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Abstract

Sabalan Mountain (northwest Iran) witnessed intense volcanic activity during the Cenozoic (Plio-Pleistocene). The
result of this manifests itself in the conical geometry of the Sabalan stratovolcano and ahigh hydrothermal gradient
around it, which can be detected by geological phenomena such as hot springs, smoke gases and steam outlet pores.
The high hydrothermal slope and upward migration of hot water in this area have caused extensive alteration zones
in the host rocks. A mineralogical study of alteration zones in thewells drilled in the Moyil Valley to the northwest of
Sabalan Mountain has revealed the presence of phyllic, argillic, calcitic and propylitic alterations in volcanic rocks (tra-
chyandesite) and alteration phyllic and propylitic ones in monzonite rocks. In chondrite-normalised rare-earth-element
diagrams, trachyandesite rocks exhibit an HREEs enrichment when compared to MREEs and LREEs in propylitic and
calcitic alteration zones. This result can be explained by the acidic nature of hydrothermal fluids containing complex
ions such as (SO?, CI). The (La/Yb)_, (La/Sm)_, and (Tb/Yb)_ ratios for argillic, phyllic, propylitic and calcitic alter-
ation zones have revealed that they are higher in fresh rocks compared to altered rocks, suggesting the enrichment of
HREEs in comparison to LREEs and MREEs. The anomalies of Eu do not change remarkably in the argillic and pro-
pylitic alteration zones of trachyandesite rocks; apparently, alteration hadno effect on them. Such behaviour reflects the
presence of gold cations in Eu* formed at temperatures below 250°C. Eu anomalies increased in propylitic alteration
zones in monzonite rocks and calciticand phyllic alteration zones in trachyandesiterocks.
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1. Introduction wide expansion of alteration zones around Mount

Sabalan. The present study area is located 20 km

Volcanic activities of Mountain Sabalan, which
ended in the Plio-Pleistocene, led to an increase
in geothermal slope around it. Such an increase
in heat gradient manifests itself in features such
as hot springs, smoke and steam exits. Another
consequence of the high geothermal slope is the

south of the city of Meshkinshahr in the province
of Ardebil (northwest Iran; Fig. 1). The drilling op-
eration started with exploration wells in Novem-
ber 2002, followed by three other wells in the next
18 months. The first (NWS-1), second (NWS-3)
and third (NWS-4) exploration geothermal wells
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of Meshkinshar were drilled as deviated wells to
depths of 3,197, 3,177 and 2,360 m, respectively
(Fig. 2).

The most important methods used to calculate
the mass changes of elements in the alteration sys-
tems are:

1. the volume factor method (Gresens, 1967; Grant,

1986);

2. the isocon method (Grant, 1986)
3. the method of low-mobility elements (Maclean

& Kranidiotis, 1987; Maclean, 1990).

Although this area has been extensively studied
for hydrochemistry of hydrothermal fluids in hot
springs and exploratory wells, there are no studies
of mineralogy and geochemistry of alteration zones
in this region. In the present study, the isocon meth-
od (Grant, 1986) was used for calculation of REES
and changes during development of alternation
zones. For the first time, we have made an effort to
combine the results of mineralogical studies, geo-
chemical data, comprehensive information on the
role of controllers, minerals and geochemical factors
affecting the mobility, distribution and enrichment
of rare earth elements (REEs) during alterations of
rock units. It has to be noted that the occurrence of
Eu and Ce anomalies can be explained by the alter-
ation zones in the Moyil Valley.
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2. Sampling and analytical methods

The present research was conducted in two phases.
Field studies included exploration of the develop-
ment of alteration zones and their relationship with
igneous rocks and sampling of drilled cores from
all three boreholes, altered zones and fresh rocks.
In the laboratory study, 110 thin sections were pre-
pared and studied at the Meshkinshahr Geothermal
Workshop. In order to investigate the geochemical
characteristics of the alteration zones, 22 samples
(20 from altered zones and 2 from unaltered rocks)
were selected for chemical analysis, using an in-
ductively coupled plasma emission spectrometer
(ICP-ES) and an inductively coupled plasma mass
spectrometer (ICP-MS). The ICP-MS was sent to the
ACMEAnalytical Laboratory of Canada to deter-
mine values of the main elements (Table 3 in Ap-
pendix) and partial elements including REEs (Table
4 in Appendix).

The samples from drilled exploratory wells were
collected by field study to obtain the mineralogical
composition of the alteration zones. X-ray fluores-
cence (XRF) analyses were made at Sinclair Knight
Merz (SKM) laboratory under the supervision of
the Renewable Energy and Energy Efficiency Or-
ganisation (Table 1).
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Fig. 1. Location of the Moyil Valley in northwest Iran
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Table 1. X-ray diffraction (XRD) results for samples ex-
tracted from alteration zones

Alteration

Sample Jone

Mineralogical composition

Illite, smectite, kaolinite,
quartz

Epidote, chlorite, quartz,
allonite, calcite

Illite, chlorite, pyrite, quartz
Illite, smectite, kaolinite,
quartz

Epidote, chlorite, quartz,
calcite

Illite, chlorite, pyrite, quartz
Illite, smectite, ancerite, kaolin-
ite, quartz

Illite, chlorite, pyrite, quartz,
calcite

NWS-01-1  Argillic
NWS-01-2 Propylitic
NWS-01-3 Phyllic
NWS-03-1 Argillic
NWS-03-2 Propylitic
NWS-03-3 Phyllic

