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In western Alborz zone (N-Iran), there are two adjacent bentonitic deposits in the
same stratigraphic level (epiclastic deposits), but different in mineral assemblages of
alteration zones. The unaltered tuffs belong mainly to lithic-crystal tuffs and crystal-
vitric tuffs and are composed of quartz, plagioclase, biotite, K-feldspar and opaque
as well as lithic clasts and a considerable amount (up to 40 vol. %) of glassy matrix.
The XRD analysis results show that montmorillonite + alkali feldspar + plagioclase
+ quartz = illite £ kaolinite, are the mineral assemblages in the alteration zones of the
study area. However, due to the greater abundance of illite in the Nyagh district, its
bentonitic deposit is of higher quality than the Ardebilak deposit. Major element data
suggest that Na;O, K,O and to a lesser extent Al,O3 and Fe;O3 are depleted in the
alteration zones. Whereas, SiO, and CaO show different behavior in two study
districts. It means that in the Nyagh area, SiO; is enriched and CaO is depleted.
While, in the Ardebilak area, SiO; and CaO are depleted and enriched, respectively.
In both areas, REEs show enrichment in the alteration zones, while Eu has a
prominent depletion (especially in Nyagh) that may be due to alteration of feldspars
and leaching of Eu in the aqueous fluids. Except for Zr that shows a considerable
depletion (ACi=-53 in Ardebilak and ACi=-64.91to -84.97 in Nyagh), other HFSESs
(especially Nb, Ta, Hf) were immobile during alteration event. It seems that the hot
and very acidic (pH < 4) or alkali fluids may be responsible for Zr depletion in the
altered zones. In conclusion, it seems that a hidden granitic intrusion in the fractured
zone of Nyagh could be responsible for heating the circulating fluids in the tuffaceous
rocks. Such a conclusion is verified by more altered tuffs (montmorillonite + illite +
kaolinite), the basic dyke swarms and a dacitic dome near the Nyagh area.

Introduction

creating a gelatinous and viscous substance.

Bentonite is an industrial name for an ore
which  contains mainly  smectite  (or
montmorillonite-like) with particular
properties of swelling and water absorption.
Indeed, bentonite presents strong colloidal
properties and its volume increases several
times when coming into contact with water,

For this reason, it is known as a “swelling” or
“plastic” clay.

The clay to which the name bentonite was
first applied was formed by the alteration of
upper Cretaceous volcanic ash in the
Wyoming/Montana region of the the United
States, and early definitions of bentonite
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indicated this mode of origin. However,
further studies have shown that some clays
designated as bentonite on the basis of their
composition and properties have had other
modes of origin, namely, in situ alteration of
tuff, hydrothermal alteration of igneous rocks,
and deuteric alteration of igneous material
(Grim and Giiven, 1978). Depending on the
nature of their genesis, bentonites will contain
a variety of accessory minerals in addition to
montmorillonite. The presence of these
minerals will affect the industrial value of a
mined deposit, reducing or sometimes
increasing its value depending on the
application.

There are some bentoitic deposits in the
green tuffaceous layers of the Eocene Karaj
Formation in the north of Qazvin. Because of
the short distance between altered and fresh
outcrops, it is useful to study chemical changes
of alteration zones by the mass balance
calculations. Interestingly, there are two
adjacent bentonitic deposits in the same
stratigraphic  level that show apparent
similarity in the outcrop but different in
alteration grade. Thus, the nature of bentonitic
deposits in the area and finding the effective
chemical parameters in their genesis are two
main goals of this study.

Geological background

The study area is considered as a part of the
Alborz zone located on the north of Qazvin
city (Fig. 1), and its stratigraphic sequence is
equivalent to the Eocene Karaj Formation.
Asiabanha et al. (2009) divided the
lithological succession of the area into three
main facies based on facies analysis as
follows: 1) subaqueous volcaniclastic facies,
2) lava flow facies (including basic-
intermediate lava flows and acidic domes),
and, 3) intrusive bodies (including parallel
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trachy-andesitic dyke swarms and monzo-
gabbroic body).

Although the volcaniclastic deposits in the
north of Qazvin show a great variety in
lithology, they can be grouped into two sub-
facies: pyroclastic green tuffs in the lowermost
horizons (Fig. 2a) and epiclastic tuffs in the
uppermost parts (Fig. 2b).

In some outcrops especially in the Nyagh
and Ardebilak districts, the epiclastic sub-
facies were altered into the bentonite (Fig. 2b).
However, the original fabrics are still
preserved, such as the unmineralized layered
tuffs and the relatively unaltered dyke (Fig. 2c,
d) in the Nyagh district. Although, the
mineralized deposits in the area are exploited
for the ceramic manufacturing, the altered
deposits show some chemical and
mineralogical varieties in different localities,
even in short distances.

