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Abstract—Clay mineralogy and whole-rock chemistry of the borate-bearing layers of the Hisarcik and
Esbey mines were examined. The Hisarcik clays occur as laminated or unlaminated clay layers with sharp
contacts. Unlaminated layers contain quartz derived from metamorphic rocks and carbonate fragments in
a clay matrix, and are interpreted as reworked tuffs deposited in playa-lake environments. An important
feature is that the unlaminated clays contain little MgO (3-15 wt. %) as compared with the laminated
clays (15-30 wt. %). As previous studies have shown, the clay fraction of the studied profile contains
predominantly Li-bearing saponite, and accounts for 60-90 wt. % of the clay fraction (<2 pm). Illite in
the clay fraction varies from 0 to 67 wt. % and the average illite percentage never exceeds 40 wt. %.
Chlorite is scarce (2—5 wt. %). Illite-smectite interstratified clays (illite at 70%, smectite at 30%) were
only found in low concentrations in the laminated clay layers of the upper limestone unit {(above the
borate zone), where illite-2M of detrital origin is also present. The Esbey clays occur interstratified with
colemanite layers and envelope colemanite nodules. Calcite is the major mineral of the clays whereas
quartz, plagioclase, feldspar, colemanite, and cahnite are minor components. The MgO contents vary
between 4.70—-13.95 wt. % in the clays interstratified with colemanite layers, between 7.24-11.89 wt. %
in the enveloping clays, and between 10.27-21.25 wt. % in clays located above the colemanite zone. The
composition of the clay fraction (<2 pm) in all samples is similar. Smectite represents between 40-90
wt. % of the clay fraction in the upper portion of the stratigraphic profile and decreases towards the lower
part of the stratigraphic profile. Smectite always occurs with illite which may vary from 20 to 90 wt. %
of the clay fraction, and a small amount of kaolinite and chlorite. Illite-2M polytype is abundant. The
d(060)-reflection position suggests that the smectite minerals from the Hisarcik and Esbey colemanite
mines contain both dioctahedral and trioctahedral smectites to form a transitional zone. These smectites
are a product of a magnesium-rich alkaline playa-lake environment.
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INTRODUCTION

Emet is located 100 km southwest of Kiitahya,
which was an important ceramic center in Anatolia in
the past (Figure 1). Of the two main borate mines in
the Emet region, one is the Esbey colemanite mine, 5
km northeast of Emet and the other is the Hisarcik
colemanite mine, 11 km south of Emet. The Emet bo-
rate mines were first discovered by J. Gawlik (unpubl.)
during lignite exploration work for the Mineral Re-
search and Exploration Institute of Turkey (MTA) in
1956. Numerous studies were subsequently conducted
on the geology, mineralogy, origin, and reserve of the
borate deposits (C")zpeker, 1969; Helvaci, 1977, 1983,
1984, 1986; Helvaci et al., 1993; Helvaci and Firman,
1976; Kistler and Helvaci, 1994; Yal¢in, 1984; Diindar
et al., 1986). The principal borate mineral is coleman-

rich feldspar, clinoptilolite, illite, and smectite as au-
thigenic silicates in the tuffaceous samples. Volcani-
clastic high sanidine and quartz are also present. Ac-
cording to Semelin and Yalgin (1984) the tuff, which
is composed of glassy rhyolitic ash, was deposited in
an inland lake during the volcanic activity. These au-
thors found fresh glass (original rhyolite) + smectite,
clinoptilolite + opal CT + smectite, clinoptilolite +
quartz + minor smectite, and K-rich feldspar + quartz
+ smectite assemblages in horizontal zones extending
from north to south in the Emet basin. Yalc¢in and Giin-
dogdu (1985) conducted the first detailed study on the
clay mineralogy of these volcaniclastic sedimentary
units. The unit underlying the borate zone of the Emet
Formation contains large amounts of zeolites, and it
also contains dioctahedral smectite (montmorillonite-

ite with minor amounts of ulexite, hydroboracite,
veachite-A, teruggite, cahnite, tunellite, and meyer-
hofferite. Native sulfur, realgar, orpiment, and celestite
are also present (Helvaci, 1984). Ataman and Baysal
(1978) found that the dominant clay minerals are
montmorillonite and chlorite. Interstratified clay min-
erals are rare. Illite is commonly observed in the strati-
graphic section, especially in tuff and reworked tuff
strata. Helvaci er al. (1993) detected boron-bearing K-
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beidellite). In contrast, the borate zone contains the
trioctahedral smectites, stevensite and Al-rich steven-
site. Saponite is observed in the clayey horizons above
the colemanite zone in the Hisarcik colemanite mine.
According to Yal¢in and Giindogdu (1985), saponite
is a neoformation product that was formed as a result
of the hydrolysis of volcanic materials in the lacustrine
environment. Illite and chlorite were sedimented after
transport by aeloian and low-energy fluvial processes.
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Figure 1. Location and geological map of the Emet borate mine (after Helvaci, 1986).
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Figure 2. Stratigraphic profile of the Hisarcik colemanite open pit mine. Left side is upper part of the profile, right side is
lower part of profile.
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Table 1. Mineral content of the rock from Hisarcik and Esbey colemanite mines.