NWS-04-1 Argillic

NWS-04-2 Phyllic

Mobility, enrichment and depletion of elements
are the factors investigated by using the Grant (1986)
method; it is assumed that no alterations occurred:

(Cr=(p°/ p"CPACH / CO) x100 =
= (P / )(CiA / CiO) _

where p#, p°, C#, and C?° are the density of the al-
tered rock, the initial rock density, the element in the
altered rock and the elements in the primary rock,
respectively. This method is a graphic representa-
tion of the Gresens (1967) equation. Elements that
are immobile during alteration are suitable for cal-
culating mass changes (Gresens, 1967; MacLean &
Kranidiotis, 1987). In this regard, elements such as
TiO,, ALO,, Zr, Hf and N, which are immobile in
hydrothermal systems (Jenner, 1996; Lentz, 1996)
and often have high concentrations in volcanic and
non-altered plutonic rocks (Barrett & MacLean,
1994; Leitch & Lentz, 1994).

3. Geological setting

The rocks display petrographical diversity due

to the formation of rock units in various volcanic

phases. The study area is located in the northwest

Iran region, where expansion of Cenozoic volcanic

rocks is prevalent (Aghanabati, 2004) (Fig. 2).

In the study area four types of lithologies are
represented (Fig. 2), as follows:

1. Valezir Formation (Pliocene): This formation is
the oldest rock unit in the Sabalan volcanic com-
plex, having formed during the Pliocene, prior
to the formation of a volcanic centre. The Vale-
hzir Formation is composed of trachyandesite,

tuff and pyroclastic breccia, with a minimum
thickness of 1,000 m in the region.

2. Tous Formation (early Pleistocene): The major
part of this unit is composed of trachydacite, tra-
chyandesite and rhyolite, which crop out in the
form of dispersed domes and Lahar.

3. Kasra Formation (late Pleistocene): This forma-
tion is known mainly from outcrops of volcanic
lava (trachyandesite), which is found mostly in
the upper parts of Mountain Sabalan.

4. Dizou Formation (Quaternary): The name of this
formation is taken from the village of Dizou in
the Moyil Valley. The main part of this unit com-
prises discontinuous levels of lava of variable
thickness. The most extensive development of
this formation is found in the Moyil and Dizou
valleys, which both overlie volcanic rocks of Pli-
ocene age.

3.1. Lithology and stratigraphy of
exploration wells

To determine the lithology and stratigraphy of the
study area, cores were collected at a distance of 3 m
apart from different sections of each well. Finally,
110 microscopic sections were prepared and stud-
ied under binocular and polarisation microscopes.

3.1.1. NWS-1

This is the first geothermal exploration well in the
study area; it is a near-vertical borehole (Fig. 3). The
youngest unit encountered is the Dizou Formation
(200 m), which contains mainly conglomerates con-
sisting of andesite and trachyandesite fragments.
Between depths of 200-655 m, 655-1,021 and 1,021~
3,117 m, the Valehzir Formation, the E ,unit (which
is highly altered and its original form is difficult
to distinguish in thin sections) and the monzonite
unit, respectively were documented.

3.1.2. NWS-3

This exploration well is located to the northwest of
NWS-1; it was drilled down to a depth of 3,177 m
(Fig. 3). The well penetrated the Dizou unit between
the surface to a depth of 89 m, the Valehzir (tra-
chyandesite and andesitic lavas) between 89 and 467
m, the Plat unit (andesite lavas, andesite, brecciated
andesite, trachyandesite and lithic tuff) between 467
and 550 m, the Ngab unit (trachyandesite, trachyba-
salt and breccia) between 550 and 932 m, the E | unit
(trachyandesite, trachybasalt, breccia and hematite
tuffs) between 932 and 2,884 m, the Mejandeh meta-
morphic rock between 2,884 and 3,177 m, and again
the pr unit between 2,781 and 3,177 (Emami, 1994).
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3.1.3. NWS-4
The well was drilled to a depth of 2,260 m and pen-
etrated the Dizou unit from the surface to a depth
of 63 m, the Valezir unit between 63 and 383 m, and
heavily altered early Cenozoic volcanic strata from
a depth of 383 downwards to the ultimate depth

reached.
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4. Results and discussion

4.1. Alteration and mineralogy

The hydrothermal alteration facies were deter-
mined by mineralogical investigations, XRD and
geochemical analyses. The high amount of LOI in
fresh samples is due to the wide expansion of alter-
ation zones.
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Fig. 2. Location of the study area (northwest Iran), with a simplified map of the different formations to the northwest of
Mountain Sabalan (modified from Bogie et al., 2000)
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In well NWS-1, four zones (i.e., non-alteration,
argillic alteration zone, propylitic alteration zone
and phyllic alteration zone) can be distinguished:
1. Non-alteration zone: In shallow areas (Dizou

Formation) to a depth of about 200 m;

2. Argillic alteration: from a depth of about 200 to

650 m (Valehzir Formation) in wells with argil-

lic zone mineral assemblages (i.e., illite-smectite,
kaolinite and quartz);

Propylitic alteration: epidote, chlorite, calcite
and quartz mineral assemblages in E_ units and
monzonite unit;

Phyllic alteration: sericite, chlorite, illite, quartz
and pyrite mineral assemblage, which is spo-

Legend

Fig. 3. Schematic transverse section of
the study area and position, depth
and formation of the exploration
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Fig. 4. Microscopic images of material from well NWS-3

. A - Argillic alteration of clay minerals (Cly) and quartz

veinlets (Qtz); B - Sericite (Ser) in the phyllic alteration zone; C -Epidote (Ep), chlorite (Ch) and calcite (Cc) in the
propylitic alteration zone; D - Calcite (Cc) in the calcitic alteration zone
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radically observed in the region of propylitic

alteration.

