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Abstract—The clay mineralogy of an oxisol-saprolite overlying serpentinite and underlying basalt was
studied with different techniques to evaluate the clay mineral transformation that occurred and to under-
stand the origin of Fe’*-rich smectite. The saprolite zone of the oxisol, up to 30 m thick, contains smectites
of the montmorillonite-beidellite and montmorillonite-nontronite series, as well as illite, chlorite, talc, and
goethite or amorphous oxyhydrates. Illite is mainly concentrated in the upper 50 cm thick zone underlying
the basalt layer and chlorite-content increases toward altered serpentinite at the base. Minor amounts of
nontronite formed mostly toward westward exposures where the hot contact layer between serpentinite
and basalt is only 20 cm thick. Greene-Kelly Li-tests revealed that all samples contain montmorillonite,
but one sample shows the presence of a minor amount of beidellite.

Parent rocks are a mixture of mainly mica schist (the source of beidellite), and minor serpentinite in
different percentages and laterally distributed. These rocks were intensely weathered under humid climatic
conditions. Silica was concentrated as amorphous transparent (pure silica) cobbles and milky quartz
pebbles, and originated from geothermal solutions rising through the Ovacik thrust fault. The Mg partly
formed chlorite. Ferrian smectites in serpentinites were derived obviously from the Mg-rich minerals but
Mg is lost much more rapidly than Si during the formation of the clay deposit. The structural formula of
the most Fe-rich smectite samples from the study area is (Sigep710 Allao050)(AL s 22ME0 320976 1151 65
Tig.06.0.04)(Ca0.16.0.10N30 62K 0 .02- 0.12)O020(OH),. This composition is within the range recorded for the ferrian
montmorillonite-beidellite series, with very little vermiculite forming the oxisol-vertisol horizon.

Key Words—Alteration, Basalt, Beidellite, Ferric Iron, Mica Schist, Montmorillonite, Serpentinite, Tur-
key.

INTRODUCTION Sherman et al. (1962) described the occurrences of
nontronite and nontronite-like minerals in soils from
weathered basalts and found that alteration is related
to both the mode of occurrence of the parent rocks
and the climatic (semi-arid, moderate rainfall, and hu-
mid tropical rainforest) and weathering environments.
Intermediate members between nontronite and Fe-rich
saponite were found in the Miocene Mariyama vol-

canic rocks, Gojome, Akita Prefecture, Japan, whereas

The objective of this paper is to investigate the geo-
logic setting of the study area, to examine the rela-
tionship between a thrust fault and clay occurrences,
to document parent-rock alteration, and also to identify
and characterize the occurrence of Fe-rich smectite
minerals formed below Upper Miocene basalt lavas
and overlying Permo-Triassic serpentinites. To better

understand the genesis of the ferrian smectite series, it
was necessary to map the study area in detail and to
document stratigraphic features and clay mineral as-
semblages.

Present-day Fe’*-beidellite and nontronite occur-
rences in deep ocean floors can be used as a possible
analogue of Derbendbagi-Kemerdere Fe’*-smectite de-
posits in this study area. In contrast to hydrothermal
veins in deep-sea spreading axes, Upper Miocene calc-
alkaline basalt lavas (1000—1500°C) in the study area
provided the necessary heat source for the transfor-
mation of Fe?* to Fe’* under strong oxidizing condi-
tions during clay deposition. Si- and Fe-rich hydro-
thermal solutions were ascending from the thrust fault
between the serpentinites and metamorphics-rock
boundary.
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nontronite is a product of leaching of trioctahedral
iron-rich saponite by chemical weathering (Kimbara
and Honda, 1975). The occurrence of nontronite veins
has also been observed as an alteration product of vol-
canoclastic rocks in the Milos bentonites, Aegean Is-
land, by Christidis et al. (1995).

The occurrence of ferruginous (Fe?*™) smectite min-
erals as alteration products of basic igneous rocks was
reported by Miyamoto (1957), Sherman et al. (1962),
and Delvigne et al. (1979). Clement and De Kimpe
(1977) and Kodama and De Kimpe (1983) reported a
nontronitic smectite, both ferruginous and magnesian,
as the major secondary mineral in the clay-size fraction
of a saprolite developed on gabbro. Kohyama et al.
(1973) also studied iron-rich saponite derived from rhy-
olitic glassy tuffs and the existence of saponites rich in
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ferrous (Fe?*) and ferric (Fe’*) iron by assuming a fer-
rous analogue of saponite as an end-member. Kodama
et al. (1988) reported that this hypothesis appears to be
particularly applicable to smectites rich in Mg and Fe,
such as the ferruginous smectite found in the Mount
Megantic gabbroic saprolite. Re-examination of a non-
tronite-like smectite from Mount Megantic indicates
that it consists largely of a ferrian (Fe3* > Fe’*) smec-
tite-like mineral with a small amount of a vermiculite-
like mineral. The major component has a high substi-
tution of Si by Al in the tetrahedral sheet and an excess
charge in the octahedral sheet, as indicated by the
chemical formula (Mg, )(Mg, sFe’* 4sAly55Fe’ g1
Mn?*, , )(Si; Al 5)O14(OH), (Kodama and De Kimpe,
1983).