Materials and methods

Geochemical considerations and mass-
balance calculation procedures in this study
were done based on the method proposed by
Grant (1986). Therefore, 8 altered samples and
2 unaltered samples were analyzed (Table 2).
Samples were crushed and pulverized in an
agate mill and analyzed by Inductively
Coupled Plasma Mass Spectrometer at the
ALS-Chemex Laboratory, Canada with the
lithium metaborate/tetraborate fusion method.
A portion of the sample pulp is mixed with a
flux (lithium metaborate, LiBO_) that lowers
the melting point. The mixture is then heated
in a muffle furnace until molten. After cooling,
the fused mass is digested in 5% HNO3 and the
resulting clear solution is analyzed.

We propose 1.85 and 2.68 for the densities
of altered and fresh samples, respectively
(unpublished data from Industry, Mine and
Trade Organization of Qazvin Province). The
mass-balance calculations were run by
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EASYGRESGRANT program (L6pez-Moro,
2012), and the results are presented in Table 3
and Fig. 4.

Whole rock geochemistry and mass-
balance calculations

Major elements

Fig. 4 shows the major element variations
in two bentonitic deposits of the area. While,
TiO2, MnO and P,Os are apparently immaobile,
Na,O, KO and to a lesser extent Al,Os; and
Fe,O3 show depletion in the alteration zones.
On the other hand, the oxides such as SiO, and
CaO show some differences in both areas. It
means that in the Nyagh area, SiO; is enriched
and CaO is depleted. While, in the Ardebilak
area, SiO; and CaO are depleted and enriched,
respectively.

Mineralogically and texturally, the
mobility of elements could be explained by
silicification in altered samples of Nyagh,
illitization and sericitization of feldspars
(depletion of CaO and Na,O and enrichment
of K;0). Although, the Al,Os is proposed as
an immobile oxide during alteration and
weathering, Karakaya et al., (2012) suggest
that the acidic fluids dissolve and transport it
readily.

Trace elements

In both areas, REEs show enrichments in
the alteration zones. While, Eu has a
prominent depletion that may be due to
alteration of feldspars and leaching of Eu in
the aqueous fluids. Except for Zr, that shows
a considerable depletion (ACi = -53 in
Ardebilak and ACi = -64.91 to -84.97 in
Nyagh), other HFSEs (especially Nb, Ta, Hf)
were immobile during alteration event. Many
researchers (e.g., Nesbhitt et al., 1999; Jiang,
2000; Jiang et al., 2005; Karakaya, 2009)
believe that the hot and very acidic (pH < 4) or
alkali fluids may be responsible for Zr
depletion in the altered zones.
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REE diagrams

Fig. 5 shows the REEs diagrams of the
altered and fresh tuffs in two mineralized
districts (Ardebilak and Nyagh) normalized to
chondrites (Nakamura, 1974) and upper
continental crust (Taylor and McLennan,
1995). The prominent signatures of the
chondrite-normalized REE plots (Figs. 5a, b)
are as follows:
a) LREE enrichment relative to HREE (about
10 times): According to Muchangos (2006),
segregation of REEs in the alteration zones
could be resulted by more stability of HREEs
than LREEs in the alkaline solutions.
b) Slight enrichment of REEs relative to the
upper continental crust: Karakaya et al.,
(2012) propose two reasons for this
phenomenon: (1) low ratio of fluid to rock and
thus low degree of alteration and (2) leached
REEs may be absorbed by secondary phases
such as chlorite, epidote and illite. However,
REE diagrams normalized to upper
continental crust (Fig. 5c, d) may suggest that
the unaltered rocks have a continental
tendency.
c) Negative anomaly of Eu: According to
Sverjensky (1984) and Bau (1991), depletion
of Eu from altered rocks may be produced by
dissolution of Eu-bearing phases (especially
plagioclase) in hot (> 250°C) hydrothermal
fluids. Such a conclusion is verified by Ca and
Na depletion in the altered tuffs. On the other
hand, some researchers (e.g., Honty et al.,
2008) state that Eu occurs as Eu*® under
diagenetic conditions and thus could not be
dissociated from other REEs. However, it may
be mobile in the higher temperatures and also
in alkaline and reducing environments, which
is not evidenced by any anomaly of Ce.
Conclusions

Two bentonitic deposits (argillic zone) in
north of Qazvin were formed in the Eocene
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green tuffs (Karaj Formation). Although the

distance between the two deposits (Nyagh and

Ardebilak) is not very high (~ 10 km) and their

main mineral assemblages (montmorillonite +

alkali feldspar + plagioclase + quartz + illite =

kaolinite) as well as the parent rocks are very
similar, the Nyagh deposit has a better quality
than the other district (Ardebilak).