Hisarcik colemanite tmine

Esbey colemanite mine

Rock Mineralogy

Rock Mineralogy

Limestone calcite, quartz, K-rich feldspar, pla-
gioclase, orpiment, realgar, and
clay minerals (realgar and celes-
tite observed in samples H-60
and H-64)

calcite, quartz, cristobalite, K-rich
feldspar, plagioclase, orpiment,
realgar, smectite, illite, and chlo-
rite

Calcareous clay

Clays:
clays over the cole-
manite zone

calcite, quartz, cristobalite, K-rich
feldspar, plagioclase, orpiment,
realgar, smectite, illite, chlorite,
and kaolinite

calcite, quartz, cristobalite, K-rich
feldspar, plagioclase, orpiment,
realgar, celestite, smectite, illite,
and chlorite

clay bands interstrati-
fied with nodular
colemanite layers

clays enveloping the
colemanite nodules

calcite, quartz, cristobalite, K-rich
feldspar, plagioclase, colemanite,
realgar, celestite, smectite, illite,
and chlorite

quartz, K-rich feldspar, calcite, cole-
manite, cristobalite, celestite, or-
piment, realgar, smectite, illite,
and chlorite

Reworked tuffs

Limestone calcite, quartz, cristobalite, (cahnite

in sample E-26)

Calcareous clay calcite, quartz, K-rich feldspar, pla-
gioclase, orpiment, realgar, (cahn-
ite in sample E-23), illite, smec-
tite, chlorite, and kaolinite

Clays:

clays over the cole-
manite zone

calcite, quartz, K-rich feldspar, pla-
gioclase, illite, smectite, chlorite,
and kaolinite

clay bands interstrati-
fied with nodular
colemanite layers

calcite, quartz, K-rich feldspar, pla-
gioclase, colemanite (samples E-
28, E-29, E-34, E-40, E-47),
cahnite (E-28), illite, smectite,
chlorite, and kaolinite

quartz, plagioclase, colemanite, il-
lite, smectite, chlorite, and kaolin-
ite

clays enveloping the
colemanite nodules

Reworked tuffs quartz, K-rich feldspar, plagioclase,
amphibole, colemanite, biotite, il-

lite, and chlorite

Hlite is transformed to illite-smectite (I-S) interstrati-
fied clay minerals (Yalgin and Giindogdu, 1985). After
loss of potassium, smectite is formed. Helvaci (1986)
suggested that chlorite is formed as a result of alter-
ation of feldspar phenocrysts in tuffs.

The aim of the present paper is to report on the: (1)
clay mineralogy and chemistry of the clay-rich and
tuffaceous layers; (2) formation of saponite; and (3)
relationship of saponite to Mg concentration in the
clay-rich and tuffaceous layers at the Hisarcik and Es-
bey colemanite mines.

MATERIALS AND METHODS

Studies were conducted on a 27-m thick stratigraph-
ic profile for the Hisarcik mine (Figure 2) and on a
44-m thick stratigraphic profile for the Esbey mine
(Figure 3). Samples were obtained from the upper
limestones to the bottom of the open pit mines. Min-
eral analyses were performed by X-ray diffraction
(XRD) using CuKa radiation (30 kV, 40 mA) on a
Siemens Kristalloflex D500 X-ray generator. Random
powder samples were prepared for mineral identifica-
tion and the <2-pm size fraction was separated and

oriented clay-aggregate samples were prepared after
centrifuging (Gibbs, 1965, 1968). Before preparation
of the oriented samples, the carbonate content was de-
termined by dissolution in 2 N HCI for 30 min. Se-
lected samples of the clay fraction were saturated with
ethylene glycol for 12 h at 60°C, and heated to 550°C.
Each was subjected to XRD analysis. A semi-quanti-
tative analysis of the <2-pm size fraction was ob-
tained by multiplying the intensities of the principal
basal reflections of each clay component by suitable
factors according to unpublished internal reports of the
Institute of Mineralogy and Petrography of the Uni-
versity of Bern. Reproducibility is *5%. The error is
~20%. XRD patterns of randomly oriented samples
were used for polytype analysis. To determine the 1M/
2M, ratio, the method as described by Maxwell and
Hower (1967) was used where the d(116) intensity of
the 2M, phase is compared to the d(130) intensity of
the 1M phase. The powder sample for the <2-pm size
fraction was fixed by alcohol to the glass slide and
care was taken to avoid any pressure on the particles.
This method does not randomize both phases equally.
Fresh, broken surfaces of the undisturbed clay samples

«—

Figure 3.
lower part of profile.
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Stratigraphic profile of the Esbey colemanite open pit mine. Left side is upper part of the profile, right side is
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Figure 4. X-ray diffraction patterns of selected bulk samples from the Hisarcik colemanite open pit mine. (Cc: calcite, Qz:
quartz, Kf: K-rich feldspar, Cr: cristobalite, PI: plagioclase, Cl: colemanite, Re: realgar, Or: orpiment, Ce: celestite, Sm:
smectite, 1I: illite). C: clay, CC: calcareous clay, T: tuffite. Vertical axis is intensity.
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Figure 5. X-ray diffraction patterns of selected bulk samples from the Esbey colemanite open pit mine. (Cc: calcite, Qz:
quartz, Kf: K-rich feldspar, Ca: cahnite, Pl: plagioclase, Cl: colemanite, Sm: smectite, I1: illite, Ch: chlorite, Ka: kaolinite).

