sediment of the Red Sea axial (El Gar-

afi, 1978; Hendricks et al., 1969). Diagenetic reactions in-
volving fish debris probably release Zr into solution (Oudin
and Cocherie, 1988). Traces of dissolved Ti have been de-
tected in the interstitial waters of metalliferous sediment from
the Atlantis Il Deep (Hendricks et al., 1969). Consequently,
as Al, Zr, and Ti cannot be considered to be immobile, they
cannot be used as indicators of nonmetalliferous sources in
the Atlantis II Deep.

A more accurate method to estimate the contribution from
the nonmetalliferous source is to calculate a chemical mass
balance based on elemental accumulation rates. For this pur-
pose, the age of the Atlantis II sediments must be known.
Holocene pelagic sediments from the Red Sea, remote from
the deep metalliferous basins, consist of about 50% detrital
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FiG. 4. Concentration vs. depth profiles of chemical components of the dry and salt-free sediment from Core 683.

silicates such as quartz, clay minerals, and volcanic frag-
ments, and 50% carbonaceous tests of foraminifera, ptero-
pods, and other organisms (Bicker, 1976). Stratigraphic cor-
relations within Red Sea sediments can be obtained by using
absolute abundance patterns of planktonic foraminifera. The
frequency distribution of planctonic and benthonic foraminif-
era in cores from the central Red Sea shows that Holocene
sediments consist of planktonic foraminiferal zone I (Locke
and Thunell, 1988). This zone is characterized by a high total
number of planktonic foraminifera, decreasing rapidly down-
core to a minimum where the sediment age is close to 11 k.y.
Below this, Red Sea cores contain an interval characterized
by low abundance or absence of planktonic foraminifera and

relative high abundance of pteropods ( Berggren and Boersma,
1969; Reiss et al., 1980). The base of this ‘‘aplanktonic
zone’’ occurs around 20 k.y. Bp (Reiss et al., 1980). Core 684
contains a similar ‘‘aplanktonic’’ interval located between
1340 cm in unit 1 and somewhere in unit 2 ( Anschutz and
Blanc, 1993a). Assuming that the sedimentation rate was con-
stant during the deposition of unit 1, and excluding the oxy-
hydroxide layers of this unit, the remaining 155 cm of non-
metalliferous sediments of Core 684 could have been depos-
ited between 23 and 11 k.y. 8P at the latest. The '“C datation
of sediments from the Atlantis II Deep indicates that the age
of the oldest sediment is between 20 and 25 k.y. Bp, and that
the purely nonmetalliferous sedimentation (unit 1) ended be-
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FiG. 5. Ratios of the elementary masses contained in the sedimen-
tary pile of unit U (Core 683) and of units 2, 3 and 4 (Core 684) vs.
those dissolved in a 71 m column of the present-day brine. The spe-
cies which are more abundant in the present-day brine show values
below unity. The species with ratios > 1, have been preferentially
immobilized in the sedimentary pile.