In the NWS-3 well, hydrothermal alterations are
also widely distributed; these can be divided into
five zones:

1. Non-alteration zone at the surface;

2. Argillic alteration, including a rich complex of
low-temperature clays such as kaolinite, smectite
and illite-interlayer smectite (Fig. 4A); this min-
eralogical complex is composed of acid-to-neu-
tral and low-salinity hydrothermal fluids (SKM,
2003);

3. Phyllic alteration, including illite, chlorite,
quartz with pyrite and probably anhydrite alter-
ation (Fig. 4B); this mineral assemblage formed
in the presence of neutral to acidic fluids with
high salinity and usually permeable zones and
adjacent veins;

4. Propylitic alteration, which is characterised by
the presence of chlorite, epidote, quartz, calcite
and anhydrite (in very small amounts) and a
small amount of illite (Fig. 4C);

5. Calcitic alteration: in some samples containing
propylitic alteration, the amount of calcite is
high enough to be referred to as calcitic altera-
tion (Fig. 4D). This mineral assemblage formed

in the presence of neutral pH fluids, high salini-

ty levels and low permeability (SKM, 2003).

In the NWS-4 well, four alteration zones can be
detected:

1. Non-alteration zone;

2. Argillic alteration: this complex is rich in
low-temperature clay minerals, such as kaolinite
and illite-interlayer smectite. This mineral as-
semblage consists of acidic to neutral hydrother-
mal fluids, with a low degree of salinity. During
this alteration, clay minerals filled stone matrix
and quartz filled pores;

3. Propylitic alteration: the mineral assemblage in
this zone includes chlorite, epidote, quartz and
calcite. This complex formed in the presence of
near-neutral fluids and low salinity, and often in
permeable areas;

4. Phyllic alteration: this alteration is identified by
the presence of illite, sericite, quartz and pyrite.
This complex formed in the presence of acidic to
neutral fluids and often in areas with high per-
meability and a large number of veins.

4.1.1. Phyllic alteration zone

During the development of phyllic alteration, Er to
Lu elements (HREEs) were enriched, while other
REEs were depleted (Fig. 5A).The HREEs enrich-
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Fig. 5. Histogram corresponding to an increase or decrease in the mass of main elements and REEs hydrothermal alter-
ation zones related to trachyandesite and monzonite rock unit. A, B - REEs and basic elements of the phyllic altera-
tion zone in trachyandesite; C, D - REEs and main elements of the phyllic alteration zone in monzonite; E, F - REEs

and main elements of the argillic alteration zone in trachyandesite; G, H

- REEs and basic elements of the propylitic

alteration zone in trachyandesite; I, J - REEs and main elements of the propylitic alteration zone in monzonite; K,
L - REEs and main elements of the calcitic alteration zone in trachyandesite
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ment in the phyllic alteration zone can be attributed
to adsorption of secondary minerals that can accept
REEs in their structure (Fulignati et al., 1999).

Pearson correlation coefficients are measures of
the linearity or correlation between two variables.
Typically, Pearson correlation coefficients greater
than 0.4 are significant (dependent upon the num-
ber of samples), whereas values greater than 0.8
indicate a strong correlation between the two var-
iables.

The high correlation coefficient of HREEs with
LOI and BaO suggest the acceptance of these ele-
ments in secondary minerals such as illite and bar-
ytes (Fig. 5B). The LREEs elements have a high pos-
itive correlation (Table 5 in Appendix) with Fe,O

23

P,0O,, MgO and TiO,, suggesting their adsorption
by iron oxide, phosphate and titanium washed out
of the system during this alteration. Typically, the
separation between LREEs and HREEs during the
alteration process is a function of the pH of the en-
vironment. In acidic pH, LREEs, and in alkaline pH,
HREEs undergo mobility (Fulignati et al., 1999).
Therefore, it can be concluded that the pH of the
fluid altered acidic conditions and caused the wash-
ing out of LREEs. Accordingly, it is deduced that
processes including adsorption, sweeping and acid-
ic conditions of the fluid are the three major factors
in the distribution and separation of REEs in the al-
teration zone. In samples 1716 and 3197 taken from
the monzonite unit in well NWS-1, the LREEs and
MREEs showed a similar behaviour in the phyllic
alteration, while HREEs showed enrichment (Fig.
5C, D). The high correlation coefficient of HREEs
with MgO in this alteration zone can be attributed
to secondary magnesium minerals such as chlorite.

