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Abstract-A smectite rich in ferrous iron and low in aluminum occurs abundantly in the Red Sea 
Geothermal Deposits, and appear to be forming at present. 

Chemical analyses and Mossbauer spectra indicate the mineral is intermediate in composition 
between nontronite and the as yet undescribed trioctahedral ferrous iron end member. 

INTRODUCTION AND OCCURRENCE 

THE Red Sea geothermal brine deposits are direct-
1y precipitating due to discharge of a hot brine 
onto the bottom of the Red Sea (Bischoff, 1969). 
Through time a 20 m thick succession of bedded 
mineral facies has been deposited. The most recent 
facies, a 5 m bed, apparently forming at present, is 
composed dominantly of an iron smectite with 
composition and structure intermediate between 
nontronite and the as yet undescribed trioctahedral 
ferrous iron smectite. 

PHYSICAL PROPERTIES 

The smectite bearing facies is characterized as a 
dark brown "soupy" mud of approximately 5 m 
thickness distributed over an area of 56 km 2

• 

Interstitial brine contents are very high ranging 
from 85 to 96% on wet weight basis. The smectite 
accounts for approximately 75% of the solids with 
the rest being amorphous iron hydroxide with 
minor amounts of detrital pelagic carbonate. 

The mineral occurs in birefringent colloidal 
particles displaying apple green color, and refrac
tive indices of 1·60 ± 0 ·005. 

SAMPLE PREPARATION 

Bulk samples were collected from the four 
following cores taken from the geothermal area: 
120K, 126P, 127P, and 128P (see Bischoff, 1969 
for locations). 

Due to significant impurities of amorphous iron 
hydroxide and detrital carbonates, leaching of the 
samples was necessary. The possibility that such a 
leaching treatment may attack and modify the 
mineral itself is recognized; analyses were, there
fore, performed on the untreated bulk samples, and 
on the leached residues, to allow a monitor of the 
components lost during leaching. 
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The samples were first suspended in distilled 
water and placed in an ultrasound bath to remove 
interstitial brine, followed by drying at room 
temperature. One split was taken as representative 
of the original bulk material. The remaining sample 
was then treated with EDT A for carbonate dissolu
tion followed by buffered dithionite solution 
described by Mehra and Jackson (1958) to remove 
iron hydroxide. This latter step probably attacked 
some of the smectite itself, but it is believed judging 
from the X-ray and chemical data (Figs. 1, 2 and 
Tables 1, 2, 5), that no significant restructur.ng 
took place. Microscopic examination indicated that 
all carbonate and ferric hydroxide had been re
moved during leaching, and that only the clay 
phase remained. 

X-RAY DIFFRACTION 

Following the methods outlined by Hathaway 
(1956), oriented mounts of both treated and un
treated sodium saturated samples were scanned, 
and re-scanned subsequent, respectively, to glycol
ation, and heating to 400° and 550°C (Fig. 1). In 
addition powder camera photographs were taken 
(Table 5). Since all samples gave essentially identi
cal patterns only 128P is presented. 

Both sets of patterns are characteristic of smec
tite (MacEwan, 1961) with basal spacings of 
approximately 13·5 A expanded by glycolation to 
about 15·5 A, and collapsing to approximately 
9·5 A after heating. Moreover, peak positions for 
the leached and unleached samples are the same, 
the only difference being that in the former, inten
sity is greater. 

In order to determine the (060) spacing, samples 
were subjected to low compressional stress in a 
hydraulic press, and diffractometer scans in the 
region of 60°28 were performed on sections cut 
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Fig. 1. X-ray diffractometer traces of Red Sea montmorillonite. Instrument settings as follows: CuKa 
radiation, 2°/min scanning rate, 1000 counts/sec, full vertical scale between traces. Samples were oriented 
mounts on microporous silver filters. A graphite curved crystal monochrometer was used to discriminate 

against secondary Fe fluorescence from the sample. 

perpendicular to the stress axis. (060) spacings of 
all samples are close to 1·53 A, reflecting the partial 
trioctahedral character of the mineral, and high 
ferric in tetrahedral positions. (060) spacing for 
typical trioctahedral smectites are from 1·52 to 
1·55 A and for pure nontronites 1·522 A (MacEwan, 
1961). 