tween 12 and 15 k.y. ago (Ku et al., 1969; Hackett and Bis-
choff, 1973; Shanks and Bischoff, 1980). Our estimates agree
with this. Thus, the deposition of nonmetalliferous unit 1 of
Core 684 may have occurred over a period of 8 to 11 k.y.
(i.e., between 23 and 15-12 k.y. BP). We can therefore as-
sume a sedimentation rate of 14 to 20 cm/k.y. for the non-
metalliferous particles in unit 1. For a 1 m? cross-section we
calculate a mass accumulation rate of 109-150 kg/k.y./m"
for the nonmetalliferous particles in unit 1 (Table 3). Tjis
give a sedimentation rate of 1155 cm/12-15k.y. (77-97 cm/
k.y.) and a mass accumulation rate of 1943 kg/12-15 k.y./
m? (130-162 kg/k.y/m?) for the total solid fraction of units
2, 3, and 4 (Table 3). Absolute dating of Pleistocene-Holo-
cene Red Sea sediments (Ku et al.,, 1969; Milliman et al.,
1969; Reiss et al., 1980; Locke and Thunell, 1988) range
between 2 and 18 cm/k.y. depending of the location of the
core within the Red Sea basin. The relatively constant sedi-
mentation rates in these cores over the last 25 k.y. is a specific
feature of the Red Sea; the sedimentation rate in the world
oceans shows much greater variations during the same period.
The chemical composition of biogenic and detrital sediments
of the Red Sea varied little across the Pleistocene-Holocene
boundary (Locke and Thunell, 1988). Thus, the sedimenta-
tion rate of nonmetalliferous sediments during the deposition
of units 2, 3, and 4 was similar to that of unit 1, i.e. 109-150
kg/k.y./m?. The accumulation rate of the nonmetalliferous
sediments in the W basin of the Atlantis II Deep was thus
approximately the same as the sedimentation rate of the met-
alliferous sediments (130-162 kg/k.y./m?). This is unex-
pected, because units 2, 3, and 4 of the Core 684 contain
mostly metalliferous particles. whereas biogenic calcite and
detrital silicates often comprise less than 10%. Consequently,

the major part of nonmetalliferous particles dissolved during
or after deposition in the Atlantis II Deep.

Microbiostratigraphic correlations between Cores 684
and 683 show that the sulphide-rich part of unit U of Core
683 (from 1,100 cm to the top) was deposited during the
same period as unit 4 of Core 684 (Anschutz and Blanc,
1993a). Unit 4 corresponds to 15% of the mass of met-
alliferous sediments of Core 684. Assuming a constant
average accumulation rate for the metalliferous sediments
of the W basin, the age of the base of unit 4 could not
exceed 2,250 years (i.e., 15,000 X 0.15). A cross-section
of 1 m? of unit U contains 1,575 kg of sediment (Table
3). Therefore, the mass accumulation rate of unit U is 700
kg/k.y./m®. The proportion of biogenic material settling
during a 2.25 k.y. period might be 245 to 340 kg and
account for 15 to 22% of the unit U sedimentary pile.
Biogenic tests are very sparse in this unit (less than 1%)
and detritus was not observed. Therefore, the biogenic
and detrital inputs acted as source of chemical compo-
nents to the metalliferous sediments through their disso-
lution. Silicon amounts to 12% of the detrital facies in
unit | and the Holocene Red Sea pelagic sediments (Bis-
choff, 1969). But 12% of an accumulation rate of 109—
150 kg/k.y./m? represents a minimum accumulation rate
for detrital Si of 109 kg/k.y./m? X 0.12 X 12 k.y. =~ 150
kg/m? during the deposition of units 2, 3, and 4, and 109
kg/k.y./m? x 0.12 X 2.25 k.y. = 30 kg/m? during the
deposition of unit U. Such an accumulation rate is large
enough to account for the entire mass of Si in units 2, 3
and 4, and 20% of the Si content of unit U. Because Si
contained in metalliferous sediments mainly occurs as au-
thigenic iron silicates, our calculation suggests that Si de-
rived from nonmetalliferous particles must contribute to
the formation of authigenic silicates beyond the hydro-
thermal Si input. Conversely, calculations using Fe, Mn,
Zn, Cu, and Pb indicate that the biogenic and detrital in-
puts did not contribute much to the metal content of the
metalliferous sediments, with the exception of Pb. Lead
accounts for 175 ppm of the biogenic and detrital facies
of unit 1, whereas a maximum Pb content of 360 ppm was
measured for foraminifera ( Turekian, 1965). Considering
an accumulation rate of 109-150 kg/k.y./m?, 175 ppm
give a minimum biogenic Pb accumulation of 230 g/m?
during the deposition of units 2, 3, and 4 and 43 g/m?
during the deposition of unit U. This nonhydrothermal Pb
contributes to more than 14% of total Pb in the units 2, 3,
and 4, and 2% in unit U. Core 684 is enriched in diatoms
in units 2 and 3b (Anschutz and Blanc, 1993a) where they
represent between 5 and 10% of the mass of sediments.
Diatom frustules average 3300 ppm Pb (Hurd, 1973)
which can account for more than 20% of the Pb contained
in these units. Unit 3a is also enriched in Pb, which likely
comes from the dissolution of diatom frustules. These re-
sults agree with measurements of the lead isotopic com-
positions of Cores 683 and 684, which indicate that the
nonmetalliferous endmember is important for Pb (Dupré
et al., 1988). The present study shows that a part of the
Pb contained in the metalliferous sediments originated
from the Holocene biogenic sedimentation via diagenetic
reactions.
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Table 4. Concentration of dissolved species in Red Sea deep water (H2) and in the lower
brine of the Atlantis Il Deep (H6) in 1985 (data from Blanc, 1987).

