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HOT BRINES AND RECENT IRON DEPGOSITS

IN DEEPS OF THE RED SEA

by

A. R. Miller, C. D. Densmore, E. T. Degens, J. C. Hathaway,
F. T. Manheim, P. F. McFarlin,
R. Pocklington and A. Jokela

Introduction

Sedimentary iron and heavy metal deposits of undetermined size
have been found in the middle of the Red Sea some 2000 meters below
the surface of the sea (Fig. 1l). This discovery has been made from

the Research Vessel Atlantis..IT, which is still at sea engaged in a

series of oceanographic investigations which ultimately will end in
November, 1965 after the ship has circumnavigated the globe. The
discovery is significant because the environment and the processes
controlling deposition of heavy metals are observable and appear
to be still active. |
of e a/e/oo:/ff

The environmentAcan be briefly described as an isolated sub-
marine pool of brine having a pH as low as 5.3, a temperature of
56°C. and a salt content of about 310 grams per liter (at 20°C).

Shipboard oxygen determinations and the indicated presence of H,S,

2
divalent iron and divalent manganese in the water suggest that

the environment is anaerobic. This hot, dense brine is trapped

in a local depression of the Red Sea median valley. (Atlantis IT




Deep, Fig. 1l). The iron deposits, consisting largely of hydrous
iron oxides, are found in the same depression. Brines from the
Discovery Deep (21°17'N, 38°02'E) (1), a few miles southwest of the

Atlantis II Deep {21°21'N, 38°04°'E), have a pH of 6.2 and a temp-

erature of 44.7°C, and are also associated with iron-bearing sedi-

ments. The Discovery and At_antis II brine pools both extend about

150 meters above the bottom. A few miles south of the. Discovery.
Deep another depression of greater depth has been reported (2)
containing essentially normal Red Sea water. Deeps several hundred
miles to the north (Sta. 540) and south (Sta. 545) were investigated
and contained no, brine. One of these (Sta. 545) is known to contain

normal sediments.

Geolbqic Setting

CopispPICUOUS

The Red Sea median valley is a -p¥eminent trough structure, par-
ticularly well developed in the southern pgg;gén, where it is asso-
ciated with strong magnetic and positive gravity anomalies. It
cenerally is thought to be a graben or rift structure, representing
tensional forces acting normal to the Red Sea axis (3). The
measured anomalies, plus seismic refraction studies, have indicated
the presence of a long, narrow intrusive igneous body at a shallow
depth below the median valley (4). The same studies suggest that a

considerable thickness of sediments exists below the shelves on both

sides of the valley. A hypothetical cross section of the Red Sea




was constructed by Drake and Girdler (Fig. 2), who also cited bore-
7ole data indicating a section of more than 2000 meters of evaporites
~ear Dahlak Island at 16°N latitude on the western shelf of the
southern Red Sea (5). Continuous seismic profiles made more re-=
cently by the Woods Hole Oceanographic Institution confirm this
general type of structure, though they sﬁow it to be somewhat more

complicated (6). The probable age of the major Red Sea sedimentation

sequence is Miocene to Recent (7).

Gceanographic History

The finding of the hot brines has an interesting history, as
v As muoch as &0 years age / ;
Table 1 shows. It _was-knowa—to—earti-e¥ investigators (8, 9, 10) #rew
that below a few hundred meters, the Red Sea had a remarkably uni-
form mass of warm, unusually salty water. This feature was explained
by the predominance of evaporation over precipitation, which caused
downward movement and mixing of the saltier surface water layers. 1In
the deepest water of the central Red Sea, small but anomalous in~
(vpto3°C) (5 %) ‘

creases in temperature,and salinityﬂappeared in the data of the
Swedish Albatross Expedition of 1947-48 (11) and the Atlantis Cruise
242 (lZjof 1959. These increases were apparently consistent with

the theory of downward mixing of warmer and saltier sucface water.

The features were reinvestigated by Atlantis II and Discovery in

1963, and were then recognised and pointed out by Miller (13) and

by Charnock (14) as temperature and salinity anomalies. On




Digcoverv's return to the locations in 1964 a local bathymetric

survey (Fig. 1) was made, showing at least two local depressions,
each a mile or more across and separated by several miles. 1In

one of- these a remarkable hot brine was found (1). The new German
research vessel Meteor visited the area in the fall of 1964 and con-

»

firmed the observations(2).

Shipboard Work

In February 1965, Atlantis II returned to do more detailed

hydrography and to investigate the sediments of the hot water holes.
Sediment samples were taken in conjunction with hydrographic casts.
In each deep a gravity corer serving as a pilot weight collected

a sediment section one to two meters long. In the Atlantig II Deep,

a pipe dredge sample was recovered and a third core was taken by
lowering a small gravity corer separately on thé hydro wire. Attempts
were made to lower a piston corer in both deeps, but owing to drift
of the ship, only the side siopes were reached. On the slope of the
Discovery Deep only fragments of basalt and limestone were obtained,

whereas
write on the slope of the Atlantis II Deep the corer hit hard rock

below about two meters of iron-rich sediment.