4.1.2. Argillic alteration zone

During the development of argillic alteration, LREE
and MREE elements experienced depletion, while
HREEs showed a slight relative enrichment (Fig.
5E, F). The LREE depletion suggests that acidic
conditions dominated in this alteration zone and
led to their leaching. The presence of illite, smectite
and kaolinite minerals in the samples studied may
have played an important role in HREE immobility
because of their high ability to absorb and sweep
REEs in alteration zones (Fulignati et al., 1999). The
high correlation coefficient of LREE elements with
elements such as depleted TiO, and P,0O, (Table 6 in
Appendix) suggests the sweeping of REEs by their
minerals. Therefore, the acidic conditions prevail-
ing in the environment of the formation of this al-
teration zone, as well as the absorption of REEs, are
factors that had an influence on their concentration
and depletion.

4.1.3. Propylitic alteration zone
During the development of this alteration zone,the
relative enrichment of HREEs compared to LREEs
(Fig. 5G) may suggest the presence of low pH con-
ditions that leached the elements of this environ-
ment. In this zone, CaO, BaO and LOI are enriched
among the main oxides (Fig. 5H) and the presence
of epidote and chlorite minerals can have lead to
the immobility of HREEs. However, the effects of
the adsorption process are not effective in the im-
mobility of most of REEs, because the performance
of adsorption processes decreases with increasing
ion radius in REEs (Bau, 1991). Thus, it can be con-
cluded that in aqueous solutions, REEs have a very
strong tendency for forming complex ions (Hass et
al., 1995).

In samples taken from the propylitic alteration
of the monzonite unit in well NWS-1 (sample 2080),
all REEs, except Ce, are enriched (Fig. 5I). In this
zone, among the major oxides, Fe,O,, MnO and
BaO show a higher enrichment compared to other
oxides, probably due to the immobility of these ox-
ides after the occurrence of alteration (Fig. 5]). REE
enrichment in this zone indicates pH changes and
temperature reduction, which played an important
role in their mobility in alteration solutions (Mich-
ard, 1989; Lewis et al., 1997; Moore, 1998; Aubert
et al., 2001). It seems that acidity of the fluid and
the activity of complex ions such as SO,?, Cl'and F-
were low during the development of this alteration
zone.

4.1.4. Calcitic alteration zone

During the development of the calcitic altera-
tion, LREEs are almost depleted. MREEs have the
same behaviour and all are immobile (Fig. 5K),
but HREEs show enrichment (Fig. 5L). Among the
main oxides in this alteration zone, BaO, LOI and
CaO are enriched (Fig. 5L). The selective leaching of
LREEs confirms the acidic to neutral nature of the
solutions in this zone because the mobility of com-
plex ligands such as CO,? with HREEs is reduced
by decreasing pH compared to LREEs in the solu-
tion (Lottermoser, 1990, 1992; Terkado & Fujitani,
1998; Ahmady et al., 2015).

4.2. Distribution pattern of REEs in
alteration zones and elemental ratios

In order to understand the possible separation pro-
cesses that REEs may undergo during alteration,
the ratios (La/Yb)_, (La/Sm)_, and (Tb/Yb)_ were

investigated for the alteration zones in the explora-
tion wells.
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4.2.1. Argillic alteration zone

The average ratios of (La/Yb)_, (Tb/Yb)_ and (La/
Sm)_ in this alteration are 26.33, 1.93 and 5.97, re-
spectively. These values in less altered rocks are
33.87,2.37 and 6.6, respectively (Table 2). As shown
in Figure 6A, the ratio (La/Yb)_ in this alteration is
less than that in unaltered rocks. In other words, the
amount of LREEs is lower than HREEs, probably
due to transport by hydrothermal solutions. In con-
trast, HREEs remained in the environment. The ratio

(La/Sm)__ in this alteration zone (Fig. 6B) indicates
the enrichment of MREEs compared to LREEs. This
ratio decreased in altered rocks compared to unal-
tered ones. The correlation coefficient measured for
this alteration zone (Table 7 in Appendix) shows a
positive relationship between LREEs and HREEs
with ALO,, TiO,, P,O,, Th, Ga, Hf and Zr, and a rel-
atively positive relationship between MREEs with
Zr. The results present the effect of REEs sweeping

by minerals containing these elements such as clay

Table 2. Values of (La/Yb)_, (La/Sm)_, (Tb/Yb)_, (Ce/Ce*)_, and (Eu/Eu*)_ in alteration zones and unaltered rocks

cn’ cn’ cn’