Na K Ca Mg Sr Rb Mn Zn Cu Fe
MoiA Mol Mol Mol mMold  pgMoll mMoll  pMoii  nMoll  mMolA
H2 0.548 0.0114 0.011 0.0584 0137 154 < < < <
Hé 4.86 0059 0.138 0.0282 0684 239 1.77 81.1 80 1.17
Pb Cd Cl SO4 HCO3 B Si Al pH
nMol4  nMoi/l  Molf mMol/l mMold mMold  gMoll  pMolA
H2 < < 0.645 33.9 2.31 0481 6.78 < 8.22
H6 45.9 508 537 8.89 0.833 0849 584 0.294 538

4.2. The Contribution of Mineralizing Fluid
to Ore-Forming Elements

The content of ore-forming elements in the sediment offers
the possibility to estimate the chemical composition and the
flux of element via the inflowing hydrothermal brines. In the
Atlantis II Deep, the metalliferous sediments show high con-
centrations of ore-forming elements (Fe, Mn, Zn, Cu, Pb, and
reduced S) which originated with the flowing hydrothermal
solution. Because iron is ubiquitous, abundant, and mostly of
hydrothermal origin in all the metalliferous facies of Cores
683 and 684, the Me/Fe molar ratios (Me being Mn, Zn, Cu,
Pb, or S) of the solid fraction is assumed to be similar to those
in the hydrothermal fluids from which these elements precip-
itated (Fig. 6). For reduced S, the Me/Fe ratio is expressed
as the H,S/Fe ratio of the dissolved species. The Me/Fe ratios
obtained compare favorably with those of the most Fe-rich
geothermal brine from Salton Sea and the black smoker hy-
drothermal fluids from Southern Juan de Fuca ridge (SJdF)
(Fig. 6). Iron concentrations in the fluids from Salton Sea and
SJdF are 36.2 mmol/L and 18.7 mmol/L (Williams and
McKibben, 1989; Von Damm and Bischoff, 1987). Assuming
that the dissolved Fe concentration in the inflowing hydrothermal

Me/Fe

fluids to the Atlantis IT Deep is in the same range than those of
Salton Sea and SJdF, we calculate that 280-560 m’
of such fluids are required to supply the 566 kg of Fe con-
tained in the 1 X 1 X 11.55 m box of units 2, 3, and 4 of
Core 684. These volumes are 4 to 8 times the average volume
of the overlying brine column (i.e., 71 m*). A fourfold to
eightfold renewal rate of the present-day lower brine pool
(3.1 X 10° m*; Hartmann, 1980) during the last 12-15 k.y.
corresponds to an average inflow of 1-2 X 10° m*/k.y. (i.e.,
from 30 to 60 L/s) which is substantially less than, but none-
theless somewhat comparable to the estimated local flow of
150 = 60 L/s for the EPR 21°N black smockers field (Con-
verse et al., 1984).

In the metalliferous units 2, 3, 4, and U from Cores 684
and 683, the Me/Fe ratios show great variations (Fig. 6).
These variations can be used to define changes in the physical
and chemical parameters which lead to the accumulation of
the ore forming elements through the time.