The occurrence of an Fe?*-rich montmorillonite-bei-
dellite series was reported as the product of fault-re-
lated hydrothermal alteration of Miocene andesitic and
trachyandesitic rocks in Biga peninsula, 40 km south
of the study area (Coban and Ece, 1999). Iron-rich,
high-charge beidellites in soils were reported as a
product of mica weathering and also formed from K--
feldspar. During weathering, soil mica is transformed
first to a vermiculite then to a beidellite, preserving
the tetrahedral character of the charge (Badraoui et al.
1987; Badraoui and Bloom, 1990). Decarreau et al.
(1987) synthesized a pure dioctahedral smectite from
silico-ferric co-precipitates (SigFe*, 3;0,i(OH),Cay ),
at temperatures of 100—150°C. Brigatti (1983) inves-
tigated chemical and crystallographic properties of
natural dioctahedral Fe-rich smectites formed by
weathering of basaltic rocks in the Bereci-Euganei,
northern Italy. She found that the b-dimension could
be correlated both to Fe3+/3 ratio (3 = octahedral oc-
cupancy) and to dehydroxylation peak temperatures in
the range 400-600°C; total octahedral occupancy is
#2 for dioctahedral smectites and in the smectite
group there is not a continuous isomorphous series.

GEOLOGIC SETTING

The study area is located 40 km south of Canakkale
city, east of Dardanelles Strait (Figure 1). Four distinct
NE-SW trending geotectonic zones are in the Biga and
Gelibolu peninsulas, in the vicinity of Dardanelles
Strait: the Gelibolu; the Ezine, which includes the
study area; the Ayvacik-Karabiga; and the Sakarya
zones (Okay et al., 1990). The Ezine zone consists of
a slightly metamorphosed epicontinental Permo-Car-
boniferous sedimentary sequence (the Karadag unit)
which is tectonically overlain by a Permo-Triassic
ophiolite (the Denizgoren ophiolite); both were thrust
later over the high-grade metasedimentary rocks,
mostly Permo-Carboniferous mica schists (Camlica
metamorphics) (Okay et al., 1990). The Ezine zone
consists of the Camkdy thrust to the west, between the
Karadag unit (metaclastic, carbonate, flysch) and ser-
pentinites, which are made mostly of harzburgite, and
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the Ovacik thrust to the east, between serpentinites and
the Camlica mica schists. All Fe-rich smectites occur
along the Ovacik thrust between the Derbendbasi and
Kemerdere areas (Figure 1).

Intense regional uplift at the end of Oligocene al-
lowed all Middle-Eocene-Oligocene stratigraphic suc-
cessions in the Biga peninsula to eroded almost com-
pletely, supplying the nearby basins with terrigenous,
lacustrine, and very shallow marine sediments (Siyako
et al., 1989). These sedimentation sequences were
covered by time-equivalent (Early-Middle Miocene)
calc-alkaline volcanic rocks (andesitic, dasitic, rhy-
odasitic and latitic lavas, acidic tuffs, aglomerates, and
ignimbrites) while several large granodiorite plutons
were emplaced during this period. These calc-alkaline
basalts in the study area are the product of Upper Mio-
cene volcanism (Ercan et al., 1995).

The upper layers of the Camlica metamorphics were
partially transported for a short distance and deposited
in paleotrenches which formed on highly fractured,
folded, and imbricated serpentinites, during the Middle
Miocene. These Middle-Upper Miocene clastic sedi-
ments of various size fractions consist mostly of both
strongly altered mica schists and minor serpentinites.
The altered ash and tephra underlying basalts are ob-
served in some outcrops in the study area, but they
are not found in the vicinity of clay quarries. All Tas-
tepe volcanics are amigdaloidal olivine basalt, and the
olivines are partially iddingsitizied and serpentinized
(Ertiirk et al., 1990). This unique clay occurrence is a
product of Upper Miocene Tastepe basalts, which as-
cended through the Ovacik thrust fault, and that cover
most of the highly altered mica schists and serpentin-
ites. These materials were transformed to an Fe-smec-
tite series during hydrothermal processes. Represen-
tative stratigraphic sections and locations of collected
samples are shown in Figure 2.

METHODS OF THE STUDY

The collected samples were washed with deionized
water three-four times to dissolve soluble salts that
cause flocculation. Excess water was removed by a
porcelain filter (0.15 pm pore size) technique under
vacuum. Then, the <2-pm size fraction was separated
by sedimentation according to Stoke’s law. The slurry
rested for 7 h 25 min in a glass beaker and then the
top ten cm section (<2-pm) was removed by siphon-
ing.