Hydrography and Water Chemistry

Four hydrographic casts were made, two in the Atlantis IT Deep

and two -in the Discovery Deep. Special high-range thermometers
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protecte’ from deep sea pressures permitted measurement of the un-
usual temperatures. Hydrographic data for the Red Sea stations
visited on this cruise are given in Table 2. The salt content

of the anomalous water is given as chlorinity in order to permit

a comparison with the surface and intermediate waters. Knudsen

salinity tables or standard salinometer conversion tables cannot
, R . becauvse
be used to calculate salinity for the brines, sinee these waters
differ from normal oceanic waters in their ionic ratios. Calibra-
tion curves relating salinometer readings to titration chlorinity
have been prepared from mixtures of brines and intermediate waters,
@s ‘

sirmee not all the brine samples are availahle for analysis at the

present time.

Table 3 compares analyses of bottom water from the Atlantis II

and Discovery Deeps with other types of water. It may be noted that

the hot brines'in,Atlantis II Deep were clear when taken, bUttﬂﬁﬁl

éféggjﬁgzg%nish precipitates formed. The metal analyses refer to

total water samples, the precipitates being redissolved by adding

HCL.

Brine from the Atlantis II Deep is composed chiefly of sodium

chloride, and has a total salt content about 10 times higher than

normal sea water. The brine is markedly depleted in magnesium,

~sulfate, and bromine relative to total salt, and contains extra-

Ordinary concentrations of heavy metals. Zinc, copper, iron,and




manganese are found in concentrations 1000 to more than 50,000 times

|
.
.

higher than their estimated normal levels in sea water. Silica is
present in amounts about 200 times greater than in normal Red Sea
surface water.

. 8 ,
Cxygen isotope (Ol /016) ratios have been measured on normal

Red Sea water and on the anomalous brines. The values are given in

Table 4, along with values for several reference waters. O18

enrich-
ment for a normal Red Sea sample (1480 m, Table 4) is consistent with
values for otber Ocean waters of similar salinity, such as water from
the Grand Bahama Banks (22). ﬁighly evaporated sea water should be

appreciably enriched in 018 relative to mean ocean water, but the

Red Sea deep brines do not show such enrichment. It should be

emphasized, however, that precise prediction of ultimate é; 018

values for sea water bodies which have been greatly reduced by eva-

poration cannot be made‘because of the variable molecular exchange

between water and water vapor during evaporation (25). Most fresh

' . . .16 0 518

waters are highly enriched in O~ °, and 0 values from -5 to -15
Hany

are freguently encountered (26). ,0il field brines, on the other hand,
. . Q] )
are similar in ¢ O*8 to normal sea water, although they may have high
salt concentrations(23), The slight shift into the positive range of
Q18 , . . :
c-0 (Table 4) may be explained by slight evaporation at the time

Of deposition, or by isotope exchange with the surrounding rock

formations during diagenesis. Some petroleum brines are known to
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be enriched in . O (23). However, this enrichment is generally

matched by‘a decrease in salinity, suggesting mixing effects with
“light” meteoric waters.

During the preparation of this paper, the German research
vessel Meteor re-visited the brine area and made several further
observations. One of the authors (A. Jogela) was transferred in

the Gulf of Oman from the Atlantis II to the Meteor, and was generously

allowed to accompany the ship on her return trip through the Red Sea.
It is noteworthy that Meteor scientists observed a water temperature

slightly higher than reported here (27) and a bottom sediment temp-
of bout 50— /0"(,
erature appzrecitabdly higher than that of the associated brines. Precise

defferencer 1 Cemperalvre belticen watlerS gud sealsm enls canmols be presente

&5 smicaswrementy of T e seclivent Tem raters were made oy apfter The gywmpler
_were o, cibed apoard 5,0 . ThHos Lpe a//,t,fg;{::cer mn g lace ar’g//o&.tZ// Argher y
Lithology and Paleontology '

The sediment collected from the Atlantis II Deep was a mega-

scopically homogeneous black ooze which gradually turned sepia#broﬁn
up on drying or storage. The sediment did not respond to a hand
magnet in the fresh state, but became highly magnetic on drying in
air at 60YC. Sediment recovered with a piston core from a slope
about 130 m above the bottom of the deep was finely laminated and
looxei more compact than the deeper sediments, but it still consisted
largely of iron oxides. The upper part of the gravity core from

At Fhe Fime of collection

Disccvery Deep was fine brown ooze, whereas the basal 60 cm of the

core contained brittle, fossil-bearing carbonate fragments.

The material collected by pipe dredge from Atlantis II Deep

{sta. 543, was examined for microfossils. Well-preserved plank-
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tonic foraminiferal species were found as follows (28):

Globigerinocides ruber (d'Orbigny)

Globigerinoides tribobus (Reuss)

Globigerinoides sacculifer (Brady)

Globigerinella aequilateralis (Brady)

Globigerinita glutinata (Egger)

All of these species range from Miocene to Recent, and would fit in
with the present Red Sea surface environment. Only a few possible
fragments of benthonic Foraminifera were noted and preliminary ex-

amination of the sediment showed no pollen, spores or microplankton

(29) .