C: clay, CC: calcareous clay. Vertical axis is intensity.

were dried at room temperature, coated with Au under
vacuum conditions in an Ar atmosphere, and examined
by scanning electron microscopy (SEM) (JEOL-JSM-
840A). Chemical analyses were performed using a
Philips PW 1400 X-ray spectrometer with a Cr anode.

https://doi.org/10.1346/CCMN.2000.0480401 Published online by Cambridge University Press

Boron was analysed by inductively coupled plasma
optical emission spectrometry (ICP-OES). FeO con-
tents were determined using the dipyridilic method
(Lange and Vejdelek, 1980) and analyzed with a
PHILIPS PYE Unicam PU 8650 spectrophotometer.
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Figure 6. X-ray diffraction patterns in the <2-um clay size fraction of select Hisarcik colemanite mine samples. Samples
H-27, H-28, and H-39 were used for structural-formula calculations. The samples were not acid treated. Vertical axis is

intensity.

The average error of the FeO analysis is +0.02 wt. %
based on reproducibility tests. The CO, and H,O* con-
tents were determined using a Leco RC-412 Multi-
phase carbon determinator. Grain sizes of the samples
were analysed by a SediGraph-5100.

GEOLOGIC SETTING

In the Emet area, borate minerals occur in Neogene
lacustrine sediments. These lacustrine sediments un-
conformably lie over Paleozoic metamorphic rocks
consisting of marble, biotite schist, calcareous schist,
and chlorite schist. The Neogene sequence consists of
(1) a basal conglomerate and sandstone, (2) a lower
limestone with thin layers of marl and tuff lenses, (3)
a red unit forming strata of conglomerate, sandstone,
clay, tuff, marl, and limestone, including coal and gyp-
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sum bands, (4) a borate-bearing unit of clay, tuff, and
reworked tuff, and (5) an upper limestone unit with
chert-marl and clay starata (Figure 1). The Paleocene
Egrigoz granite, which is to the west of the study area,
cuts the basement-rock units. Quaternary units con-
sisting of terrace materials discordantly cover the Neo-
gene sediments.

Volcanic activity began in the Emet area in the early
Miocene and continued at least until late Miocene
time. Volcanic rocks consist of a series of calc-alkaline
flows (the earliest recorded lava flows are of rhyolites,
dacites, and trachytes; the next lava flows are trach-
yandesitic-andesitic; and, finally, more recent flows are
olivine-bearing andesitic basalts that are younger than
the borate minerals) and abundant pyroclastic layers
(Helvact, 1984). The unit of clay, tuff, tuffite, and marl
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Figure 7. d(060) reflections of smectite samples from the
(a) Esbey and (b) Hisarcik colemanite mine, (<2 wm, air-
dried, non-oriented aggregates). Vertical axis is intensity.

containing the borate deposits has abundant realgar
and orpiment in some horizons, indicating that arsenic
and boron have a genetic volcanic relationship (Hel-
vaci, 1984).

RESULTS

Lithology

Hisarcik. In the profile of the open-pit mine, ““first-
quality colemanite lower and upper zones”’ and ‘‘sec-
ond-quality colemanite lower and upper zones” were
defined by the engineers of the Etibank Mining Com-
pany to simplify the mining of the borate zones. The
first-quality colemanite upper zone shows a transition
to clay, calcareous clay, and limestone. The clays in-
volved in the borate zone are between olive gray and
dark olive brown in color. Fine-grained reworked tuffs
usually are a light gray to olive gray color. Protono-
dules of colemanite with a lutitic matrix are common
in the clay bands alternating with nodular colemanite
layers. In addition, bioturbation is observed in re-
worked tuffs and calcareous clay layers in this deposit.

Bioturbation related to root growth is a common
feature in mudflats of recent saline-lake environments
(Hammer, 1986). At Hisarcik, the bioturbation traces
are associated with bush plants or/and grasses, prob-
ably growing in an arid or semi-arid boron-free envi-
ronment. The cylinder root tubes are dominantly ver-
tical. The length of bioturbation is between 1-5 cm,
and diameters vary from 0.5 to 2 mm. The filling of

https://doi.org/10.1346/CCMN.2000.0480401 Published online by Cambridge University Press

Saponite from the Emet colemanite mines

417

the tubes consists of massive (usually mottled) dark
clay with variable amounts of orpiment and realgar.

Esbey. The first, second, and third borate zones were
defined by engineers of the Etibank Mining Company.
The upper limestones cover the borate zone. The thick
bedded cream-colored limestone is overlain by olive
gray-colored clay and calcareous clays. This clay and
calcareous clay repetition increase towards the borate
zone. Interbedded clays in the borate zone have colors
between olive gray and dark green. Colemanite nod-
ules have textures that are radial. The existence of
clays both between the colemanite nodules and envel-
oping the nodules indicates that the clays were dis-
placed during the growth of the colemanite nodules.
Protonodules of colemanite rich in lutitic matrix are
common in the clay bands that alternate with the nod-
ular colemanite layers. Thin bedded, ferriginous al-
tered reworked tuff (sample E-33) occurs below the
second borate zone and is an important marker bed for
the borate mining operation.

Whole-rock mineralogy

Hisarcik. The lithologic profile of the Hisarcik open-
pit mine consists of fine-grained rocks, including marl,
clay, and reworked tuffs. A summary of the mineral-
ogy correlated to rock type is given in Table 1. The
most important feature in Table 1 is that the arsenic
minerals are common in the H-30 fine-grained tuff
sample (Figure 4). Orpiment and realgar are rarely ob-
served in colemanite nodules.