X-ray diffraction (XRD) analysis was performed
with a Philips 1140 model X-ray Diffractometer using
CuKa radiation, using random-powder mounts and air-
dried, oriented clay mineral aggregates, ethylene gly-
colated, and heated (600°C for 1 h) clay fractions. Li
saturation was used to distinguish montmorillonite
from beidellite (Greene-Kelly, 1953; Lim and Jackson,
1986). The Greene-Kelly test consists of washing the
<2-pm clay samples three times with 1M LiCl and
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Figure 1.

three times with 80% ethanol in a test tube. The Li-
exchanged sample was then collected by centrifuge
separation and spread on a pure silica glass slide, heat-
ed overnight at 300°C, then placed in a sealed glass
container with glycerol and heated overnight in an
oven at 90°C (Yamada et al., 1991). If the Li-saturated
sample treated with glycerol displays a d(001)-value
at ~9.6 A, it indicates a montmorillonite and a spacing
of 17.7 A indicates a beidellite. Clay fractions were
saturated (overnight) with K and Mg using 1 mol KCl/

Ovacik thrust - - ©

Lower-Middle
Miocene velcano
sedimentary rocks

Permian-Triassic
Ophiolite rocks

Permian
Carbonate Rocks

Paleczoic
Metamorphic rocks

Fe-Smectite
Deposits

1

-

Geological map of the study area.

liter and 0.5 mol Mg(OH),/liter, respectively. To dis-
tinguish clay minerals, XRD patterns of oriented clay
mineral aggregates saturated with K and Mg were ob-
tained after the following treatments: (1) K and Mg
saturation with air-dried specimens and (2) K and Mg
saturation and ethylene glycol solvation using ethylene
glycol vapor at 60°C overnight.

Fourier transform infrared spectroscopy (FTIR)
analysis was employed with a JASCO 5300 spectrom-
eter using KBr pellets (200 mg KBr + 0.2 mg sample).
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Figure 2. Measured stratigraphic sections in the study area and the locations of samples that were taken.

Small, fresh, broken surfaces of the original undis-
turbed clay samples were dried at room temperature,
coated with Au under vacuum conditions in an Ar at-
mosphere, and examined by scanning electron micros-
copy (SEM) (JEOL-SCM-330). Chemical analyses
were performed after fusion with Na,CO; in platinum

Nontronite occurrence in microtube forms.

Figure 3.
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crucibles. Silica was determined gravimetrically, and
the other elements with an atomic absorption spectro-
phometer (AAS) (Perkin-Elmer 3030) after dissolution
by HF-HCIO, acid.

RESULTS
SEM studies

The most diagnostic feature of the montmorillonite-
nontronite series was micromorphology. In Figure 3,
the microtubes are composed of fine and frequently
folded clay flakes. The diameter of the microtubes is
2.5-3.0 pm, with wall thickness of 1.0 = 0.2 um. The
length of the microtubes is 20-30 pm. These micro-
tubes are the result of Fe*? (0.64 10\) substitution for
AP+ (0.51 A), causing interior stretching in the crystal
lattice to create microtube morphology with empty
space inside. These microtubes consist of several
smectite flakes.

In Figure 4, samples show elongated and feathered
flakes of intergrown minerals. The most diagnostic mi-
cromorphology of nontronites is very thin fibers (4540
in Figure 4), much <0.1 pum in length, arranged par-
allel in bundles on the edges of the flakes. Similar
observations are reported from South Pacific samples
based on transmission electron microscopy (TEM) and
SEM studies (Singer et al., 1984). According to Mer-
ing and Oberlin (1971), nontronite is lath-shaped and
has a strong tendency for end-to-end association.

Figure 5 shows development of microporosity as a
result of dissolution and precipitation processes with
Fe-rich montmorillonite growth forming a honeycomb
structure. Figure 6 notably shows sepiolite acicular
growth on the edge of highly altered serpentinites. The
sepiolite fibers are 0.5-2.0 wm long and <0.05 pum
wide. Sepiolite forms as a result of reaction of Si-rich
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Figure 4. Leaf micro morphology of montmorillonite min-
erals and occurrence of nontronite fibers are about 0.05 pm
in length along the upper edge of montmorillonite. Nontronite
occurrence also shown as rosette shape crystal morphology.

hydrothermal solution with highly altered serpentinites
at pH ~9 (Ece and Coban, 1994).

XRD studies

The materials have similar mineralogy consisting of
various percentages of dioctahedral smectite, illite,

Smectite occurrences formed under the influence

Figure 5.
of hydrothermal solutions, which were circulated within high-
ly porous and permeable altered rocks.
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Figure 6. Occurrences of sepiolite fibers 1-2 pm in length
along the edges of altered serpentinites.
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chlorite, talc, calcite, and quartz. Ten representative
samples were collected from different stratigraphic ho-
rizons to examine the mineralogical composition of the
clay fraction. The upper layer of clay occurrence, un-
derlying the basalt layers, contains mainly dioctahedral
smectite and minor illite, whereas the lower zone con-
tains very minor amounts of chlorite. Illite concentra-
tion decreases downward and illite content doesn’t
change spatially; it always underlies the basalt layers.
It appears that the ““‘crystallinity degree” of dioctahed-
ral smectites increases towards the basalt layer and
decreases downward towards serpentinites.