in exploration wells of Moyil Valley

La/Y  (Gd/Yb),  (La/Yb),  (La/Sm),  (Tb/Yb)  (Ce/Ce’),  (Eu/Eu)
NWS3-370 3.98 3.84 33.80 6.06 237 0.82 1.54
NWS1-499 6.93 5.23 53.28 6.13 2.83 0.72 0.40
NWS1-803 3.14 2.56 23.47 6.30 1.73 0.86 0.92
NWS3-692 3.32 2.77 25.65 6.17 1.90 0.83 0.87
NWS3-3082 1.52 1.92 11.14 421 148 0.85 1.62
NWS4-565 3.03 2.20 21.02 6.79 1.52 0.83 0.98
NWS4-818 3.26 2.69 24.88 6.40 1.93 0.88 1.04
NWS4-1455 3.07 2.92 24.89 5.81 217 0.91 0.67
NWS1-1265 3.18 2.82 24.78 5.97 1.79 0.83 1.28
NWS3-1265 4.02 2.76 30.83 7.33 1.80 0.83 0.99
NWS3-2992 1.71 1.92 12.30 4.63 1.50 0.79 1.22
NWS3-1510 2.62 2.63 20.35 5.21 1.84 0.88 0.94
NWS3-1601 2.42 215 18.06 5.74 1.53 0.73 0.93
NWS3-2002 2.87 3.08 23.21 5.09 2.08 0.86 0.94
NWS4-1804 2.82 2.63 21.05 5.71 2.00 0.97 0.60
NWS4-1806 2.97 2.67 21.28 5.73 2.00 0.86 0.59
NWS4-2262 1.88 213 13.08 4.63 1.63 0.93 1.56
NWS1-1270 3.04 2.40 22.15 6.23 1.66 0.97 0.75
NWS1-1189 3.50 2.74 26.63 6.44 1.68 1.17 0.89
NWS1- 3197 5.22 2.84 37.90 9.84 1.40 0.81 142
NWS1-1716 2 2.29 16.02 4.78 1.63 0.90 1.06
NWSI1- 2080 25 2.40 18.99 5.60 1.56 0.84 0.44
A (LarYb)e, B (La/Sm)g
Argilic Argilic
Phylic —_— Phyliic >
Calcitic f— Calcitic —
Propylitic ) Propylitic —_—
Unaltered - Unaltered
0 1b 2!0 (;0 4‘0 56 Gb 70 0 é 6 8 10
c (Tb/Yb)s
Argillic
Phyllic ——
et T Fig. 6. Comparison of trends in chang-
Ry IR - es in values of: A - (La/Yb)_; B -
Unaltered (La/Sm)_; C - (Tb/Yb)_, for argil-
‘ ‘ ‘ ‘ lic, phyllic, propylitic and calcitic
¢ o5 v v oz 2 alterations with trachyandesite
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minerals or their presence in a mineral network of
some elements such as monazite or substitution (for
example, Hf and Zr in the composition of minerals).
In comparison, MREEs were removed by the lig-
ands due to a lack of correlation with the elements
mentioned.

4.2.2. Phyllic alteration zone
In this zone, the mean (La/Yb)_ , (La/Sm)_ and
(Tb/Yb)_, ratios are 22.62, 5.9 and 1.69, respectively,
which are lower than the equivalent values in un-
altered rocks (Table 2). These ratios suggest enrich-
ment of HREESs relative to other REEs (Fig. 6A-C).
The positive and high correlation between LREEs,
HREEs and MREEs with Hf, Ga and Th may be due
to the presence of host minerals such as monazite
(Table 7 in Appendix).

4.2.3. Propylitic alteration zone

The average (La/Yb)_, and (La/Sm)_ and (Tb/Yb)
., Tatios in this zone are 19.39, 5.57 and 1.82, respec-
tively. These values in equidistant unaltered rocks
are 33.87, 2.37 and 6.6, respectively (Table 2). The
ratio of (La/Yb)_ in Figure 6A indicates that LREEs
and MREEs compared to HREEs are depleted dur-
ing this alteration (Fig. 6B, C). Calculating the Pear-
son correlation coefficient for this alteration zone
(Table 7 in Appendix) indicates that LREEs and
MREEs have a positive and high correlation with
oxides such as Fe,O,, TiO, and P,0,, as well as with
elements such as Zr, Hf, Y and Th. The high cor-
relation between LREEs and MREEs with Y and
P,O, suggests the presence of mineral enzymes in
the environment. With the loss of this mineral and
its depletion from the environment, REEs also en-
tered the fluid and were depleted, while HREEs re-
mained in the environment due to the presence of
acidic fluid.

4.2.4. Calcitic alteration zone

In this alteration zone, the average (La/Yb)_, (La/
Sm)_ and (Tb/Yb)_ ratios are lower than those in
healthy rocks (Fig. 6A-C; Table 2). By calculating
the Pearson correlation coefficient in this alteration
zone, it appears that LREEs and HREEs have a high
correlation with major rock-forming oxides such as
ALO,, CO,, TiO, and P,O, and elements such as Zr,
Hf, and Y (Table 7 in Appendix).

To evaluate the fractionation degree between
REEs, various ratios of REEs, such as (La/Yb)n,
(La/Sm)n and (Gd/Yb)n were used. (La/Yb)n de-
termines the degree of fractionation of LREEs from
HREEs during geochemical processes (Aubert et
al., 2001; Yusoff et al., 2013, Zamanian & Radmard,
2016) while the other two ratios establish the degree

of fractionation between LREEs and MREEs and be-
tween MREEs and HREEs, respectively (Yusoff et
al., 2013).

The values of these ratios have ranges for (La/
Yb)n from 11.14 to 53.28, for (La/Sm)n from 4.21 to
9.84, and (Gd/Yb)n from 1.92 to 5.23 (Table 2). Most
fractionation occurred between LREEs and HREEs
(up to five times) and relatively minor fractionation
between MREEs and HREE during alteration pro-
cesses. These ratios reflect fractionations as follows:
LREEE/HREE > LREE/MREE> MREE/HREE. The
highest values of two ratios were observed in the
argillic zone (La/Yb)n = 53.28 and (Gd/Yb)n = 5.23
(Table 2) that represented high fractionation of REE
in ore zone, not only because of low HREE, but also
because of high LREE.