The main geological and geochemical
characteristics of the Nyagh bentonitic
(argillic) zone are as follows:

1) Tectonically, the Nyagh district is a more
fractured zone relative to the Ardebilak
district (Fig. 1).

2) A cluster of basic dykes and a dacitic dome
are seen in the Nyagh district (Fig. 1).

3) Greater abundance of illite in the Nyagh
deposit (Table 1).

4) More enrichment of SiO; and depletion of
CaO that is likely due to more alteration of
feldspar clasts in tuffs (Fig. 4).

CRediT authorship contribution statement

5) More depletion of Eu (Fig. 5) caused by its
leaching from altered plagioclase in the hot
aqueous fluids.

6) Although both areas show Zr depletion
(Fig. 4), its depletion in the Nyagh district
is higher than the Ardebilak district (Table
3). According to many researchers (e.g.,
Nesbitt et al., 1999; Jiang, 2000; Jiang et
al., 2005; Karakaya, 2009), Zr depletion in
the altered zones had been produced by the
hot and very acidic (pH < 4) or alkali
aqueous fluids.

In conclusion, it appears that a hidden
granitic intrusion in the fractured zone of
Nyagh could heat the circulated fluids in the
tuffaceous rocks. The rhyodacitic dome near
the Nyagh area supports such a conclusion.
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Fig. 3. Photomicrographs of the unaltered epiclastic deposits. a) Rounded crystal fragments of quartz and
feldspars cemented by calcite. b) Compaction of rounded to sub-rounded grains of quartz and feldspar by
diagenesis. c) Epitaxial growth of secondary fine-grained quartz on the curved biotite during diagenesis. d)
Concentration of opaque minerals parallel to layering during deposition and subsequent diagenesis. Length
of views: 6 mm. a, ¢: XPL and b, d: PPL. Bt: Biotite; Kfs: K-Feldspar; PI: Plagioclase; Qtz: Quartz.
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Table 1. Mineral assemblages in the mineral deposits of the study area based on XRD (unpublished data
of Industry, Mine, Trade Organization of Qazvin Province).

Mineral Deposit Minerals
Nyaq Quartz, Montmorillonite, Illite, Kaolinite, Alkali Feldspar, Plagioclase, Calcite, Dolomite.
Ardebilak Quartz, Montmorillonite, Kaolinite, Alkali Feldspar, Mica.
Taratun Quartz, Montmorillonite, Zeolite (Mordenite), Calcite, Dolomite, Alkali Feldspar.
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Table 2. Major element oxides (wt.%) and trace element (ppm) data for altered and fresh tuffs from the

study areas.

Rock Type Altered Tuffs Fresh Tuffs
Sample No. A3 N4 N5 N6 N14 Ni15 N16 T1 Al N7
SiO2 58,50 73.10 70.40 69.30 7340 68.00 69.00 68.20 68.20 65.80
TiO2 018 014 016 035 012 016 017 0.16 0.47 0.57
Al:O3 11.00 9.97 10.90 13.00 873 11.70 1170 11.20 12.60 13.00
Fe203 1.18 0.90 1.45 141 0.51 1.17 1.28 1.15 211 3.94
MnO 0.14 0.04 001 0.04 0.06 - 0.03  0.05 0.04 0.08
MgO 196 090 153 046 021 142 164 122 0.87 1.02
CaO 615 191 091 3.04 316 081 170 236 2.27 3.41
Na20 060 040 020 3.00 020 010 080 110 3.70 3.50
K20 144 221 160 109 640 252 172 296 1.90 1.91
P20s 0.03 - - 0.07 002 001 001 0.01 0.07 0.18
Cs 1.5 2.1 4.6 0.9 0.4 29 7.7 1.2 4.2 6.6
Rb 39.20 7240 5870 32.60 90.10 5590 65.10 78.80 76.50 55.40
Ba 220 1900 740 590 2670 240 680 980 400 560
Sr 350 200 150 240 130 160 310 190 230 350
Ni - - - 6.0 6.0 - - - - 7.0
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Rock Type Altered Tuffs Fresh Tuffs
Sample No. A3 N4 N5 N6 N14 N15 N16 T1 Al N7
\Y% 8 - - 58 8 8 5 6 30 71
Ga 15 13 15 15 11 16 15 15 16 18
Zn 39 35 45 28 20 41 49 43 52 64
U 2.94 2.59 2.57 0.95 2.53 2.20 3.18 2.89 2.18 1.93
Zr 133 120 139 121 140 140 143 145 186 212
Hf 4 4 4 3 3 4 4 5 5 4
Y 279 261 220 127 227 204 234 243 20.0 18.6
Nb 16 17 17 8 13 18 18 18 16 18
Ta 11 11 1.2 0.9 1.3 1.3 1.3 11 11
Th 10.2 9.7 104 4.2 8.3 11.4 11.9 11.2 8.4 7.4
La 29.20 30.20 30.80 11.30 24.10 35.10 3430 31.30 24.40 26.50
Ce 5420 57.20 5850 20.40 4480 66.30 63.70 58.60 45.30 50.50
Pr 6.09 636 653 241 491 726 691 6.47 5.04 5.88
Nd 21.30 2260 22.00 860 1750 2520 2450 22.00 18.00 21.60
Sm 3.70 410 410 1.70 3.30 4.40 4.40 3.80 3.40 4.30
Eu 072 063 068 064 039 071 073 0.62 1.00 0.96
Gd 374 379 338 163 300 337 373 345 3.21 3.42
Th 066 059 058 027 048 056 059 0.58 0.53 0.52
Dy 4.02 3.77 3.62 1.83 3.22 3.49 3.92 3.88 3.37 3.17
Ho 091 084 077 043 073 071 079 0.85 0.70 0.65
Er 2.73 2.60 2.32 1.42 2.30 2.05 247 2.61 1.99 1.95
Tm 043 045 035 021 039 034 038 040 0.34 0.30
Yb 3.00 320 240 140 280 210 270 270 2.20 2.00
Lu 044 044 036 022 044 035 045 042 0.34 0.30