CHEMICAL COMPOSITION 
Chemical analyses were performed on both sets 

of samples by several methods. Si02 was deter
mined colorimetrically by the acid molybdate tech
nique (Bennett and Hawley, 1962), and FeO by 
titration with dichromate (Kolthoff and Sandell, 
1952). The remaining metals (total Fe, Mn, Mg, 
Ca, N a, K, Cu and Zn) were determined by both 
atomic absorption spectroscopy and emission 
spectroscopy (pellet spark technique using borate 
fusion and internal standards (see Landergren, et 
aI., 1964). Ignition loss at lOOO°C includes structur
al water, carbonate (as CO2), reduced sulfur 
species (as S02), and gain by oxidation of ferrous 
iron. 

A comparison of analytical results between 
leached and unleached samples (Tables 1 and 2) 
indicates an increase in Si02 and a decrease in 
Fe20s, and CaO, as would be expected by removal 
of amorphous iron hydroxide and calcium carbon-

ate. The increase in NazO after leaching indicates 
Na to be the major interlayer ion as might be 
expected of a clay formed in a saturated NaCl 
brine. Some Na, however, may have been added 
from the EDT A and dithionite during leaching. 
Later analysis of FeO yielded somewhat lower 
values indicating slow oxidation of the mineral 
while in contact with air. 

Table 1. Chemical composition of Red Sea mont
morillonite untreated samples 

SiO. 
AI,Oa 
Fe-Oa 
FeO 
Mna04 
MgO 
CaO 
Na,O 
K 20 
CuO 
ZnO 
Ignition 

loss 

120K 

27-3 
2·1 

28·43 
4·74 
0·80 
1·21 
4·50 
0·55 
1-3 
0·82 
1·7 

24·9 

126P 

29·3 
1·9 

32·88 
6·96 
0·35 
0·81 
1·8 
0·65 
0·5 
1-01 
5·5 

19·7 

127P 

30·9 
1·8 

32·18 
4·10 
1·70 
1·40 
7·0 
0·83 
0·3 
0·80 
2·7 

18·1 

128P 

28·9 
1·9 

32·42 
3·93 
0·80 
1·28 
6·7 
0·97 
0·8 
0·50 
2·2 

20·9 

Total 98·35% 101·36% 101·81 % ]0] ·30% 
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Table 2. Chemical composition of Red Sea mont-
morillonite samples treated with EDT A and dithionate 

120K 126P 127P 128P 

Si02 36·4 38·1 39·0 32·9 
AI20 s 2·1 2-8 2·6 2·3 
Fe20 3 26·16 22·92 23·05 30·51 
FeO 4·75 7·67 5·9 3-14 
Mn3O. 1·2 0·04 0·36 0·32 
MgO 1·5 0·97 1·28 1·30 
CaO 0·5 0·2 0·5 0·5 
Na,O 2·8 2·3 2·7 3·03 
K20 0·3 0·6 1·4 0·8 
CuO 0·8 1·3 1·0 0·53 
ZnO 1·9 4·8 2·6 2·1 
Ignition 20·3 17·9 17·5 21·5 

loss 

Total 98·71% 99·6% 97-89% 98·93% 

Atomic proportions were calculated for the 
leached samples (Table 3) by taking the general 
smectite formula as Y4-6ZS020(OH)4. nH20 
(MacEwan, 1961), where Y and Z refer to octa
hedrally and tetrahedrally coordinated cations 
respectively. As the amount of interlayer water 
is variable, atomic proportions were assigned on 
the basis that combined metal equals forty-four 
equivalents per formula unit. 