The air-dried clay fractions of the samples from the
brown-dark red 30-50 cm thick zone underneath the
basalt (hot contact) layer (L,, L,, and L,,) exhibit
d(001)-values of 14.96, 15.62, and 15.35 A, which ex-
pand to 17.38, 17.13, and 17.56 A, respectively after
saturation with ethylene glycol, and collapse to 9.99,
9.52, and 10.16 A after heating at 600°C for 1 h. In
the brown-dark red zone, illite comprises ~10% of the
clay fractions.

In the second dark red clay zone underlying basalt,
the <2-pm size fractions of L, and L,, show that crys-
tallinity degree, mean coherent scattering domains in
a particular [001] crystallographic direction, and illite
percentage within clay-size fractions decrease down-
ward. Samples L3, L,,, and L,; from the base level
contain minor amounts of chlorite.

Oriented clay mineral aggregates gave very strong
basal reflections at 16.66, 15.62, and 14.96 A for air-
dried material and 16.98, 15.49, and 14.59 A after

Table 1. Summary of d(001) smectite peaks as shown in
Figure 7.
Sample
no. Air-dried KOH KOH-EG  Mg(OH), Mg(OH),-EG
L,, 15.62 A 14.35 16.05 15.49 16.98
L, 14.96 A 12.61 16.50 14.59 16.98
L, 16.66 A 14.47 17.66 16.98 17.48
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Mg?* saturation (Table 1; Figure 7). Ethylene glyco-
lation of Mg®* saturated samples resulted in full ex-
pansion to 17.48 and 16.98 A. Saturation with K* at
room humidity (50-60% RH) shifted the d(001)-value
to 14.47, 14.35, and 12.61 ;\, whereas saturation with
Mg?* resulted in diffuse reflections at 16.98, 15.49,
and 14.59 A. Upon ethylene glycolation the K* satu-
rated samples expanded to 17.66, 16.05, and 16.50 A
(Figure 7). Sample L, does not exhibit much expan-
sion after K* and Mg?* treatments probably because
of a larger nontronite content (15 wt. % Fe,O, in Table
2). Figure 7 (L,,) shows that this sample has higher
order reflections with a small peak at 7.10 A, indicat-
ing that the main component was smectite and minor
chlorite.

Various percentages of calcite are distributed in bulk
clay samples. Calcite was derived from dissolution of
carbonate blocks located at the thrust boundary and
circulation of Ca through the clay deposit by the
ground water system. The lack of hematite is probably
related to the existence of amorphous iron oxides.
Hence, the dark brown color of the clay horizon, 50
cm below the basalt layer, suggests a different iron
oxide, whereas the dark-red horizon, 50 cm under-
neath the dark-brown level, implies changes in iron
oxide again.

For the Greene-Kelly Li-test method, samples L,,,
L,, and L,, were selected to examine the distribution
of beidellitic montmorillonitic component throughout
the study area. Figure 8 clearly indicates that L, con-
tains montmorillonite, and L,, shows a small diffrac-
tion peak at 17.48 A, which suggests the presence of
a small amount of beidellite. L,, shows almost pure
montmorillonite at 9.70 A; L, displays a d(001)-value
at 9.81 A and a “superlattice effect” at 28.47 A. The
d(001)-value of montmorillonite in L,, shifts to 9.9 A
due to the presence of a small amount of beidellite in
the clay fraction.

IR studies

An intense Si-O stretching absorption band was
found at 1023-1039 cm~' (Figure 9). This observation
shows agreement of the position of this band in non-
tronites with Fe’* in tetrahedral sites (Farmer, 1974)
and a corresponding band in Fe-montmorillonite at
1035 cm~'. The total iron occupying tetrahedral posi-
tions in L,, L,, L,, L,, and L is consistent with the
nontronite-montmorillonite series as determined by
chemical analysis. The Si-O stretching absorption at
1028 cm~! and 468 cm™! suggests only minor substi-
tution by Fe’* in the tetrahedral layer. The adsorption

«—

Figure 7. X-Ray diffraction patterns of clay samples. EG =
ethylene glycol treated samples after KOH and Mg(OH),
treatments.
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Table 2. The results of whole rock chemical analyses. Sample locations: L, Ly, Ls, Ly, Lg, Ly Lis, Lyg, Lis, Ly, Loy, Loy, Los,
L, and L,, are shown in Figure 2. Iron-rich L, and L; samples are collected from Izmir highway cuts. L,; is from mud
cracks in the Derbendbasi quarry. Ly, L, Ljs, Ljs and L,, are from the vicinity of Kemerdere village. L.O.I. = loss on

ignition.