4.2.1. Units 2, 4, and U

Microbiological and chemical investigations strongly sug-
gest that the sulphide-rich unit U of Core 683 (from 11,000

0 Unit 4 mmol/l
- Un|t 3 Salton
Sea SJdF
© - Unit 2
! 40 L 20
Unit U
Salton Sea -30 [ 16
SJdF 12
- 20
- 8
- 10
- 4
......... L o Lo

FiG. 6. Diagram showing the Me/Fe molar ratios (Me being Zn, Cu, Pb, Mn, H2S) of the metalliferous sediments.
H.S represents reduced forms of sulfur contained in sulfide minerals. Assuming that the values of these Me/Fe molar
ratios are equal to those of inflowing fluids from which these elements precipitated, they are compared to those of
Saiton Sea brine and South Juan de Fuca Plume hydrothermal solution. The metal concentrations for Salton Sea and
SJdF solutions (in millimoles per liter) given by Williams and McKibben (1989), and Von Damm and Bischoff (1987)
are reported in the scale bars on the right side of the diagram.
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cm to the top) was deposited during the same time as unit 4
of Core 684 ( Anschutz and Blanc, 1993a). However, the Zn/
Fe, Cu/Fe, and H,S/Fe ratios of unit U are higher and the
Mn/Fe ratio is lower than those of unit 4. Because sulphide
minerals, mostly sphalerite and chalcopyrite, are deposited
preferably near the mineralizing fluid source, and because Mn
is more mobile than other metals, the fluid source was likely
located in, or near, the SW basin during the deposition of these
units. The Zn/Fe ratios of the sulphide facies (units 2, 4, and
U) are similar to that of Salton Sea fluid. In unit 2, the Zn/
Fe ratio equal 0.32, and the H,S/Fe ratio reaches a high value
of 1.13. This indicates that during the ZnS deposition period,
the deep was recharged either by a more concentrated solution
than Salton Sea, or by a greater volume of less metal-enriched
brine, i.e., a discharge flow greater than 30 L/s. The first as-
sumption implies a hotter or more acidic solution allowing
more Zn and more H,S to be transported together ( Barrett and
Anderson, 1988). The second assumption is supported by the
fact that the brine pool volume was at least twice as great as
the present-one during the period of deposition of unit 2
(Bicker and Richter, 1973). For the youngest units 4 and U,
the H,S/Fe ratios are significantly higher than the ratio in
Salton Sea. Therefore, the same explanation as that proposed
for unit 2 can be invoked for the recent brine inputs. The Cu/
Fe ratio of sulphide-bearing units 2, 4, and U show values of
0.056, 0.020, and 0.023, respectively. These values are much
greater than the Cu/Fe ratios in the of Salton Sea (0.002) or
SJdF (<0.0002), and suggest that the mineralizing fluid was
hot, acidic, or supplied in abundance during the periods of
deposition. Chalcopyrite is the main Cu-bearing mineral.
Most of the sulphides occur as less than 2 ym grains in the
Adtlantis II Deep stratiform sediment. However, there are also
rounded and fissured chalcopyrite particles up to 35 um in
size (Pottorf and Barnes, 1983). This suggests mechanical
transport of previously precipitated particles, which can ex-
plain the high Cu/Fe ratios in the sediment. The Pb/Fe ratios
in units 2, 4, and U are intermediate between those of Salton
Sea and SJdF. The high Pb content of the Salton Sea solution
is typical of continental geothermal systems, and the low Pb
content of SIdF is typical of oceanic hydrothermalism ( White,
1981). Intermediate values of Pb/Fe of metalliferous sedi-
ment of the Atlantis IT Deep suggest another source of Pb than
basaltic crust, as noted by Dupré et al. (1988). Mn/Fe ratios
of sulphide-bearing units are lower than Mn/Fe ratio of Salton
Sea and SJdF. However, the Mn contained in the solid fraction
must comprise only a part of the supplied Mn, and the Mn/
Fe ratio must be under estimated.