Calcite is the predominant mineral but no magnesian-
containing mineral was found in any sample. Calcite
varies from ~10 to ~30 wt. % in the clays interstratified
with the colemanite nodules. However, the calcite ratio
is from 1 to 5 wt. % in the reworked tuffs. Dolomite,
which commonly replaces calcite in other sabkha envi-
ronments, remarkably, is absent. The lack of dolomite
results in elevated Mg?*/Ca?* molar ratios. High Mg?*
concentrations in the Hisarcik colemanite deposit may
result in Mg-rich smectite formation. Secondary cole-
manite (Figure 4) is the main mineral after calcite in the
clay-rich samples which form in fractures. Realgar pre-
serves its original red color in the clay layers. The H-41
sample contains abundant orpiment, and it has yellowish
color. Celestite occurs in the center of the nodular cole-
manite and in clay layers (H-53 and H-76). Cristobalite
is present in the clay samples (Figure 4) occurring in the
upper limestones. Cristobalite has a broad (111) reflec-
tion at 4.14 A,

Esbey. Whole-rock mineralogy is given in Table 1. Cal-
cite is also the main mineral in the Esbey colemanite
mine. The calcite in calcareous clays varies between 25—
65 wt. %. The interstratified clay layers and clays asso-
ciated with the colemanite nodules have 5 and 1-2 wt.
% calcite, respectively. Quartz, K-rich feldspar, plagio-
clase, cahnite, colemanite, and clay minerals are present.
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Table 2. Major (wt. %) oxide analyses of the Hisarcik colemanite mine samples (given in stratigraphical order).

Sample
number Sio, TiO, ALO, Fe,0, FeO MnO  MgO Cad  Na,0 K0 P,0; B.,O, H,0" Co, Total

H-89 46.16 049 1390 298 027 003 298 1372 0.18 3.01 027 n.a 5.92 10.38 100.29
H-88 64.14 0.58 1336 3.34 021 002 29 431 019 291 043 n.a 6.37 095 9980
H-87 56.52 044 1338 293 026 002 305 849 020 276 054 n.a 6.10 5.39 100.08

H-1 5777 068 1442 6.19 078 004 363 172 031 749 0.11 n.a 5.75 1.02 9991
H-3 4741 051 11.64 486 057 004 288 1289 020 6.02 026 n.a 5.08 8.06 10042
H-6 58.09 066 1376 448 034 002 450 243 032 602 0.15 n.a 7.14  2.15 100.06