Sample no. Si0, Al,0, Fe, 0, CaO MgO SO, X,0 LOI
L, 70.34 10.33 5.77 3.26 2.47 0.01 1.12 54
L, 70.79 10.98 6.00 3.14 2.55 0.03 1.09 5.40
L, 67.76 9.82 5.70 5.96 2.27 0.04 1.15 7.71
L, 70.52 8.89 7.06 2.87 3.33 0.02 0.78 6.83
L 70.11 9.55 3.81 6.11 2.03 0.04 1.03 7.29
L, 47.46 5.98 14.33 3.60 6.79 0.02 0.64 15.66
Lg 48.42 7.46 26.18 1.90 8.84 — 0.26 6.83
L, 46.92 13.94 8.69 8.76 3.72 0.02 1.66 13.90
L, 68.66 10.30 7.34 3.32 2.55 0.02 1.28 5.88
L, 63.91 8.57 5.12 8.43 2.45 0.02 1.10 9.56
L, 74.21 7.70 4.37 5.24 1.90 0.02 1.04 3.69
Lis 57.32 6.80 3.93 15.07 1.43 0.02 091 13.82
L 73.04 9.05 4.09 4.96 1.11 0.02 1.21 5.92
L, 44.21 4.68 2.72 23.65 1.28 0.01 0.70 20.98
Lig 31.88 4.68 2.85 30.74 1.03 0.02 0.54 27.17
L, 40.46 12.66 9.44 11.41 4.36 0.01 1.38 13.52
Ly 39.47 11.76 10.67 11.77 5.24 0.01 0.90 12.20
L, 71.75 9.26 5.71 2.77 1.57 0.01 1.26 5.56
L, 66.46 6.94 1.75 4.18 4.43 0.02 0.88 7.16
Ly 43.23 0.41 7.64 8.24 23.07 0.01 0.03 16.75
Lys 58.54 8.26 4.55 11.07 1.85 0.01 1.33 11.13
L, 62.11 7.61 4.37 10.42 1.87 0.02 1.21 9.78
L 69.85 8.95 5.19 3.23 2.01 0.01 0.90 7.32

band at ~780—800 cm™! indicates similar amounts of
octahedral Mg+, The strong adsorption at 3622 and
3405 cm~', as well as that at 833-835 cm™! is asso-
ciated with vibrations of the Fe?*, Fe’*-OH stretching.
These adsorption bands indicate the Fe occupancy of
the octahedral sites. FeFeOH stretching occurs at
~3555 cm~L.

The 3622 cm~! band is a main OH-stretching vibra-
tion, with shoulders at 3405 cm™! (Figure 9). AIAIOH
and AIMgOH are the predominant groups in the oc-
tahedral sheets, so that the 3622 cm~! band must be

9.70 A

Li-Test

Ler

28.474A°

50 40 30 20 10 O
28° CuKy radiation
Figure 8. Greene-Kelly Li-test for three samples, indicating

the presence of montmorillonite in all samples.
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due to OH-stretching vibrations. The presence of a
high Mg content implies that the shoulders at 3405
cm~! must be caused by Fe-OH-Mg and Mg-OH-Mg
associations.

A shift toward lower energy with increasing water
content was observed in a H,O stretching mode at
3420 cm™! in Na-montmorillonite (Sposito and Prost,

Lis

1028

4000 3000 2000 1000 400cm'

Figure 9. The results of IR spectroscopy analyses.
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Table 3. Chemical analyses of <2-um size clay fractions. Structural formulae calculations indicate that <2-pm clays contain
more than one mineral. Both mixtures of clays and mixed-layer clays are present. L.O.I. = loss on ignition.