Mineralogy

The minerals in the samples obtained from the Red Sea Deeps were
determined by X-ray diffraction analysis, by examination with the
petrographic microscope and by comparison with the chemical analyses
given in the section on chemistry below. Table 5 lists the minerals
found in each sample. The pipe dredge sample from Sta. 543 had been
dried on shipboard and showed about 60% halite in laboratory ana-
lysis. Therefore, this sample and others from the deeps were washed
with distilled water to remove the large amounts of NaCl dissolved

in the interstitial water.

Most of the iron in the samples seems to occur as hydrous,

amorphous oxides in yellow to brown spherical aggregates 5-10 microns
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in diameter, such as those shown in Fig.éi;/fgﬁe dried and unwashed

|pipe dredge sample was magnetic; it yielded diffuse X-ray diffrac-

'tion maxima and showed optical properties that'éuggested poorly

crystallized maghemite. / Hewmese®, no reflections for any known iron

oxide mineral were observed in the material that had been preserved

wet, nor did the material respond to a hand magnet. A small amount
of pyrite and possibly marcasite occurred in the upper part of the

gravity core from the Atlantis II Deep (Sta. 543), but not enough to

account for the large amount of iron present.
The X~ray diffraction patterns for the gravity core from Sta.
543 are shown in Fig. 4. Sphalerite is present in all the samples
studied in the less than 2 micron fraction. The sample ;rom the
0-15 cm section of the core contains a small amount of sphalerite
(about 3%, calculated from the Zn0O value given in Table 7): the

sphalerite increases to 7-8% in the section from 43-51 cm and de-

creases to 2-3% at 2 meters depth in the core.

A carbonate mineral with a cell size between that of siderite
(Feco3) and rhodochrosite (MnCO3) occurs in the sample from 2 meters,
and it is confined largely to the size fraction greater than 2
microns. A calculation of the composition of the carbonate based
on a comparison of six of its interplanar spacings with the corres-
ponding spacings of siderite and rhodochrosite suggests that it

Ccontains about 70 mol percent Mnco3 to 30 mol percent FeCO, assuming

3

re
that no Cat+ and Mgt++ s present-in the structure. As the average
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index of refraction of the mineral lies appreciably above 1.70,

large amounts of Cat+ and Mg++ are not likely to be present. These
elements would tend to lower the index toward 1.60; thus huntite is
excluded in spite of its almost identical pattern. However, as little

as 14 mol percent of CaCO, in siderite could prbduce the spacings

3
observed in the X-ray patterns, and because only 1.3% MnO is reported
in the chemical analysis (Table 7), it is likely thatlthe ratio of
Mn++ to Fet++ in the mineral is somewhat less than 70:30. Siderite

has not been synthesized with a CaCO, content higher than 5 mol per-

3
cent (30), but natural siderite is reported with CaCO3 concentrations
up to 23 mol percent (31). Calcite is present as foraminiferal
shells and their fragments.

Anhydrite occurs in all e&f the samples from the core but only
reaches appreciable quantities in the sample from 2 meters. Much
of the original anhydrite was leached from the samples of Fig. 4 by

washing the samples with distilled water.

The only clay mineral in any of the Atlantis II Deep samples

was dioctahedral montmorillonite. A d060 spacing of about 1.51
rather than 1.52 suggests that nontronite is not the principal
montmorillonite group mineral present, in spite of the large amount
of iron available in the sample. The absence of "normal” marine

clay minerals (32) of the type found in nearby localities suggests

that little terrigenous detrital material is present.
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Although about 10% (leached basis) amorphous silica was found

‘in a dredge sample that had been dried on board the ship, none was
detected in the wet sample.

The piston core from the slope adjacent to the Atlantis II Deep

contained only dioctahedral montmorillonite and an iron-bearing
L
_mineral amorphous to X-rays.

The mineralogy of the core from the Discovery Deep (Fig. 5) is

substantially different from ﬁhétuof the Atlantis II. The major

component of the limestone fragments in the basal section is magne-
sian calcite with about 10 mcl percent MgCO5. Normal calcite and a
(based am o spacing of 2. 90/4 For af“‘ )
small amount of dolomite with about 10 mol percent excess CaCOBAare
also present. The dolomite may be similar to the protodolomite of

abundant
Goldsmith and Graf (33). The sediment matrix contains, "protodolomite™”

and
in evhedral rhombs 20-30 microns in diameter (Fig. 6),,calcite and

magnesian calcite. At least some of the iron is in the form of
/ch/m’(@'C/

hematite, but amorphousAiron oxide also seems to be present. Quartz,
plagioclase feldspar near the composition of labradorite, chlorite,
mica and possibly some of the montmorillonite in the sample are
probably detrital. Some sphalerite may be present although an anoma-

lously strong feldspar line may be responsible for. the peak indicated

by a question mark in Figure 5.