Mter assigning all Si and Al from Table 2 to 
tetrahedral sites, the deficiency (Table 3) was 
assigned to ferric iron for a sum of 8 tetrahedral 
ions. Remaining ferric iron was assigned to octa-

hedral sites, along with ferrous iron and Mn, Zn, 
Cu and Mg, all which have ionic radii suitable for 
octahedral coordination. The sum of these octa
hedral ions falls within the theoretical 4-6. Ferrous 
and ferric iron dominate the octahedral sites. The 
remaining ions, Ca, Na, and K, were then assigned 
to the interlayer exchangeable positions, for which 
N a is by far the most important. 

The number of exchangeable ion equivalents 
0·00 to 1·61, Table 3) indicates a cation exchange 
capacity in the range of 95-133 meq per 100 g. 
Significant amounts of occluded salts can be dis
counted as a source of the N a since leaching 
resulted in an increase in concentration. 

The measured exchange capacities appear some
what lower than those calculated from the structur
al formulae using K, Na and Ca (Table 4), by 
approximately 25%. Now, if potassium were fixed, 
it would not contribute to the measured capacity. 

Table 4. Cation exchange capacities, calculated and 
experimental 

meq/l00g 120K 126P 127P 128P 

Calculated from 113 93 134 131 
chemical analyses 
(including potassium) 

Calculated, subtracting 107 81 104 114 
potassium 

* Experimental 95 76 75 % 

* Analyst: H. C. Starkey, U.S.G.S., Denver, using 
NH.CI to displace exchangeable ions. 

Table 3. Atomic proportions calculated for treated samples 

No. of ions 

Tetrahedral sheets 

Octahedral sheets 

Interiayer 

Total interiayer charge 

Octahedral and tetrahedral 
excess charge 

Si 
Al 
Fes+ 

Total 

Fe3+ 
Fe2+ 
Mn 
Zn 
Cu 
Mg 
Total 

1/2Ca 
Na 
K 

120K 

6·74 
0·46 
0·80 
8·00 

2·84 
0·73 
0·18 
0·41 
0·11 
0·41 
4·68 

0·18 
1·00 
0·07 

+1·25 

-1·06 

126P 127P 128P 

6·86 7·01 6·29 
0·59 0·54 0·52 
0·55 0·45 1·19 
8·00 8·00 8·00 

2·55 2·66 3·19 
1·15 0·88 0·49 

0·05 0·05 
0·63 0·35 0·30 
0·17 0·14 0·08 
0·26 0·35 0·37 
4·76 4·43 4·48 

0·06 0·19 0·20 
0·80 0·94 1·10 
0·14 0·32 0·18 

+1·00 +1·45 +1·48 

-J-07 -1·47 -1·56 
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When potassium is subtracted from the calculated 
capacities (Table 4), agreement with experimental 
values becomes acceptable. 

The excess tetrahedral and octahedral charge 
which gives rise to the cation exchange capacity is 
somewhat large, but is in the range for smectites. 
However, th.:: tendency to fix potassium and form 
the mineral glauconite must be rather strong, and 
will probably take place with time. 

The amount of tetrahedrally coordinated ferric 
iron (0'45-1'19 atoms, Table 3) is not unreason
able, and compares with 0·77 atoms of tetrahedral 
ferric iron found by Osthaus (1953) for the Garfield, 
Washington nontronite. 

The number of octahedrally coordinated ferrous 
iron atoms (0'49-1·15 atoms, Table 3) should be 
taken as a minimum, since slow oxidation is 

Table 5. Powder camera data for sample 128P. 
Conditions: FeKa radiation, 40 kv, 9 rna, 16 hr expo

sure, Mn filter. 