Sample no. Si0, Fe, O, AlLO, CaO MgO TiO, Na,O K,O LO.I
L, 49.63 9.57 22.07 1.98 3.78 0.53 0.15 2.08 8.69
L, 50.22 9.79 21.69 2.09 4.02 0.52 0.12 2.09 8.21
L, 48.51 10.99 21.92 1.98 3.98 0.59 0.23 1.85 8.15
L, 62.09 8.08 12.75 2.61 4.02 0.63 0.14 1.06 7.98
L, 52.37 14.66 12.38 0.78 8.80 0.31 0.10 0.64 8.37
LA 50.66 15.97 12.84 0.74 8.71 0.39 0.10 0.68 8.42
L, 48.00 10.28 22.81 2.50 3.94 0.76 0.18 2.25 8.90
L, 50.43 11.58 20.00 1.38 3.92 0.62 0.12 2.36 8.72
| 47.51 9.85 20.77 4.43 3.91 0.64 0.22 1.56 991
L, 47.50 7.82 20.05 6.97 5.88 0.43 0.19 1.76 7.90
L, 48.01 11.46 24.39 1.04 3.18 0.60 0.16 2.24 8.46
L, 46.25 10.23 22.36 4.36 4.61 0.46 0.33 1.76 9.53
L,; 50.95 9.65 20.95 2.16 4.40 0.60 0.12 1.85 9.07
Tetra-
hedron L, L, L, L, L, LA Ly, L, L L, L, Ly Ly
Si 3.43 3.54 3.37 3.96 3.64 3.55 3.32 3.48 3.36 3.32 3.30 3.24 3.4
Al 0.57 0.46 0.63 0.04 0.36 0.45 0.68 0.52 0.64 0.68 0.70 0.76 0.5
Octa-
hedron L, L, L, L, L, Loa Ly, L L, Ly, L, Ly L,
Al 1.23 1.34 1.16 1.17 0.65 0.61 1.18 1.11 1.09 0.97 1.27 1.08 1.18
Fe 0.50 0.52 0.57 0.39 0.77 0.84 0.53 0.60 0.52 0.41 0.59 0.54 0.50
Mg/2 0.20 0.21 0.21 0.19 0.46 0.46 0.20 0.20 0.21 0.31 0.16 0.24 0.23
Ti 0.03 0.03 0.03 0.03 0.02 0.02 0.04 0.03 0.03 0.02 0.03 0.02 0.03
VI Cat-
ions 1.96 2.10 1.97 1.78 1.90 1.93 1.95 1.94 1.85 1.71 2.05 1.88 1.94
Inter-
layer L, L, L, L, L, Loa L, L, L L. Ly Lo Ly
Mg/2 0.19 0.21 0.20 0.19 0.45 0.45 0.20 0.20 0.20 0.30 0.16 0.24 0.22
Ca X 2 0.30 0.32 0.30 0.36 0.12 0.10 0.36 0.20 0.66 1.04 0.16 0.66 0.32
Na 0.02 0.02 0.03 0.02 0.01 0.01 0.02 0.01 0.03 0.02 0.02 0.04 0.02
K 0.18 0.19 0.16 0.09 0.06 0.06 0.20 0.21 0.14 0.16 0.20 0.16 0.16
Inter-
Layer
Charge —0.69 -0.74 -0.69 -0.66 —-0.64 -062 -078 -0.62 -103 -152 -054 -1.10 -0.72

1982). This implies that H-bonding in H,O for the
montmorillonite system increases with increasing wa-
ter content and that H-bonding is reduced in the inter-
layer H,O of dehydrated montmorillonite. Bertie et al.
(1989) showed also that the intensity of the H,O
stretching vibrations increases with increasing H-
bonding.

The 3405 cm™! band is related to the H-O-H stretch-
ing vibration of H,O which is readily lost upon heat-
ing. The 3622 cm™! band is related to the fundamental
H-O-H stretching vibration and the 1636 cm~' band is
related to the H-O-H bending vibration. The infrared
absorptions due to structural OH in montmorillonite
include the O-H stretching vibration at 3622 cm™!
(AlA1OH and AIMgOH bands) and in-plane vibrations
at 1028, 915, 878, and 835 cm™! due to AL(OH),
Fe’*A1OH and MgAIOH (Farmer, 1974). Also the 800
cm~' band is possibly related to Fe’*MgOH. If the
distribution of Mg and Fe in the octahedral sheet is
random, the Mg-O-Mg absorption should have been
very weak and some clustering of Mg ions must be
present in the octahedral sheets. IR studies indicate
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that nontronite has a band at 815 cm~! (FeFeOH).
Also, the band at 675 cm™! might belong to nontronite.
Calcite appears at 1433 cm™! frequency.

Chemical composition

The major element concentrations of whole rocks
are presented in Table 2 and those of the <2-pm size
fractions are listed in Table 3. Whole-rock chemical
analyses indicate that Na,O + K,O is always <2 wt.
%, Na,O content in bulk samples being always <0.5
wt. %, and <0.33 wt. % in clay-size fractions (Ece,
unpubl. data). The SiO, content increases (~70 wt. %)
toward the hot contact zone, which indicates that the
clay deposit was under the influence of Si-rich geo-
thermal water rising through the fault zone. However,
the SiO, content decreases to ordinary values (~50 wt.
%) in the <2-pm size fractions (Table 3).

The MgO content increases downward towards the
serpentinite and CaO increases in some samples that
were collected in the vicinity of the Kemerdere area.
Unique Fe,O; rich samples (L, and L,,) are from west-
end exposures of the basalt layer that is directly un-
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Table 4. Chemical composition of Tastepe basalts (Ertiirk es
al., 1990).

Sampie no. 12 13 17
Si0, 43.90 61.30 54.0
TiO, 2.2 0.4 0.6
Fe,0, 11.40 2.6 5.60
FeO 3.5 1.80 4.20
MnO 0.1 0.1 0.1
MgO 7.75 0.15 3.20
CaO 9.06 4.05 4.10
K,O 1.6 3.90 3.0
Na,O 3.10 3.60 3.0
P,0, 0.7 0.1 0.2
ALO, 12.40 14.10 14.0
CO, 0.66 0.30 2.32
H,0 0.48 0.60 0.38

derlain by serpentinite, and the clay horizon is 10-20
cm thick. It is apparent from the chemical-analyses
data that the weathering of mica schists and serpentin-
ites to clay minerals results in a relative enrichment of
Si and Al, and a strong depletion of Mg. However, Mg
is the predominant exchangeable cation in the soils.