Chemistry
A partial chemical analysis of the sediment from the dredge

sample, dried on board ship is given in Table 6; quantitative




spectrochemical analyses of sediments from the gravity and piston

cores from Atlantis II Deep are given in Table 7. A semi-quantitative

spectrochemical analysis of the dredge sample is given in Table 8.

=% the analyzed samples were leached free of sodium chloride,

but retained most of the anhydrite noted %n the mineralogical analyses.
Aside from the major component iron: the sediments of Atlantis
II Deep contain silica and extraordinary amounts of heavy metals.
zZinc, for example, reaches 6.2% as Zn0O in one sample (Table 7), com-
pared with an average concentration on the ordef of 0.01% in marine
sediments. Carbonate was not determined quantitatively on the sedi-
ment, but lack of effervescence on treatment of the sediment with

hot HCl indicated that little was present in the surface layers. 1In
the lower part of the gravity core, some effervescence was noted,
which corresponds to manganese-iron carbonaté phases found by the
X-ray work, and to the higher amounts of manganese in the bottom part
of the gravity core {Table 7). Qualitative examination also indicated
a relatively small amount of sulfide, which, on the basis of the X~
ray work, appears to be bound chiefly.with zinc, rather than with

prrite /C’%Q reasite
iron, although traces of B=8_ were found.

S
The large proportion of interstitial water in the iron-rich
bottom sediments is remarkable, even where the sediment appears

firm and compacted, as in the piston core in Table 7. The dredge

sample of Table 6, dried at 60°C without leaching out NaCl, con-
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o&x‘a/m:a’ o/ur‘/ng eya,ear‘af/or\
tained over 60% readily water-soluble matter (primarily NaCl) and

only 21.6% Fe,0,; one sediment sample in Table 7 (gravity core, 43-51
‘cﬁ) contained 93.4% interstitial water as a percent of original bulk

weight.

Discussion e

Before summarizing the evidence bearing on the origin of the
Red Sea brines and metal deposits, one should point out that (a) the
only on the floors and sicles ot e reservorrs
abnormal, iron-rich sediments have been found, i hot brine zones
while other deep areas of the Red Sea contain only carbonate-rich
sediments; (k) unusually high concentrations of the metals enriched

in Aigh congen tratron
in the sediments are also found,in the brines; (c) the sediments aze
gel-like, containing a large amount of brine, which suggests that a
major part of the sediment has been precipitated from free solution; <k\

e by aboutl 5 1o 10°<
and (&) a temperature emsem greater, than those determined for the

A

brines has been observed in a sediment sample. Hence, it appears

that the brines and metalliferous sediments have a common origin,

- and any theory of origin of one must explain the other.

Three principal hypotheses can be advanced toc account for the

temperature and salinity of the brines:

1) Basinward flow of brines concentrated by local surface
evaporation and solar heating (14).

~2) Basinwide evapbration during a former isolated stage of
the Red Sea (34).

3) Submarine discharge of brine.

- e
L&y the very high fcmpcrafvfcs 6f Lhe frine reservolvs Semand some

\ specral soerce of heat £o Caw/’e”fﬁ'fc For The A“‘f/“’b”/”“’“r‘/‘é/
\ Cow of wa Tre am//ae:’/‘/{ﬂ,/”fy é/ Ma/{’/»(@//c‘onl/tc/:mﬂ; ’

o oo,




-14-

The first two hypotheses would take advantage of the great
regional excess ofevaporation over precipitation and stream runoff
to directly account for the brines and the high temperatures by sur-
face processes. In the first hypothesis, concentrated, hot brines
would flow down Red Sea basinal slopes and collect in the deeps,
retaining their heat for an appreciable length of time. In the
second hypothesis, the bfines would represent residues of much larger
volumeé of original Red Sea water, which evaporated during an earlier
giacial period or periods. At such times, sea levels dropped close
to or below the depth of the gill between the Arabian and the Red
Sea, restricting&or completely cutting off the supply of ocean water.
Subsequent inflow of sea water could submerge the residual brine
pools.

Whereas both of the above hypotheses of?er plausible theoreti-
cal mechanisms for the emplacement of concentrated brine under
essentially normal sea water, the present evidence against them is
strong:

1) Neither mechanism offers any explanation for the source

of the metals.

2) If the brines are due to earlier evaporation of large
volumes of Red Sea water, we should expect all deep areas
to contain brine. Yet, comparable deeps only few miles
away from the brine pools contain only ordinary Red Sea

water.
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3) A selective mechanism by which descending brines seek
out certain pockets in the central Red Sea and not others
nearby, has yet to be found. There appear to be no
evaporating pans which would supply such brines.

4) If the brines are direct residua after solar evaporation
of either sea water or mixed continental-sea waters, we
should expect concentration of highly soluble constituents
such as magnesium and bromine. In contrast, both of these
elements, as well as sulfate, are greatly depleted in the
brines.