4.2.2. Unit 3

With the exception of Mn, the Me/Fe ratios in unit 3 are
low (Fig. 6). Because manganese oxides are soluble in re-
ducing solutions (Stumm and Morgan, 1981), the conserva-
tion of manganese oxides within the subunits 3a and 3e could
be related to the occurrence of an oxidizing environment dur-
ing this period of deposition. In such an environment Zn, Cu,
and H,S are insoluble and could not be carried from the dis-
charge zone (i.e., SW basin) into the W basin. This may ex-
plain the low Zn/Fe, Cu/Fe, and H,S/Fe ratios in unit 3.
However, the great amount of Fe-bearing minerals within unit

3 sediments strongly suggests that the W basin was filled by
a reducing brine during the corresponding deposition periods.
Indeed, dissolved Fe can not be carried in an oxidizing en-
vironment, whereas iron oxides can persist in a reducing en-
vironment, such as in the deep today (Bischoff, 1969; Badaut,
1988 ). Furthermore, manganosiderite, which is stable in con-
tact with reducing solutions, occurs in iron-oxide—rich sub-
units (Fig. 3). Hence, the low concentrations in Zn, Cu, and
H.S of unit 3 a, ¢, d, e, and f did probably not result from
changes in redox conditions. More likely, the incoming fluids
that supplied the deep during these periods of deposition were
depleted in Zn, Cu, and H,S, and only enriched in Fe and Mn.
Sulphide minerals become insoluble when the temperature de-
creases (Barnes, 1979). During the period of the unit 3 dep-
osition, the hot-spring fluids had probably lost heat on as-
cending to the seafloor, and the major part of dissolved Zn,
Cu, and H,S had precipitated within the internal plumbing of
the Atlantis II Deep, before the mineralizing fluids reached
the point of discharge.

5. CONCLUSION

Cores 683 and 684 contain all the lithologic facies which
have been described in the several hundred cores collected
previously in the Atlantis II Deep. High resolution sampling
and chemical, mineralogical, and biostratigraphic data allow
mass accumulation rates to be calculated for all lithological
units and a geochemical mass balance to be constructed for
the Atlantis II Deep hydrothermal system.

The metalliferous and nonmetalliferous sediments in the W
basin accumulated at similar rates, averaging 150 kg/k.y./m?.
This indicates that the chemical components of the biogenic
and detrital particles mostly dissolved and subsequently be-
came incorporated into authigenic minerals. The metalliferous
sediments from the SW basin accumulated at the same time
as the youngest lithologic unit of the W basin, at a rate of
about 700 kg/k.y./m”.

The chemical mass balance of metalliferous sediments
strongly suggests that the discharge points of the inflowing
mineralizing brines were located in, or near, the SW basin
during the last 2.25 k.y. Because Fe, Mn, Zn, Cu, Pb, and S
are highly enriched in the solid fractions relative to the pres-
ent-day hydrothermal brine, they can be considered to have
been insoluble over the entire hydrothermal history of the
deep. Ore forming elements such as Fe, Mn, Zn, Cu, and S
were supplied mostly by a hot hydrothermal brine, whereas
biogenic sedimentation acted as an additional source of Pb.
The (S + Cu + Zn)/Fe ratios in the oxide-rich facies are
lower than in the sulphide-rich facies. The difference is prob-
ably more due to changes in the chemical composition of the
inflowing mineralizing fluids rather than to changes in the
redox conditions of the brine pool. Assuming Fe concentra-
tions in the inflowing Atlantis II brines equal to those of Sal-
ton Sea or Southern Juan de Fuca, the chemical mass balance
indicates that the volume of fluid which supplied the Deep
during the Atlantis II hydrothermal history should have been
at least four times the volume of the present-day brine pool.
For a Salton Sea-like solution, 30 L/s is the minimum dis-
charge flow to supply all the Fe that has accumulated in the
metalliferous sediments of the W basin during 12—15 k.y. BP.
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