H-10 50.09 023 527 167 031 002 1739 752 010 191 0.13 n.a 9.47 583 9994
H-13 31.50 027 587 145 044 0.04 740 2504 015 337 0.11 n.a 4.13 20.17 99.94
H-14 40.28 0.14 330 0.80 036 003 1546 17.08 0.04 148 0.07 n.a 6.38 1449 9991
H-16 55.10 029 6.25 245 040 0.02 18.10 395 004 299 0.19 n.a 740 326 10044
H-20 50.50 0.31 8.18 217 036 007 14.14 788 0.10 455 0.19 n.a 5.75  6.27 100.47
H-21! 4647 037 11.02 175 034 004 585 1269 0.13 792 0.11 n.a 3.37 10.01 100.07
H-22 3430 0.17 369 117 036 0.06 1244 2290 0.08 1.56 0.15 n.a 490 1841 100.19
H-24 5298 0.13 292 0.83 048 0.03 2390 501 004 086 0.16 n.a 7.33 510 9977
H-25 40.89 036 7.53 1.85 072 0.08 1157 1365 0.12 395 022 n.a 498 13.68 99.60
H-38! 3572 037 849 127 078 008 736 1871 016 497 0.12 n.a 3.58 1526 96.87
H-36 5133 021 433 174 076 003 2408 340 004 092 0.13 n.a 843 4.11 99.51
H-34 5045 0.17 394 122 057 004 2493 495 0.18 056 0.11 n.a 836 451 9999
H-33! 4770 038 897 232 3.09 005 2287 211 0.05 1.50 0.10 n.a 9.17 1.15 9946
H-32! 37.52 056 11.08 195 327 0.12 1593 1092 007 272 021 n.a 7.58  8.14 100.07
H-30! 41.80 0.16 1056 0.75 203 002 29.16 164 0.04 0.14 0.02 n.a 1040  0.69 9741
H-29 4450 0.14 274 034 0.61 0.08 2303 991 0.04 028 004 262 7.48 8.16 9947
H-85 4193 0.15 1141 110 258 0.02 2954 158 004 0.18 002 n.a 1070 0.66 99.92
H-28 50.05 0.15 284 055 043 0.03 2510 520 004 041 006 037 1070 4.80 100.73
H-39 2491 0.05 1.25 0.09 038 0.06 13.00 28.15 0.03 013 008 1.86 493 2338 98.30
H-40 53.24 0.07 146 025 039 002 2607 349 0.04 026 0.12 n.a 7.60 484 97.85
H-41! 45.01 0.15 328 0.69 041 0.03 2307 688 005 041 025 n.a 6.59 1.73 88.55
H-42 4486 024 528 0950 1.13 0.05 2249 739 0.04 067 0.11 n.a 8.27 6.86 9829
H-43 52777 019 465 090 079 0.04 2528 244 004 084 0.05 n.a 8.44 335 99.78
H-44! 45.15 038 993 240 105 007 1292 914 009 303 010 n.a 5981 7.19 9936
H-45 5449 0.10 336 029 046 002 2691 259 0.04 029 0.15 n.a 8.51 3.19 100.40
H-86! 50.07 0.10 1332 020 101 0.01 3.8 522 022 1084 0.01 9.45 529 031 9993
H-46 52.56 020 422 083 086 003 2547 244 0.04 077 025 037 8.22 2.88 99.i14
H-48 5230 0.19 499 093 097 003 2233 201 004 186 0.21 n.a 936 425 9947
H-49! 56.00 046 1358 1.28 1.54 0.03 11.01 138 0.16 873 0.06 n.a 488 054 99.65
H-50 5240 047 1177 210 131 005 1266 263 009 676 0.16 0.39 6.02 1.67 9848
H-51 5295 0.17 7.16 112 100 0.03 2014 181 005 311 0.04 n.a 721 223 97.02
H-52! 6276 0.10 1666 024 068 001 243 028 0.17 1458 0.01 n.a 1.37 023  99.52
H-53 4541 0.17 528 098 090 0.03 20.04 212 005 1.3¢  0.07 n.a 6.56 2.15 85.10
H-55 50.60 0.14 557 1.03 072 004 2128 531 004 191 003 n.a 7.16 422 98.05
H-56 38.09 0.13 400 150 060 005 17.54 1194 0.04 098 0.05 n.a 591 10.86 91.69
H-58 47.40 046 11.07 204 100 0.03 657 908 0.11 767 021 n.a 3.67 939 9870
H-61 5144 0.13 3.80 0.86 097 0.03 2489 259 004 043 0.14 n.a 720 399 96.51
H-63! 4722 051 1069 126 1.01 003 535 1173 0.19 7.70 0.04 n.a 326 11306 100.29
H-65 4989 024 6.63 203 125 0.04 19.15 393 004 293 0.10 n.a 6.32 447 97.02
H-67 50.10 022 6.77 3.22 146 004 1825 203 006 3.14 017 0.31 6.28 3.07 95.12
H-68' 5771 062 1346 189 134 005 7.74 192 020 873 0.07 n.a 440 160 99.73
H-69 5438 031 928 2.14 166 004 1575 222 0.08 534 0.11 n.a 5.75 3.04 100.10
H-71 57.11 036 11.14 223 095 006 1284 170 0.12 646 0.16 n.a 560 1.38 100.11
H-72! 61.39 020 1297 133 040 002 828 1.09 0.18 951 0.03 n.a 4.03 042 99.85
H-73 42,00 0.13 3.84 070 097 0.08 1694 7.06 004 168 0.10 679 735 594 93.62
H-90! 6198 0.09 1500 0.16 0.14 001 6.17 059 022 1239 0.01 n.a 3.02 036 100.12
H-74 52.81 037 1i.16 219 1.51 0.06 1158 371 0.09 6.28 0.12 n.a 5.08 353 9849
H-76 42.05 044 990 275 1.06 0.04 9.03 513 040 497 022 1298 8.03 142 9842
H-77! 5330 0.62 1426 3.02 164 006 922 271 019 788 0.15 n.a 522 164 9991

! Reworked tuffs, analyst: M. Colak, Institute of Mineralogy and Petrography, Fribourg-Switzerland.
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Figure 8. X-ray diffraction patterns of selected clay samples (<2 um) from the Esbey colemanite mine. Abbreviations: Sm:

smectite, Il: illite, Ch: chlorite, Ka: kaolinite. Pattern a: air-dried, b: glycolated, c: heated at 550°C. Vertical axis is intensity.

Cahnite (Figure 5) is the other important arsenic-bearing
borate mineral. Magnesium-bearing minerals do not oc-
cur, except for Mg-rich smectite.

Clay minerals

Hisarcik. XRD patterns indicate that smectite and illite
clay minerals are present (Figure 6) in approximately
equal amounts in the clay layers interstratified with
upper limestones in the open-pit-mine profile. I-S con-
taining 70% illite and 30% smectite (I,,-S) interstrat-
ified clay was determined to be between 2—-4 wt. % in
the clay fraction. In the first-quality colemanite upper
zone, smectite is dominant at 70—100 wt. % in the clay
fraction and especially high in samples H-8, H-23, and
H-29. Illite occurs at 50-70 wt. % in the clay strata
proximate to the upper limestones, whereas only 5-12
wt. % in the reworked tuffs. In some samples, between
2-6 wt. % of chlorite and between 2-3 wt. % of ka-
olinite were found (Figure 2). Smectite is the major
clay mineral in the second-quality colemanite upper
zone with 6090 wt. % present. Samples H-72 and H-
90, which are reworked tuffs, have 100 wt. % smectite
in the clay fraction. In this zone, the amount of illite
increases towards the bottom in the range of between
25-40 wt. %. Chlorite occurs at 2—5 wt. %. The smec-
tite content of the clays is highest in the colemanite
upper zone. Illite content increases towards the lower
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parts of the profile, although it is also present in con-
siderable amounts in the upper limestone portion.