5) The‘fact that the sediments are hotter than the brines
indicates that the source of heat is from below.

6) 018/016 ratios in the brines are similar to surface Red
Sea waters or other sea waters which have been slightly
concentrated by evaporation. However, the ratios do not
favor the possibility that evaporated residues of normal
Red Sea waters are involved.

In that case, much higher ratios would be expected.

The position of the brine pools in zones of tectonic activity

and near great thicknesses of sedimentary strata could provide both
large volumes of interstitial waters and mechanisms for introduction
Oof the waters into the sea through fissures and faults. It is

notable that concentrated oilfield brines often are enriched in iron
and heavy metals, and normally have temperatures as great or greater

than the brines under discussion. The Red Sea brines may be related
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+o o0ilfield brines in mechanism of formation, or may be produced
Subguf‘j{'{;‘;gg circvLation and

ﬁhroughAleaching of evaporites by formation waters of near-normal
oceanic salinity. The proximity of an intrusive igneous body also
may be effective as a source of heat and possibly of volatile
materials. However, it is not necessary to postulate hydrothermal

magmatic activity to account for the metals or the temperatures

ted. 47 the Tmperral Vallcy of Sovthern Caertornrd, anm arca siuclar /9 7”/;6"
noted.

47
, . Fo the Red Sea, a decp geothermal well topped a brire considers :
. ;’f;;?;ffn”ggjﬁ:e,_;fuff (Ngoo’c_,) bot" /:,L Stimilar chewical composstson. Q@ mggmatic origin fof

We recognize that the brine may have changed in composition ﬁ:;ﬂfﬂ
454
(white et ol /?2;)/1

during passage through the Red Sea substrata and may reflect a number

_ of conseguent influences. For example, the presence of"protodolomite”
in the Discovery Deep core suggests that dolomitizatioﬁ of pre-existing
carbonate rocks,may be partly responsilblle for the depletion of mag-
nesium in the brines. Although the oxygen isotope data support sub-

ot walcr of Some vnfhownm orvarfl
marine discharge as=the=esicra=ef-tre=dmsimes, they do not provide

conclusive evidence for influence from either hydrothermal or for-

Jovenile

mation water in their genesis. =EseEsees waters are assumed to

C o 18 . .

- be enriched in O by a few per mil relative to mean ocean water
(35, 36;, but the same can be true of formation waters. A study of

. . i8 , L } @s5
_the deuterium/0O relationsd=e may be revealing, seéwee hydrothermal
waters show a characteristic "oxygen isotope shift" into the positive
5 o , oW G i .
rfange relative to deuterium,éwe to oxygen isotope exchange with the
bedrock (37).

The Red Sea deeps may be considered a natural laboratory where

lnformation on a number of significant geochemical problems can be
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Qbﬁained. For example, hydrated forms of Cas0, are stable configura-
tions in hypersaline surface environmentsy thus causing anhydrite in
%he‘present sediments to appear anomalous. Perhaps high salinity,
;yﬁrostatic pressure,and high temperature, or all three, are res-
ponsible for the presence of anhydrite instead of gypsum or bassanite.
Cther problems which profitably may be investigated in the Red Sea

deeps include the formation and diagenesis of syngenetic sulfideg;#qof

and . of
sideriteprhodochrositerdolomite; ## authigenic silicates such as

of 7 '
montmorillonite;++ and,sedimentary iron ore. The problem of iron

ore formation is of particulaf interest because of the controversy
origin of Precambrian iron ore formations. The controversy
is chiefly caused by the lack of recent counterparts to these deposits,
 Studies of the Red Sea deposits may, therefore, ¥ shed light on

the environmental conditions that existed in Precambrian seas.
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~mary and Conclusions

;ﬁota weakly acidic brines concéntrated in heavy metals and
éilica are present in central Red Sea deeps at depths of abou?
;QOOO'meters. Interaction of the anoxic brines with the oxidi-
zing, weakly alkaline Red Sea waters promotes deposition of
metal oxides and sulfides, anhydrité’énd silica. More than

6% ZnC (mainly as ZnS) and nearly 1% CuO in a daminantly hydroﬁs
iron oxide matrix have been observed. Diagenetic reorganization
and formation of such phases as dolomite, magnesian calcite,
‘siderite-rhodochrosite, sphalerite and possibly montmorillonite
occurs in tﬁe sediment.

Geologic, chemical and oxygen-isotope data point to submarine

ot sesrc a/ee/o Lhernpa/ waler o vrhpown 9""7//1
discharge e T e S : o Ll :

mentary-evaporitic strata underlying fhe Red Sea offer a
-promising source for the concentrated brinesf Whatever the
ultimate origin of the brines, it seems clear that their dis-
charge appears to be associated with the tectonic history of
the Red Sea,‘ Tectonism and rifting may have opened migration
paths for the passaée of solutions. Other areas in the Red

ze&a - Fast African Rift Zone region, or elsewhere, which com-
bine rift acﬁivity and thick stratigraphic sections containing’
abundant water may be considered as potential sites for similar

pnercmena. Examples of such areas might include the Gulf of

Aden, the Gulf of Agaba and the Gulf of California.