The complete chemical analyses of three Tastepe
basalt samples from the study area are given in Table
4 (Ertiirk er al., 1990). The Fe,0O, contents of the
whole-rock clay samples range from 4 to 8 wt. % (Ta-
ble 2). Samples L,, Ly, L,,, and L,, are particularly
enriched in Fe. The Fe,O; content significantly in-
creases in clay-size fractions (Table 3) compared to
the whole rock (Table 2), suggesting that ferric iron is
in octahedral coordination. The above four samples
also have high MgO contents, indicating the presence
of highly altered serpentinite and chlorite in the clay
fraction. A very high MgO content cannot be related
only to montmorillonite, and it is more likely that there
should be saponite in the clay fractions, in addition to
chlorite. The high MgO content of smectites is related
to geothermal waters ascending through the underlying
serpentinite. All these chemical data indicate that Mg-
containing montmorillonite is the main mineral, al-
though L,, contains a small amount of beidellite, as
shown by the Greene-Kelly test. A summary of chem-
ical analyses of the <2-pm size fractions is shown in
Figure 10 for comparison with Fe-rich deep ocean
smectites.

The structural formulae are characterized by consid-
erable excess tetrahedral charge. Sample L, contains
clay-size quartz. The source of Al in the clay minerals
is most likely mica schists which are composed mostly
of muscovites containing ~30-36 wt. % Al,O,. Inter-
layer charge shows high values (0.62-1.10) depending
on ion substitution between tetrahedra. Al is the dom-
inant octahedral cation followed by Fe (0.39-0.84 cat-
ions) and Mg (0.19-0.46 cations). Newman and
Brown (1987) reported that in all beidellite analyses,
Al,O; ranges from 25 to 35 wt. % and Na, K, and Fe
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Figure 10. Al O;-Fe,0,-MgO diagram for the deep ocean
smectites (McMurty et al., 1983).

concentrations are very low. In contrast, K is ~2 wt.
% and Fe,0, ranges between 8-16 wt. % in this study.

We hesitate to give structural formulae of <2-pm
size fractions because of mixed clay mineral compo-
sitions, as shown in Table 3 and Figure 7. The formula
obtained from chemical analyses indicates that (1) the
tetrahedral AP+ substituting Si** is 1.97 and 2.38
which is the limit for normal smectite and chlorite; (2)
the total octahedral population is between 2-3 (includ-
ing total Mg, rather than Mg/2 as shown Table 3),
indicating an intermediate di-trioctahedral structure;
(3) the octahedral layer is largely occupied by Mg**
and Fe’* and, (4) interlayer Mg?* is absent. Derbend-
basi samples resemble ferric smectite composition in
many aspects.

DISCUSSION

The widespread occurrence of ferruginous (Fe’*)
beidellites in vertisols suggests that the presence of
Fe?*, cyclic oxidizing and reducing conditions, and ba-
sic pore solutions promote the crystallization of such
clays in Mediterranean and tropical climates (Wilson,
1987). Mack er al. (1993) also reported that the for-
mation of an oxisol is the result of extensive alteration
of chemically unstable minerals to clay minerals and
sesquioxides (oxic horizon). Amorphous iron and alu-
minum oxides and aluminum-silicon oxides are com-
mon in modern oxic horizons, but they are absent from
paleosols because of the transformation of the amor-
phous phases into crystalline phases during diagenesis.

In the study area, the reappearance of talc and chlo-
rite at the base-level indicates the renewal in the influx
of Mg-rich hydrothermal solutions. This involves the
formation of these minerals by the diagenetic alter-
ation of smectite with an increase of serpentinite-based
clay minerals in the lower part of the stratigraphic sec-
tion. In contrast, illite enrichment in the underlying
basalt layer is due to K* input during the formation of
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the clay deposit. To transform smectite to illite, the
required K* came from (1) Si- and K-rich ascending
hydrothermal solutions through the fault zone, (2) par-
ent rock which is a mixture of altered mica schists and
serpentinites and thereby involving the alteration of
mica to illite, and (3) alteration and leaching of K-rich
basalts.