Untreated sample 
d (A) 1/1, hkl 

Treated sample 
d (A) l/l , hkl 

13·77 100 001 13-89 100 001 
7·63 5 
6'10 5 
4·59 25 003 4·63 25 003 
4·28 10 
3·66 5 
3·36 30 004? 3·37 25 004? 
3·04 30 3·03 5 
2-83 25 2·86 5 
1·531 5 060 1-538 5 060 

6 -70 

6-60 Sample 120-K 

6-50 

6-40 

6-30 

6-20 

6-10 

"' 0 6-00 
x 
.j!! 5 -90 
c 
::> 
0 5£0 U 

570 

5 -60 

5-50 

5040 

5-30 
- 3 -I 

probably taking place during sample storage. How
ever, octahedral cations total between 4·43 and 
4·76 (Table 3), so the mineral is nearer to being 
dioctahedral than trioctahedral. 

In summary, the structure is characterized 
dominantly by Fe2 + and Fe3+ iron in the octahedral 
sites, and Si and Fe3+ in the tetrahedral sites. This 
structural composition is, therefore, intermediate 
between true dioctahedral nontronite and a triocta
hedral hypothetical end member in which ferrous 
iron occupies all octahedral sites. Of the smectites 
reported in the literature, the mineral is similar in 
Fe2+ content to griffithite (Fer:t4' MacEwan, 1961), 
but which is dominated by Mg in the octahedral 
sites (Mg3 -7s ) and lacks tetrahedral Fe3+_ 

MOSSBAUER DATA 

Mossbauer spectroscopy has become increas
ingly useful in the study of coordination and 
valence of iron in crystals (see Weaver et ai., 1967; 
Taylor et al., 1968). 

Mossbauer spectra on both sets of samples were 
kindly determined by Dr. Carol Herzenberg of the 
lIT Research Institute (Fig_ 2). Both unleached 
and leached samples displayed similar patterns, the 
only difference being enhanced peak intensity (but 
unimproved resolution) in the latter. The patterns 
are characterized by a series of imperfectly resolved 
peaks in the region of approximately - 0 -5 mm/ sec 
to +1·0 mm/sec, and a resolved peak in the region 
of + 2-0 to 2·5 mm/sec, measured with respect to 
the center of metallic iron spectrum_ 

Mossbauer spectra presented by Weaver et ai_ 
(1967) with values adjusted to the convention used 

o 
mm/sec 

Fig.2a_ 

2 3 
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in this work, indicate that geothite (probably 
closely analogous to the amorphous Fe(OH)a in 
this work) displays a Fe3+ quadruple doublet at 
+ 0-1 and + 0-65 mm/sec, while nontronite displays 
a single peak with an apex at + 0-35 mm/sec_ Thus, 
a combination of these two minerals would yield 
unresolved broad peaks in the region near +0-2 
mm/sec_ Spectra on biotite containing only ferrous 
iron in the octahedral sites indicate peaks at -0-5 
and 2·35 mm/sec. Octahedral Fe 3+ in griffithite 
displays a doublet at -0,2 mm/sec and +1·0 mm/ 
sec_ 

1'700 
Sample 126-P 

1'680 

1·660 

1·640 

1·620 

1·600 

U) 1·580 
Q 
x 1·560 

'" +- 1·540 c: 

" 0 
U 1520 

1·500 

1-480 

1-460 

1-440 

1·420 
-3 -2 -I 

4·60 

Sample 127-P 

4-40 

"2 
x 4·30 
~ 
c: 

" 0 
U 4'20 

4·10 

4·00 

3'90 -3 -2 -I 

A spectrum of a biotite containing both octa
hedral and tetrahedral Fe3+ displays an additional 
peak at +0·45 mm/sec which is attributed to tetra
hedral iron. 

Therefore, if the crystal chemistry deduced from 
the chemical data for the smectite is correct, and 
assuming iron in biotite is structurally analogous to 
that for the smectite, the Mossbauer spectrum 
would be expected to display peaks at -0,2 and 
+1·0mm/sec for the octahedral Fe3 +, and -0,35 
and + 0·45 mm/sec for tetrahedral Fe3+, plus peaks 
in the vicinity of -0·05 and +2·35 mm/sec for 

0 2 
mm/sec 

Fig.2b. 

..... : ..... ~:: ....... 