Depth(m)

Date, sel :

** Calculated from chemical analysis

S¢%) ALbcétion %Statibnfénd¥Réference
600 21.6 40. 4 21°N 38°E 1881-3 vityaz, sta. 200 (8)
1852 21.5 40. 6 20°41'N 38°07'E 1897 Pola, sta. 294 (9)
>2000 21.5 7 40.0 21°N 38°E 1898 valdivia (10)
1930 24.5 45,0 21°10*'N 38°09'E 1948 Albatross, sta. 254 (l1)
1914 ———— 42.5 21°22.5°'N 38°05'E 1959 Atlantis, sta. 5639 (12)
l931—7é 25,8 43, 2 21°21.5'N 38°04.5°'E 1963 Atlantis II, sta. 42 (13)
2350 21.9 40. 8 21°O7'ﬁ 38°10°E 1963 Discoverz, sta. 5247 (14)
2190 44,0 271* 21°l7'Nl 38°02'E 1964 Discovery, sta. 5580 (1)
2167 56.0 261** 21°20.5'N 38°03.5'E 1965 Atlantis II, sta. 543
(This report)
* Calculated from salinometer readings using tables for normal sea water




Table 2. Hydrogr p“l

are calculated dlrectly from salinometer )

last decimal in the oxygen and temperature Y ,

figures do not necessarily represent absolute accuracy

were used to relate the shipboard salinometer readings. (on diluted water) to chlor

in the case of the high chlorinities. These values should be regarded as approxima-
tiong. The phosphate, nitrite, nitrate, oxygen and silicate values for the brines are
given without taking into consideration possible influence of the abnormal character
of the water on the shipboard determinations. .However, an "F" factor(was estimated
for 51llcateju81ng evaporated surface water.

pepth (m) 0 NO,~N NO3-N PO4-P P Si03-Si
_mec Cl (%) (ml/1) (’qu/l) (xgA/1) (#gB/1) (pga/1) (Lgn/1)

a. Station 540. 25°28°'N-25°22.5'N, 36°10 'E-36°08. 5'E, Maximum depth 1945m

0-1 22.87 22,20 4.95 0.03 0.08 0.03 0.18 -
100 22, 88 22. 26 4, 66 0.07 0.66 0.08 0.21 -
199 21.86 22,40 3.06 0.00 7.7 0. 48 0. 57 -
398 21.068 22,43 1.03 0.00 15.0 0.99 1.03 -
594 21.73 22, 445 1. 46 0.00 13.3 0.90 0.95 -
786 21.73 22.45 1.86 - 13. 4 0.75 0.82 -
986 21.75 22.45 2.16 - 10. 8 0.72 0.78 -
1147 21.78 22,45 2.31 - 10.8 0.65 0.71 -
1343 21.84 22,455 2.38 - 9.8 0.61 0. 67 -
1540 21.87 22,455 2,61 - 9.3 0. 57 0.64 -
1737 21.90 22, 455 2.62 - - 9.7 0. 59 0.64 -
1880 22.07 22,455 2,62 - 9.7 0. 57 0. 66 -




TableKZk {Continued)

02 NO,-N  NO3-N PO4-P P S103-Si
Depth (m) T°C Cl (%) (ml/1) (egr/1)  (uga/1) (pgn/1)  (xg2d/1) (£gB/1)

7

b. Station 541 (Discovery Deep) 21°17°'N, 38°00'E; Maximum depth 2089m

951 21.75 22,45 1.18 0.01 11.1 0.72 0.75 11. 4
1149 21.78 22.45 2.10 0.01 12.3 0.70 0.75 10.5
1443 21.87 22, 46 2,28 0.01" 12. 6 0.064 0.71 11.6
1706 21.95 22,465 2,27 0.00 12,0 0.62 0.70 12.0
1800 21.99 22,475 2,14 0.01 11.7 0. 50 0. 67 13.0
1847 22,01 22. 47 2.22 0. 00 11.7 0. 57 0. 67 12. 4
1894 - 22. 47 2.17 0.01 11.2 0.62 0.72 12,1
1940 22.06 22.50 2.13 0.02 11.6 0.66 0.72 12. 4
1987 24, 47 24, 985 1.33 0.01 12.6 0. 52 0. 56 36. 2
2044 44.72 154. 0.1 0.00 0.01 (-0.13) 0.12 (672.)

c. Station 542 21°17'N, 38°05'E; Maximum depth 2067m

1165 21.79 22,45 2,10 - - - - -
1553 21.90 22, 46 2.26 - - - - -
1843 22.03 22. 47 2.13 - - - - -
1891 22,04 22,49 1.87 - - - - -
1939 - 22.475 2,17 - - - - -
1986 23.22 - 2,20 - - - - -
2005 24,72 - 1.92 - - - - -
2034 27. 8% - 2.04 - - - - -