Since the distribution pattern of REEs is gov-
erned by mainly geochemical conditions, the La/Y
ratios provide useful information for determination
of pH in the environment of ore formation. Values
of La/Y > 1 show alkaline conditions, while values
of La/Y <1 indicate acidic conditions (Crinci &Ju-
rkowic, 1990). This ratio in the Moyil Valley altera-
tion zones ranges from 1.52 to 6.93 (Table 2). The ar-
gillic zone has the highest and lowest La/Y values
(6.93-1.52). These two divisions indicate basic and
very basic conditions of hydrothermal alteration
that may indicate two different phases of argillic al-
teration in the study area.

4.3. Evolution of Eu and Ce anomalies in
alteration zones

The ratios of (Eu/Eu*)_ and Ce/Ce*  were also
considered for studying the behaviour of these
two elements in different alteration zones. For this
purpose, REEs in these samples were normalised
to chondrite (Taylor &MacLennan, 1985). The Eu/
Eu ratio is a measure of Eu anomaly such that if
it is greater than 1, anomalies are positive and if
less than 1, anomalies will be negative (Rollinson,
1993).

Eu / Eu* = Eu / [(Sm,) x (Gd,)]*® and
Ce / Ce* =2Ce / [(Lay) + (Pry)]

where N represents the normalisation of values of
elements mentioned in chondrite (Taylor & McLen-
nan, 1985). The calculations for Eu and Ce elements
for the alteration zones (Table 2) show a negative
Eu anomaly for all alteration zones (Fig. 7A) in
the volcanic unit. In comparison, Ce anomalies are
both positive and negative in the argillic and pro-
pylitic alteration zones, negative for the anomalous
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(EU/Eu*),,

Argillic
Phyllic
Calcitic
Propylitic

Unaltered

0 05 1

Fig. 7. Comparison of trends in changes in values of: A - (Eu/Eu*)

calcitic alterations with trachyandesite

carbonisation alteration zone and positive for the
alteration zone. The calculation of this anomaly
for the monzonite unit also represents a negative
anomaly for Eu for the phyllic and propylitic alter-
ation zones,,a positive anomaly of Ce for the phyl-
lic alteration zone and a negative anomaly for the
propylitic alteration zone (Fig. 7B). It seems that
the main cause of the negative Eu anomaly might
be the alteration of plagioclase, potassium feldspar
and hornblende of the trachyandesite rock. At rela-
tively high temperatures and in the case of a heavily
reduced condition, in these minerals, Eu*leaves the
system by converting to Eu *? (Arslan et al., 2006).
Other causes of the Eu anomaly in these alteration
zones are the high activity of complex ligands, the
highly acid pH of the hydrothermal solution and
the increase in the fO, of the hydrothermal system,
because Eu transfer is easy under such conditions
(Sverjensky, 1984; Elderfield & Sholkovitz, 1987;
Karakaya et al., 2012; Ozdamar et al., 2014). How-
ever, due to very slight variations in Eu negative
anomalies in the alteration zones, it can be conclud-
ed that pH changes were very small during the for-
mation of these zones.

The negative and positive anomalies of the Ce
for propylitic and argillic alteration zones may pro-
vide evidence of changing the oxidant to reduce
conditions, which leads to some changes from neg-
ative to positive anomalies. Moreover, the negative
Ce anomalies in the formation of calcitic alteration
zones show the presence of oxidant conditions
while its positive anomaly in the phyllic alteration
zone may suggest predominantly reducing condi-
tions during the development of these zones (Elder-
field & Sholkovitz, 1987).

5. Conclusions

Based on the results and discussions of the present
study, the following conclusions can be drawn:

1.5

(CelCe*)..

Argillic

Phyllic
Calcitic

Propylitic

Unaltered

0 05 1 15 2

B - (Ce/Ce*)_, for argillic, phyllic, propylitic and

o’

- Based on XRD studies, argillic, phyllic, propyli-
tic and calcitic alteration zones in volcanic rocks
and phyllic and propylitic alteration can be de-
tected in the monzonite unit.

Based on the study of mass changes using the
method of isocon, processes such as adsorption,
sweeping and acidity conditions are three ma-
jor factors in the distribution and segregation of
REEs in the phyllic alteration zone. The immo-
bility and enrichment of HREEs in comparison
to other REEs can be due to adsorption by min-
erals such as illite, smectite and kaolinite in the
argillic alteration zone, pH changes and temper-
ature reduction in the propylitic alteration zone,
pH reduction and the presence of complexing
ligands CO,?in the calcitic alteration zone.
Study of the distribution patterns of REEs and
(La/Yb),, (La/Sm)_ and (Tb/Yb)_ ratios for
argillic, phyllic, propylitic and calcitic alteration
zones revealed that they are higher in healthy
rocks compared to altered rocks, suggesting the
enrichment of HREEs in comparison to LREEs
and MREEs. These results could be ascribed to
their sweeping by clay minerals, the presence in
the mineral network of some minerals, or substi-
tution of elements such as Hf and Zr in minerals.
Studying the (Eu/Eu*)_ and (Ce/Ce*)_  ratios
also suggests a negative Eu anomaly for all alter-
ations in volcanic rocks, both positive and nega-
tive for Ce anomaly in the argillic and propylitic
alteration zones, positive for phyllic alteration
and negative for calcitic alteration. It seems that
the negative Eu anomalies can be attributed to
the alteration of plagioclase, potassium feldspar
and hornblende, a high activity of complex lig-
ands, high pH and a rise in fO,.
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Appendix