(Grant, 1986) <o ,5 g, 4 dxlllas 5,50 ditlaie oo L )50 sladigeas 59, » py> ojle Slawlre gl Y Jga
Table 3. Mass balance calculations for the altered samples based on the method of Grant (1986).

ACi

Sample A3/A1 N4/N7 N5/N7 N15/N7 N16/N7
SiO2 -9.70 11.58 8.70 0.15 3.08
TiO2 -0.29 -0.42 -0.40 -0.41 -0.40
Al;03 -1.60 -2.45 -1.47 -1.65 -1.32
Fe203 -0.93 -2.99 -2.41 -2.81 -2.66
MnO 0.10 -0.04 -0.07 -0.05
MgO 1.09 -0.07 0.60 0.36 0.62
CaO 3.88 -1.39 -2.45 -2.62 -1.71
Na20 -3.10 -3.08 -3.29 -3.40 -2.70
K20 -0.46 0.43 -0.22 0.53 -0.19
P20s -0.04 -0.17 -0.17
Cs -2.70 -4.38 -1.73 -3.79 1.09
Rb -37.30 21.24 6.72 -1.18 9.58
Ba -180.00 1451.33 223.08 -327.23 118.79
Sr 120.00 -138.28 -191.27 -194.82 -40.55
\Y -22.00 -63.24 -66.01
Ga -1.00 -4.24 -2.13 -2.48 -3.03
Zn -13.00 -26.95 -16.38 -24.23 -15.09
U 0.76 0.81 0.79 0.20 1.24
Zr -53.00 -84.97 -64.91 -76.22 -69.26
Hf -1.00 0.23 0.23 -0.12 -0.01
Y 7.90 9.03 4.68 1.19 4.76
Nb 0.00 0.00 -0.01 -0.54 -0.03
Ta 0.00 0.06 0.17 0.16 0.20
Th 1.80 2.87 3.61 3.66 4.48
La 4.80 5.47 6.09 7.54 7.74
Ce 8.90 10.05 1141 13.80 13.09
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Sample A3/ALl N4/N7 N5/N7 N15/N7 N16/N7
Pr 1.05 0.85 1.03 1.16 1.02
Nd 3.30 2.32 1.68 2.84 2.86
Sm 0.30 0.04 0.04 -0.03 0.09
Eu -0.28 -0.29 -0.24 -0.27 -0.23
Gd 0.53 0.59 0.16 -0.15 0.30
Th 0.13 0.10 0.09 0.02 0.07
Dy 0.65 0.82 0.66 0.21 0.74
Ho 0.21 0.24 0.16 0.04 0.14
Er 0.74 0.80 0.51 0.04 0.52
™™ 0.09 0.18 0.07 0.03 0.08
Yb 0.80 1.39 0.54 0.04 0.70
Lu 0.10 0.17 0.08 0.04 0.15
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Fig. 4. Enrichment-depletion plots of the Ardebilak and Nyagh deposits by the method proposed by Grant

(1936).
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