Dép?h (m)

T9¢C

C1 (%)

0, NO>-N NO3-N
(ml/1) (jg2/1) (Lgn/1)

PO4—P
(pg2/1)

b

(uga/1)

S105-Si
(’[49 A/1)

e,

1878 21,99 -
1976 22.07 22.005
1997 - 37
2017 - 78
2064 55, 92 155
2108 55, 91 156
2141 55, 94 155

f. Station 545, 16°34'N,
0-1 25. 89 20. 895
197 21.87 22,415
640 21.72 22. 455
1129 21.81 . 22. 455
1570 21. 90 22. 455
1870 21.91 22, 46
1910 21.94 22. 455
1970 - 22.465

Station 544, 21°19.5'N,

O A

38°06, 5°'E; Maximum

2. 58

(0.1)
(0.1)
(0. 1)

.81
.93
.27
. 68
.92
. 80

.76

depth 2156 m

. 26
. 80
.31
.16
11
.05
.70
. 55

1
I
oNeoNeoRoNeRolole)

OO0 000000

.51
. 94
.44
.33
.27
. 26
.75
.61

|
38°903'KE; Maximum depth 1981. Sediment: normal Red Sea type




pable 3. Chemical composition of waters. Values in grams/liter
at 20°C. Note that these values are in g/l1, whereas those in
Table 2 are in g/kg (stan%?rd hydrographiceunit). The difference
is partlcularly marked for hlgh Sp. G. Brlnes

Average composition of sea water. Major composition
recalculated from (15). Fe, Mn, Zn, Cu estimated for
oceanic bottom water by (16). Ba from (17), (18) and
(19).

Red Sea, Atlantis II Deep. Preliminary data for Na, K,
Mg, Ca and Cl determined flame photometrically and
chemically by a commercial firm; Br by X-ray fluore-
scence by Quality of Water Laboratories, U. S.
Geological Survey, Denver, Colorado: others by

- solution-spark technique on the Woods Hole Oceano-

graphic Institution direct-reading emission
spectrometer. 5f¢c/f/c gravily determined by //Cﬂoif/(fr‘f‘

I

l
Red Sea, Discovery Deep, brine transition zone. |
Determinations wessms=B. m«de at Hooss Hotc, ezce,of" &r (@uality of%f(p/aém&né:
f
Na~rich-oilfield brine from Miocene strata (2,550 m
depth, bottom hole temperature 87.5°C), Louisiana.
Analysis reported in (20).

Dead Sea. Analyses reported in (21). Major elements
are an average for the entire sea. Trace elements
refer to water from 310 m depth (stagnant zone).

F GeoCherma/ brine well, Zmpersal Valley Califarnia (/575 % apth, botlom fole »M/;Z;c

|

ement A B c D  E FoGne) |
1.027 1.196 1.141 1.153 1.23 /2t
10.8 105 - 73.7 39.1 ‘4.8
0.39 3.61 - 1.00 7.26  31.¢
1.30 0.95 - . 1.23 40.6 72
0.411 6.44 - 10.6 16.9 So. ¢
2.72 T1.14 - 0.18 0.47 o7/
19.5 195 127.6%% 143.0 212.4 233
0.066 0.083 0.086 0.45 5.12 Zes
0.0047 0.013* 0.008%  0.011 0.022 697
S 110 < Gt 0.070 < 0.001 0.058 <0.002  4.04
/%707 © eroinia=2 0.086 0.022 0.035 0.004  2.53
&7 7 gppBio=S 0.003 < 0.001 0.006 <0.02 ,.23
:u/o‘iw 0.001 < 0.001 0.005 <0.0002 -o/3
/5 x 107" gmgerswre=4 0.0011  ¢0.0004 0.020 0.022 .25

aVlmetrlc titration calibrated with pure NacCl.



cality

Depth

(in meters)

Temperature
(°o)

Chloride
g%/1 at 20°C

Reference

Red Ses
Sta. 543
Sta. 544
Sta. 543
Sta. 544
Sta. 544

Great Bahama Bank

Great Salt Lake
(Utah)

Fresh Water entering

Great Salt Lake

Western Egyptian
Desert
(Artesian Water)

Oil-field Qgines
. rocks
(marln%)

1480
1997
2016
2047

2141

Sur face

Sur face

Surface

652

990 (Cambrian)
1730 (Ordovician)
1350 (pevonian)
1220 (Pennsylvanian)
1700 (Tertiary)

21.
>30.
730.

55.

55.