2 3 
mm/sec 

Fig.2c. 
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Fig. 2. Mossbauer spectra of untreated Red Sea montmorillonite. Intensity is in units of total counts for the 
given scan period; abscissa in velocity units measured from center of metallic iron spectrum. Analyst: 
Caroline L. Herzenberg, lIT Research Institute. (a) Sample 120K, 5 hr scan; (b) Sample 126P, 16 hr scan; 

(c) Sample 127P, 4 hr scan; (d) Sample 128P, 16 hr scan. 

octahedral Fe2+. The peaks between -0,35 and 
+ 1·0 would be unresolved, resulting in a somewhat 
broad peak with perhaps some apices displayed. 
The peak in the vicinity of + 2·3 mm/sec due 
specifically to octahedral Fe2 + would be resolved. 
The peaks for the Fe(OH)3 impurity would fall 
unresolved in the region of - 0'35 and + 1·0 mm/sec. 
The patterns in Figs. 2a-d are seen to be consistent 
with this model, and serve to establish that ferrous 
iron is indeed in the octahedral sites of the clay. 

GENESIS 

The precipitation mechanism for the mineral 
apparently requires a combination of cooling of the 
brine, and subsequent mixing with the Red Sea 
bottom waters. All components appear to come 
from the brine, which contains approximately 60 
ppm dissolved Si02 and 80 ppm Fe2+, as well as 
the other heavy metal components (Brewer and 
Spencer, 1969). As the brine discharges on the sea 
floor, it cools thereby making dissolved silica 
supersaturated. During mixing with seawater, a 
portion of Fe2+ is oxidized, and the smectite 
precipitates as a mixture dominantly of Fe2+, Fe3+ 
and Si02 • After precipitation in the water column, 
the material settles to the sea floor. The mineral is 
most likely unstable in the presence of sea water, 
and a trend toward equilibrium would probably 
involve K fixation and formation of glauconite. 
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Resume- Une smectite riche en fer ferreux et pauvre en aluminium est abondamment rencontree 
dans les depots geothermaux de la Mer Rouge, et il apparait qu'elle se forme actuellement. 

Les analyses chimiques et les spectres Mossbauer indiquent que ce mineral a une composition 
intermediaire entre celie de la nontronite et celie du terme ultime de la serie trioctaedrique a fer 
ferreux non encore decrit. 

Kurzreferat-Ein Smectit (Seifenstein) reich an Ferro-Eisen und mit niedrigen Aluminiumgehait 
kommt reichlich vor in den geothermischen Ablagerungen des Roten Meeres. 

Chemische Analyse und Mossbauer Spektren zeigen an, dass das Mineral in seiner Zusammen
setzung eine Mittelstellung zwischen Nontronit und dem bisher nicht beschriebenen trioktaedrischen 
F erro-Eisen-Endglied einnimmt. 

Pe310Me - CMeKTHT, 60raTblH rrpHMeCblO .1(ByxBaJIeHTHOro )J(eJIe3a 1I c HH3KlIM'CO.1(ep)J(aHlieM aJIIOMHHlIH, 
HaXO.1(lITCH B 1I306HJIHlI B reOTepMlI'IeCKHX OTJIO)J(eHHHX KpacHoro MOpJJ H, Ka)J(eTCJJ, o6pa30BbIBaeTCJJ 
.1(a)J(e B HaCTOHluee BpeMJJ. 

XI1MI1'IeCKl1e aHaJII13b1 11 cneKTpbl Mocc6ayepa YKa3bIBaIOT, 'ITO 3TOT MHHepaJI JJBJIHeTCJJ rrpOMe)J(Y
TO'IHbIM rrpo.n:YKTOM Me)J(.1(Y HOHTPOHI1TOM H eIUe HeOrrl1CaHHblM KOHe'IHbIM 3JIeMeHTOM peIIIeTKH Tpex
oKTaxe.n:paJIbHblM .n:BYXBaJIeHTHbIM )J(eJIe30M. 
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