The clay fraction of samples H-27, H-28, H-72, H-
88, and H-90, which contain high amounts of smectite,
were examined. The d(001) reflections of smectites are
at 14 A under ambiant conditions and at ~17 A after
saturation with ethylene glycol. The d(060)-reflection
value (Figure 7) is >1.51 A in all samples except H-
88, indicating that the smectite in all but H-88 is close
to trioctahedral.

Clay sample H-88, which is intrastratified with up-
per limestones, contains 52 wt. % smectite, 43 wt. %
illite, and 4 wt. % IL,,-S. The 002/003 reflection of
illite-smectite in sample H-88 is broad (Figure 6).
There is some uncertainty concerning I-S in the dif-
fraction pattern of glycolated material, but if present,
it is very low and occurs only in samples H-87, H-88,
and H-89. The peak position of I-S changes from 15.2
A (a smectite-like interlayer) to 10 A (an illite-like
interlayer) depending on smectite content in the air-
dried state (Velde, 1992). The strong reflection at 12.5
A (in the air-dried state) indicates interstatification of
I-S (Figure 6). An illite XRD peak at d(060) = 1.50
A was not observed, although a d(060) reflection at
1.50 A is believed to belong to dioctahedral smectite.
Samples containing mostly smectite, H-72, and H-90
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Table 3. Smectite and smectite-illite analyses (wt. %). Samples are from the <2-um size fraction. Illite is present in samples
E-12, E-14, E-16, and E-18, whereas samples H-27, H-28, and H-39 are believed to be pure or nearly pure smectite.

Sample

number Si0, TiO, ALO, Fe,O, FeO MnO MgO CaO Na,0 K,0 Li,0 H,0* Total
H-27 58.49 0.10 2.77 0.02 0.92 0.12 30.17 0.00 0.08 0.23 n.a 6.92 99.82
H-28 57.80 0.18 341 0.57 0.54 0.04 29.28 1.95 0.22 0.77 0.58 3.98 99.32
H-39 60.50 0.12 3.18 0.53 0.64 0.07 30.33 0.00 0.07 0.22 0.56 3.59 99.81
E-12 61.77 0.34 7.97 2.74 0.24 0.03 20.15 0.86 0.10 2.12 n.a 3.67 99.99
E-14 63.31 0.30 7.01 2.80 0.32 0.03 22.23 0.01 0.05 2.11 0.60 1.18 99.95
E-16 55.22 0.30 8.42 3.57 0.34 0.03 21.96 0.47 0.08 1.65 n.a 7.92 99.96
E-18 52.84 0.29 8.25 4.51 0.28 0.03 22.55 1.47 0.04 1.38 0.24 7.86 99.74

show XRD peaks at d(060) = 1.50 A, indicating a
transition of dioctahedral to trioctahedral smectite.

Tllite was found only in small quantities in the His-
arcik colemanite mine, although samples H-4 and H-
6 contained sufficient illite (62 and 76 wt. % illite,
respectively) to determine polytype content. The 1M/
2M, ratios are 0.11 for H-4 and 0.13 for H-6.

Esbey. The composition of the clay fraction (<2 pm)
is similar but varies slightly between the uppermost,
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Figure 9. Octahedral composition of the (a) Esbey and (b)
Hisarcik smectites according to Mg + Fe?" atoms per 0.5 cell
versus Al + (Fe3* <0.4) atoms per 0.5 cell (after Grauby et
al., 1993).
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upper, and bottom zones at Esbey (Figure 3). The up-
permost zone (above sample E-12 in Figure 3) con-
tains illite at 35-75 wt. %, smectite at 20-55 wt. %,
and minor chlorite. The upper zone (only E-12) has
abundant smectite at 40—-90 wt. %, illite at 16-40 wt.
%, and chlorite and kaolinite are minor. The borate-
bearing bottom zone is dominated by illite at 30-85
wt. %, followed by smectite at 20—60 wt. %. Chlorite
and kaolinite are minor. Figure 8 shows X-ray diffrac-
tion patterns of selected samples from the Esbey strati-
graphic profile. XRD intensities of smectite are lower
in samples from the bottom portion of the profile.

The clay fraction of sample E-12, E-14, E-16, and
E-18 contains high amounts of smectite. The d(060)-
reflection position is >1.51 A, suggesting a smectite
end-member that is trioctahedral (Figure 7).