W
[04]

o Nl o NN o N e N o o i )

OVWo oW
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This
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r other

kSample | Treatment
| 2 meters leached with Amorphous iron oxidd 60 ‘ %
§ distilled Siderite- V
water rhodochrosite 10 3
Montmorillonite Some anhydrite.
“(dioctahedral) 10 was removed
Sphalerite 2-3 in leaching
Calcite <5
Anhydrite ~5
Quartz . tr
Discovery Deep gravity core hand picked Magnesian calcite 20
541 limestone from Calcite 10
fragments from | sediment Dolomite tr
basal £=££ Quartz tr
Feldspar tr
A A v A v e N
Sedimentéacm leached with Hematite '} 40
mixed O—2=feet | distilled Amorphous iron oxide
water Magnesian calcite 15
Calcite 15
Dolomite 10
Feldspar (near
labradorite) 5-10
Montmorillonite 5-10
. Chlorite 5-10
Quartz <5

*These estimates are not intended to give more than a general indication of the relative amounts
of the various mjinerals present.




Table 6. Partial chemical analysis of bottom sedi-
ment dredge sample from Atlantis IT Deep. ‘Values are
in weight per cent of NaCl-free material, dried at
120°c. *Includes Co, Ni, Cu, Pb and part of Mn,

but not most of the Zn. Iron was determined gravi-
metrically after geparation in ammoniacal tartrate
solution.

HCl-insoluble 14.3
*

F6203 56.6

Ignition loss (1,000°C) 14.6

Remainder 14.5

100.0




Table 7. Quantitative spectrochemical analysis of NaCl-free sediment (dried at 120°C).
The values refer to aqua regia soluble matter, determined on a Jarrell Ash direct—
reading emission spectrometer by a capillary electrode-high voltage spart technique
(weight %).

Gravity Core

Piston Core (slope of

Element St?' 543 ‘ Atlantis II Deep)
(Atlantis II Deep)
0-15 cm 43-51 cm 2 m 97 cm

Dry Matter

(as % of bulk wet
sample) 10.8 6.6 13.8 13.5
Fe203 (tot) major major major major
MnO (tot) 0.23 0.74 1.3 0.13
CoO 0.017 - < 0.004 0.02
Zno 2.4 6.2 1.8 0.025
cdo 0.02 0.04 £0.01 < 0.01
Cu0O 0. 36 0.57 0. 28 0.74
Bao 0.024 0.045 £ 0.0025 ~~0.002

Silver appeared to be present at the hundredths of a per cent level but these analyses

are still uncertain because of possible interference from manganese.




Table 8. Semiquantitative spectrographic analysis of
dredge sample, sta. 543. Analyses by the Spectrographic
Services and Research group, U S. Geological Survey,
Washington, D. C.. These results are reported to the
nearest number in the series 1, 0.7, 0.5, 0.3, 0.2, etc:
which represent approximate midpoints of group data on

a geometric scale. The assigned group for semi-
quantitative results will include the quantitative

value about 30% of the time. The sample is the same

as in Table 2.

Si 10
Al 0.7
Fe major
Mg 0.7
Ca 0.5
Na 0.3
Ti 0.03
Mn 0.3
Ag 0.02 _
B 0.007 The following elements
Ba 0.1 were not detected:
cd 0.03
Co 0.03 ’ K, P, As, Au, Be, Bi, Ce,
Cr 0.001 Ge, Hf, Hg, In, La, Li,
Cu 0.5 Nb, Pd, Pt, Re, Sb, Ta,
Ga 0.002 Te, Th, T1, U, W.
Mo 0.02
Ni 0.005
Pb 0.15
. Sc 0.0001
Sn 0.003
Sr 0.015
v 0.01
Y 0.005
Yb 0.0005
Zn >2.6
Zr 0.005
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Fig. 1 Location of the Discovery and Atlantis II Deeps. Depth con-
tours in meters, modified after Swallow and Crease, 1965 (1).
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Fig. 2 Geologic cross-section of the Red Sea (schematic) modified after Drake and Girdler,
1964




Fig.

3

Photomicrograph of iron bearing
material from 0-15 cm section
of core from Atlantis II Deep;
diameter of spherical aggre-
gates is about 5-10 microns.
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DEGREES 26 Cu Ka RADIATION

Fig. 4 X-ray diffractometer traces of samples from core taken in the
Atlantis II Deep. Ni filtered Cuk radiation, L =.1.5418 %,
40 KVP 40 MA, 20/min scanning speed, scale in counts/sec as
shown; time constants in seconds; A-2.0, B-2.0, c-1.0, D-2.0,

E-1.0.
A. Whole sediment: 0-15 com
B. Whole sediment; 43-51 cm
C. Whole sediment; 2 meters
D. 2 meter sediment; fraction 2 microns
E. 2 meter sediment; fraction 2 microns

All samples were leached with distilled water to prevent pre-
cipitation of halite from included brine.
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Fig. 5 X-ray diffractometer traces of sam
filtered Cuk, radiation, L = 1.5418 R; 40K
sec as shown; time constant 0.5 second. a.

leached with distilled water.

DEGREES 26 Cu Ka RADIATION

Limestone fragments.
c. Acetic acid insoluble residue,

d. Acetic acid insoluble residue, fine fraction (<2 micron).

ples from core taken in the Discovery Deep.
VP 40MA, 2°/min scanning speed, scale in counts/

Ni

b. Whole sediment,
coarse fraction ( >2 micron),
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