Table 3. Concentrations of major elements (wt. %) in exploratory wells in Moyil Valley.
Sample SiO, ALO, Fe O, CaO MgO Na O KO Cr,0, TiO, MnO PO, SrO BaO LOI
Fresh 53-370 546 163 6.69 512 439 455 298 0.01 125 017 0.78 016 0.08 296
Argillic S1-499 577 205 566 186 012 024 258 0.01 124 0.01 093 029 0.09 88
S1-803 60 1545 498 343 207 341 348 0.01 087 0.09 041 008 0.09 558
S3-692 599 152 541 376 117 466 168 0.01 084 0.07 0.53 0.09 009 657
53-3082 53.7 154 563 597 32 258 383 001 078 015 048 006 009 7.7
54-565 61.7 15.8 5 273 207 171 259 0.01 066 01 029 0.04 0.07 7.29
54-818 59.6 16.05 5.03 391 256 418 3.04 0.01 074 011 038 008 0.08 4.73
S4-1455 532 157 6.76 646 372 402 296 0.01 1.02 014 0.62 012 01 3.35
Phyllic S1-1265 583 16.65 55 397 227 416 312 0.01 084 01 046 012 0.09 4.13
S$3-1265 61.6 1625 4.08 316 179 484 391 001 076 01 032 011 01 297
53-2992 551 16.65 545 495 231 3.08 435 001 079 014 056 007 012 6.29
Calcitic ~ S3-1510 53 178 739 61 166 472 194 001 0.87 016 075 01 01 6.05
S3-1601 479 1535 728 6.66 351 07 245 001 068 023 048 008 0.76 1215
S$3-2002 514 17 727 739 305 439 126 0.01 1.02 014 0.78 016 0.06 6.74
Propylitic 54-1804 533 1785 6.78 654 194 39 236 001 093 016 067 01 01 3.88
54-1806 49.8 1515 816 916 15 3.02 21 001 08 01 057 011 0.03 7.52
54-2262 591 179 526 474 184 465 281 001 057 011 025 01 012 23
S1-1270 52.8 1895 6.6 4.67 3.03 6.97 083 001 093 015 044 011 0.03 47
Fresh S1-1189 60.6 163 478 429 199 399 267 001 081 0.08 039 011 0.08 4.13

Phyllic S1-3197 66.7 173 214 259 09 124 424 001 09 004 03 005 005 287
S1-1716 494 1795 919 59 745 19 238 0.02 118 013 0.59 0.07 014 3.59
Propylitic S1-2080 532 194 646 4.64 26 44 421 001 07 014 059 01 023 3.32

Trachyandesite

Monzonite

Table 4. Concentrations of REEs in samples taken from Moyil Valley region based on ppm (ICP-MS)

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu (Ef_f:]i)
Fresh S3-370  68.8 200 147 481 7.33 188 6.77 0.76 348 0.63 1.77 022 146 023 356.13
Argillic S1-499 1025 809 244 797 108 23 872 0.86 338 056 1.7 023 1.38 024 317.67
S1-803 481 791 932 305 493 133 455 056 29 0.52 159 023 1.47 024 185.34
S3-692 565 89.2 11.15 36.7 591 152 529 0.66 322 0.6 173 026 1.58 024 214.56
S3-3082 32 99.7 714 259 491 135 477 067 39 075 22 031 206 033 185.99
S4-565  46.6 785 835 264 443 118 422 053 275 054 1.6 022 159 024 17715
S54-818 489 89 9.06 295 493 137 459 06 283 057 1.6 024 141 025 194.85
S4-1455 59 722 117 39 656 18 6 0.81 363 074 197 03 17 03 20577
Phyllic S1-1265 525 123 10.55 347 568 148 519 0.6 3.06 058 1.64 0.22 1.52 0.23 240.95
S3-1265 563 957 10.05 31.8 496 1.27 437 052 253 048 141 021 1.31 022 211.13
S$3-2992 396 915 86 302 552 141 537 076 42 081 236 037 231 0.38 193.39
Calcitic S3-1510 644 113 1357 474 798 219 723 092 4.61 087 248 037 227 0.36 267.65
S$3-1601 501 85.7 102 343 563 129 518 0.67 365 0.7 21 029 1.99 03 2021
S$3-2002 741 136 16.85 57.6 94 251 852 1.05 5.01 091 254 036 229 0.34 31748
Propylitic S4-1804 63.4 69.3 127 424 717 222 6.86 0.95 434 086 238 035 216 0.34 21543
S4-1806 525 56.7 1056 359 592 1.64 571 078 357 071 19 029 1.77 03 178.25
S4-2262 259 752 538 191 3.61 1.1 3.66 051 259 052 1.53 025 1.42 0.24 141.01
S1-1270 599 804 115 38 6.21 187 562 071 376 0.7 206 031 1.94 034 213.32
Fresh S1-1189 479 100 9.09 298 4.8 132 428 052 254 047 143 02 129 021 203.85
Phyllic S1-3197 465 108 7.43 217 3.05 08 3.02 033 1.59 03 09 014 088 016 1948
S1-1716 449 90 958 33.6 6.07 1.71 556 0.77 415 0.78 233 0.34 2.01 032 202.12
Propylitic S1-2080 55.6 43.6 104 353 6.41 171 61 076 4.06 0.76 2.26 034 21 0.33 169.73

Trachyandesite

Monzonite
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Table 5. Values of Pearson correlation coefficients between REEs and main oxides in the phyllic alteration