Illite is an abundant mineral in this mine. High illite
content in the clay strata alternating with borate-rich
strata may be related (1) to the rapid transformation
of smectite to illite or (2} to the transport of (detrital)
illite into the region. The polytype analysis of illite
shows that the 2M, polytype is common in samples E-
19, E-21, E-29, E-33, and E-42 (each >11%) and sug-
gests a detrital component in both the calcareous and
tuffite samples. A high percentage of 2M,-illite poly-
type was observed in calcareous clay. The tuffite sam-
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Figure 10. Variation of smectite and illite percentage in the
<2-pm fraction of the Esbey colemanite mine.
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Table 4. Major (wt. %) element analyses of the Esbey colemanite mine samples (given in stratigraphical order).
Sample
number Si0, TiO, ALO, Fe,0; FeO  MnO  MgO Ca0  Na0 K0 P,0, B0, HO* CO, Total
E-1 51.81 070 1632 4.04 040 004 437 765 0.18 369 026 na 531 525 100.02
E-2 2834 036 795 203 035 004 251 2985 0.14 1.82 0.12 na 2.62 2324 9937
E-6 43.06 041 893 246 049 004 1000 1528 024 261 0.15 na 446 11.63 99.76
E-9 46.76 0.65 1379 381 0.69 0.05 584 1250 050 400 032 na 390 751 10032
E-8 17.87 0.25 5.09 1.08 054 0.03 299 3761 021 1.29 0.11 na 219 3073 9999
E-10 57.05 057 1260 336 059 004 1328 205 026 360 007 na 573 091 100.11
E-12 57.64 0.39 824 256 035 003 18.04 228 0.11 227 005 na 616 1.16 99.28
E-14 5631 034 672 240 041 003 1943 355 0.08 2.13 008 na 615 239 100.02
E-16 4839 033 7.78 318 050 0.04 1925 7.38 0.04 148 005 na 644 506 99.92
E-17 1940 0.18 4.13 117 046 0.05 7.88 3433 0.03 0.87 0.11 na 295 2842 9998
E-18 50.55 0.36 845 383 052 004 2125 4.02 006 1.55 023 na 7.09 199 9994
E-19 41.57 054 1194 411 072 006 1027 1309 010 292 022 na 569 920 10043
E-21 2221 031 6.63 228 035 0.03 5.02 3191 0.05 1.85 018 na 336 2523 9941
E-22 5280 053 1201 450 058 015 1555 262 0.12 333 029 na 692 1.09 10049
E-45 4980 0.60 1327 442 080 0.09 11.095 4.61 0.18 393 025 na 806 289 99.99
E-46 50.67 054 1342 448 072 007 1213 293 017 400 028 na 892 142 9975
E-23 21.18 0.15 328 101 036 004 988 2826 004 076 005 299 5.11 2082 9393
E-24 5093 059 1334 489 068 0.10 1448 259 014 368 035 na 720 073 9970
E-25 5212 072 1627 539 077 008 933 197 021 513 026 na 716 041 99.82
E-27 50.04 064 1447 547 083 011 1189 297 022 436 041 178 6.65 0.62 10046
E-28 5077 070 15.88 540 107 O0.11 6.15 360 037 576 026 na 698 057 97.62
E-29 5156 071 1532 497 134 012 542 347 035 6.81 024 288 594 1.09 10022
E-30 53.53 051 1011 3.62 274 0.11 1395 176 014 416 013 na 549 397 100.22
E-31 53.17 066 1443 462 126 0.11 9.06 239 038 538 038 199 6.08 0.80 10071
E-32 52.87 071 1555 492 142 0.11 685 271 048 641 026 na 583 098 99.10
E-33! 55.18 059 1531 241 254 0.05 238 269 049 1208 020 na 266 0.13 9671
E-34 43.09 057 1365 435 1.12 012 470 441 034 534 020 na 578 268 86.35
E-35 47.18 0.64 1537 473 121 020 526 781 036 600 021 na 488 584 99.69
E-36 5340 065 1533 509 124 0.12 8.91 1.88 0.48 566 030 na 632 070 100.08
E-37 4962 0.68 1487 502 094 012 724 359 052 576 031 477 6.83 045 100.72
E-38 55.18 066 1545 525 1.16 0.10 1235 196 047 547 032 na 075 059 99.71
E-39 4796 059 1415 385 139 009 958 278 038 499 026 741 596 062 10001
E-40 5279 055 1288 353 129 009 1309 186 026 544 031 054 571 216 10050
E-41 4392 050 1212 3.69 1.01 0.15 1037 998 037 424 020 na 497 759 99.11
E-48 5145 061 1474 462 092 0.10 1028 170 045 491 022 na 872 082 9954
E-47 50.86 054 1342 514 032 0.11 11.76 199 0.32 520 029 055 685 201 99.39
E-42 5348 064 1675 452 126 010 804 220 036 626 021 na 548 1.08 10038

! Reworked tuff, analyst: M. Colak, Institute of Mineralogy and Petrography, Fribourg-Switzerland.

ple has also a high percentage of the 1M-illite poly-
type.

Smectite chemistry

Hisarcitk. The whole-rock chemical analyses (Table 2)
showed that samples contain 10-29.54 wt. % of MgO.
Because no other Mg-rich mineral was detected by
XRD, the magnesium is probably bound in the clay
minerals. Chemical analysis of samples H-28, H-27,
and H-39, which are rich in smectite, are shown in
Table 3. Compared to hectorite, samples H-28 and H-
39 have a high content of Al’** and Fe**+, Compared to
stevensite, sample H-27 has higher Al’** and Fe** con-
centrations. Lithium is present at 0.58 wt. % in sample
H-28 and at 0.56 wt. % in sample H-39. Thus, these
results indicate that Hisarcik smectites are Li-bearing
saponite.

The samples of the clay fractions always include
calcite. The carbonate contamination of samples may
lead to an aggregation of clay particles when sample
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suspensions are reacted with HCl before analysis.
However, the sensitivity of trioctahedral smectites to
HC prevented this from occurring. The calcite content
was calculated on the basis of CO, analyses. Structural
formulae for smectite are determined as: H-27, (Na, g,
Koo Mgsgr, Alygr, Fe?ty )(Sirg, Alys0)O0(OH),; H-28,
(Cap 7, Nages, Ko13XMgser Linzo. Fe’*oos Fe g6 Tigen)
(Sizas Alys)On(OH),; H-39, (Nayg, Koo)(Mgses, Algoss
Lig 28, Fe**g05, Fe?* g7, Tin1)(Sizers Aly30)020(OH),.