Soil developing on serpentinite rocks in the Sierra
Nevada and the Coast Range of California contains
large quantities of Fe-rich montmorillonite (Wildman
et al., 1968a). The clay minerals have a low Mg con-
tent relative to Fe, in contrast to the parent serpentinite
which has a high Mg content relative to Fe. The Al
present in the parent rock (2—8 wt. %) also appears to
have been concentrated residually (20-24 wt. %) in
the clay minerals. The dissolution of serpentinite min-
erals under the influence of CO,-enriched ground wa-
ters increases rapidly with an increase in the Pcg,. The
rate of Mg dissolution from serpentinite was markedly
increased by an increase in the CO, content of the
solutions in which Pco, = 1 (54-100 ppm; pH = 3.9~
4.2) was 25-50 times higher than N, atmospheric
(Pco, = 0; 1.8-3.5 ppm; pH = 6.7-7.0) conditions. For
comparison, pH = 5.3-5.66 at air pressure (Peo, =
10-%3; 6-12 ppm) (Wildman et al., 1968b). Under such
conditions, Mg dissolves more rapidly than Si and
much of the Mg leaches out of the soil, explaining the
apparent excess of SiO, in the clay deposits. The re-~
maining amorphous silica relics slowly dissolve and
keep the soil matrix solutions sufficiently high in sol-
uble silica to crystallize Fe-rich montmorillonite. The
amounts of Fe and Al, which would be released by
the dissolution of adjacent rocks of mica schists and
basalts, evidently remain in the soil and become in-
corporated in the montmorillonite in the Derbendbasi
clay deposits.

By this approach, CO,-rich geothermal waters,
which were circulating through the thrust fault zone,
became more important for the formation of Derbend-
bagi clay deposits. The increased CO, content of
ground water would increase the mobility of Mg ions,
and possibly explain the apparent excess of SiO, in
the clay deposits. In contrast, at lower soil water tem-
peratures, the solubility of Si(OH), would decrease
(~50-80 ppm SiO, at O°C compared with 100-140
ppm at 25°C), but the solubility of CO, would increase
and so would the Mg/Si ratio in the soil matrix solu-
tions (Wildman et al., 1968b).

A high Mg/Si ratio in solution would help to explain
the apparent SiO, excess in the Fe-rich clays. The sol-
ubility characteristics of Mg may explain why Fe-rich
montmorillonite was formed in these high Mg soils
rather than saponite (Wildman ef al., 1968b). Accord-
ing to Wildman er al. (1971), the greater stability of
the dioctahedral sheet provides a thermodynamic ex-
planation for nucleation of Fe-rich montmorillonite
rather than saponite in soils forming on serpentinite
rocks, such as the Derbendbas1 clay quarry. The oc-
currence of high pH, high concentration of Mg and
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Si(OH),, and poor drainage develops favorable envi-
ronments for the formation of saponite. However, in
well-drained environments, Fe- and Al-montmorillon-
ites would be stable long before the composition of
pore waters approached the stability field of saponite;
such an occurrence is rare in nature (Wildman et al.,
1968b).

Decarreau et al. (1987) studied synthesis and crys-
tallogenesis of ferric smectite in oxidizing conditions
and proved that the crystallization of a dioctahedral
smectite, containing only Fe’* atoms in the octahedral
sheet, is possible under strictly oxidizing conditions.
They also found that crystal growth of a ferric smectite
is slow. They achieved the synthesis of smectite only
at 100—150°C, but even at these temperatures, all par-
ticles of the synthetic smectite are not well crystal-
lized. At lower temperatures, only very limited nucle-
ation of clay particles can be detected in the products.
Crystal growth cannot be observed in laboratory ex-
periments performed at 25°C. These results suggest
crystal growth of the synthetic Fe**-smectite occurs by
transformation of the initial Si-Fe precipitate. Based
on these experiments, it is possible to infer that Fe’*-
rich smectite forms in the Derbendbag1 clay deposits
at very high temperature in a very short time.

CONCLUSIONS

The clay mineral assemblage in all stratigraphic sec-
tions in the study area is similar to that of the thickest
exposure found in the Derbendbas: clay quarry. The
exposed dark brown-red soils which lie below the ba-
salt layer tend to be differentiated into clay minerals
along the thrust fault zone. At the east side, a mont-
morillonite-beidellite series and an iron-rich variety of
chlorite and illite (*talc) predominate and, at the west
side, away from the thrust fault zone, a montmorillon-
ite-nontronite series together with Fe-chlorite becomes
more abundant. An occurrence of paleosol was cov-
ered by hot basalt lavas and no more traces of paleo-
sols are left. No hisingerite, hematite, or sulfide min-
erals, such as pyrite or sphalerite, were found in this
study.

Less than 0.1 pm in length, very thin growths of
nontronite fibers were observed on the edges of clay
flakes. Diagnostic features of nontronite microtubes
are 2.5-3.0 pm in diameter and the lengths of these
tubes are ~20-30 pwm. Montmorillonite morphology
appears as elongated and feathered flakes. Very rare
sepiolite occurrences were observed as a product of
weathering on the flakes of altered serpentines in mi-
cro-environments during SEM studies.

All data showed that the samples consist mostly of
montmorillonite, minor beidellite and very minor
amounts of vermiculite. XRD data showed, when us-
ing the Greene-Kelly Li-test and KOH, Mg(OH),, and
ethylene glycol treatments, heterogeneity in the clay-
swelling characteristics, which leads to the conclusion
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that the samples may be a mixture of montmorillonite
and beidellite with a small amount of nontronite and
chlorite (=*talc). Chemical data indicated that the
smectite minerals are diotahedral in composition with
minor trioctahedral minerals.
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