SO, ALO, FeO, CaO MgO NaO KO TiO, MnO PO, SO BaO LOI
La 000 -075 039 002 070 08 -079 079 035 041 097 -092 -0.90
Ce -053 -038 083 054 095 039 -081 098 071 08 090 -08 -053
Pr -036 -055 070 038 091 056 -082 095 062 071 095 -08 —0.68
Nd  -050 -045 079 051 095 043 -079 098 071 081 091 -082 =057
Sm  -073 -022 093 074 099 014 -068 098 084 094 075 -066 -0.29
Eu -072 -020 094 073 098 015 -071 097 08 093 076 -068 -030
Gd  -085 -007 097 08 09 -006 -056 093 090 098 061 -050 -0.10
b -098 027 081 099 068 -059 -001 057 090 088 003 010 046
Dy  -08 056 056 08 031 -087 032 018 065 061 -038 047 079
Ho  -081 062 046 08 018 -093 042 005 055 050 -050 057 086
Er -076 062 038 075 011 -094 050 -003 050 044 -057 064 089
Tm  -052 060 007 052 -018 -095 074 -031 027 015 -079 085 09
Yb -058 069 016 057 -014 -098 065 -027 029 020 -075 080 096
Lu -052 060 007 052 -018 -095 074 -031 027 015 -079 085 095

Table 6. Values of Pearson correlation coefficients between REEs and main oxides in the argillic alteration

SO, ALO, FeO, CaO MgO NaO KO TiO, MnO PO, SO BaO LOI
La -0.05 089 032 -047 -045 -042 -041 082 -060 086 09 016 015
Ce -038 -004 052 028 057 037 010 051 054 039 017 -029 -048
Pr -012 093 032 -044 -046 -049 -032 08 -059 090 098 020 023
Nd  -017 093 034 -041 -045 -049 -030 084 -057 091 099 024 024
Sm  -027 090 043 -031 -038 -045 -027 087 -051 095 099 031 020
Eu —045 078 063 -007 -017 -027 -022 092 -032 097 095 043 -0.03
Gd  -036 08 053 -021 -027 -039 -023 091 -040 098 098 031 011
Tb -068 063 077 021 001 -017 -012 085 -012 093 083 057 -0.09
Dy  -092 008 071 067 036 001 029 045 035 054 028 061 -0.03
Ho  -089 -026 067 08 059 024 033 011 060 017 =010 053 -0.24
Er -084 -018 052 077 044 004 042 007 049 017 -007 052 002
Tm  -065 -033 033 075 030 018 029 -018 035 -006 -024 067 -001
Yb -052 -045 015 065 036 001 042 -036 048 -026 -046 028 018
Lu -0.67 027 027 072 038 -001 055 -022 043 -012 -027 050 006

Table 7. Pearson correlation coefficient results of some elements with distribution pattern of REEs in the alteration
zones of exploration wells in Moyil Valley

ALO, Fe,0, CaO MgO KO TiO, MnO PO, Ga Hf Y Th Zr

2

(La/YDb) 092 011 -064 -08 -04 082 -09 08 08 09% -06 094 097

cn

(La/Sm) 014 -04 -067 -04 -06 -0 -05 -02 044 047 -09 026 052

cn

& (Tb/ YD) 0.85 04 -034 -06 -03 091 -07 0.9 078 08 -03 082 088

cn

(Ce/Ce*),, -084 021 075 089 034 -05 087 -06 -07 -08 041 -09 =07
(Eu/Eu*)_-063 -03 048 055 055 -0 071 -06 -08 -09 057 -07 -09

cn

(La/Yb) ~ -075 =07 -099 -08 -05 -0.2 -1 -1 081 0.75 -1 087 -02

cn

Argillic

2 (La/Sm)  -0.87 -0.9 -1 -09 -04 -04 -09 -1 0.67 087 -1 095 0.04
;>» (Tb/Yb),, -053 -05 -09 -06 -08 0.11 -1 -0.8 094 053 -1 069 -05
A (Ce/Ce¥, -05 05 -089 -06 -08 014 -1 -08 0.9 0.5 -1 067 -05

(Eu/Eu*)_, 098 099 071 09 -04 089 032 081 -0 -1 056 -09 -07

(La/YDb) 061 -01 062 -02 -1 099 -09 088 -0.1 0.7 094 031 091

cn

& (La/Sm), -0.88 -03 -025 056 091 -1 0.99 -1 -03 -04 -1 -0.7 -1
% (Tb/YDb), 071 0 0.5 -0.3 -1 1 -1 094 0.04 0.6 098 043 096
U (Ce/Ce¥, 098 054 -005 -08 08 08 -09 098 057 007 094 085 096

(Eu/Eu*)_, 095 043 0.08 -07 -08 0.9 -1 1 047 019 097 078 0.99
, ([La/Yb), -012 078 042 033 -07 094 047 079 034 067 082 072 076
£ (La/Sm), 008 064 021 055 -09 093 053 063 055 082 076 086 0.89
%z (Tb/Yb), -0.67 078 08 -06 022 044 0.03 0.9 -05 -02 057 -02 -01
E (Ce/Ce®),, 094 -06 -078 071 -03 039 089 -0 076 063 046 056 0.58

(Eu/Eu*)_ 03 -09 -06 -01 049 -09 -04 -09 -01 -05 -08 -05 -06