Grauby et al. (1993), Weaver and Pollard (1975),
and Foster (1960) considered the octahedral content of
smectite in the classification of smectites. Weaver and
Pollard (1975) placed limits on dioctahedral smectites
(to 1.3 R3** cation limits) and Foster (1960) limited
trioctahedral smectites (to 1.83 R2* cation limits) (see
Figure 9). Grauby et al. (1993) noted that few chem-
ical analyses of natural smectites fall outside this
chemical range. The chemistry of the Hisarcik smec-
tites plots in or near the trioctahedral region, which is
consistent with this earlier work.
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Figure 11.
with calcite in sample H-51 from the Hisarcik colemanite
mine, (b) smectite showing large flakes and blocky morphol-
ogy in sample E-29 from the Esbey colemanite mine.

SEM image of clays: (a) wavy flakes of smectite

Esbey. The results of the whole-rock analyses (Table
4) showed that samples contain between 4.70-21.25
wt. % of MgO. Similar to Hisarcik samples, smectite
is the only mineral containing significant magnesium.
In Figure 10, smectite and illite content in the clay
fraction was plotted against the MgO content of the
bulk analysis of the calcareous clay and clay samples.
Smectite was positively correlated and illite was neg-
atively correlated to the MgO concentration.

The Esbey clay fraction is inhomogeneous and con-
tains illite (10-15 wt. %) and chlorite and kaolinite
(1-3 wt. %). Therefore, these analyses do not represent
the chemical composition of the smectite. The high
K,0, Fe,0,, and Al,O; content of the Esbey clay frac-
tion suggests small amounts of impurity. The analyses
of the Esbey clay fraction are given in Table 3. If
A1'203 and Fe,0O,; are assumed to be related to K-rich
illite, the remaining Al,O, and Fe,O, suggest the ex-
istence of saponite. The lithium content for samples
E-14 and E-18 is 0.60 and 0.24 wt. %, respectively,
which further suggests that the Esbey smectite is a
lithium-bearing saponite. The trioctahedral character is
illustrated in the plot of Figure 9.
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SEM studies

SEM photographs (Figure 11) show that the smec-
tite has a wavy appearance. Calcite crystals accom-
panied the smectite in the Hisarcik sample. Dissolution
and precipitation processes result in a honeycomb
structure for smectite growth (Henning and Storr,
1986).

DISCUSSION
Origin of saponite

Smectites may form by the weathering of mafic or
felsic igneous rocks (Harder, 1972) and the composi-
tion of the parent rock, such as the alkali and mag-
nesium content, influences the product phases. From
mafic rocks with high magnesium content, smectite
formation is possible under basic conditions, but if the
parent material is felsic glass then smectite may form
in neutral pH conditions. From felsic magmatic rocks
with a low content of magnesium, smectite formation
is only possible under basic pH conditions.

The borate deposits show variable concentrations of
Mg, Sr, and As. The presence of realgar, orpiment,
elemental sulfur, and veachit-A supports a volcanic or-
igin for As, Sr, and B (Helvaci and Orti, 1998). Kistler
and Helvaci (1994) postulated that ions in solution that
occur in the basins were supplied by the leaching of
Tertiary volcanic rocks (enriched with B and Sr) and
basement metamorphic rocks. Transport to the basins
was by thermal springs and hydrothermal solutions as-
socjated with the volcanism. The Emet borate deposits
(Helvac: and Firman, 1976) are characterized by cole-
manite, very low Na, and relatively high Mg, Sr, As,
and S concentrations. The Mg, Sr, As, and S are pres-
ent both in the evaporite and in the clay fractions, but
mainly in the latter. During diagenesis, some of these
elements were probably incorporated in the borate
minerals by base exchange, resulting in the formation
of various borate and non-borate minerals such as hy-
roboracite, veachit-A, and cahnite (Helvaci, 1977).

Helvaci: (1984) showed that secondary alterations
play an important role in modifying the chemistry of
the Emet basin. For example, colemanite reacting to
hydroboracite, veachit-A, and cahnite illustrates this
process. Most of the clay minerals in the Emet depos-
its were formed by the weathering of pyroclastic ma-
terial. During this process, magnesium was added, and
magnesium-rich waters probably moved through the
reworked tuff and clay (mud-flat) strata. A high MgO
content was determined in the Hisarcik and Esbey
colemanite samples, especially in associated clay lay-
ers. This high MgO content decreases in the reworked
tuff layers, although they are interbedded with MgO-
rich clay. The presence of K* as the dominant inter-
layer cation in smectite is common in hypersaline en-
vironments (Hover et al., 1999). However, there is a
near negative correlation between MgO and K,O con-
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centrations in the Hisarcik colemanite deposit. K*
mostly depends on the illite concentration of samples.
Trace element analyses (not included here) show high
Sr and As contents in the borate zone. However, there
is no apparent relationship between MgO, Sr, and As.

Precipitation of Mg-rich trioctahedral saponite on
original detrital smectite and/or neoformed dioctahed-
ral smectite may explain the wide range of Mg/Al ra-
tios and the apparent complex solid-solution between
di- and trioctahedral components. We suggest that the
smectites alter from dioctahedral to trioctahedral
smectites with increasing salinity.
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