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Abstract

This study evaluates the rare earth element (REE) geochemistry in altered trachyandesitic ignimbrites, tuff and lava flows in the Hashtjin
area by assessing chondrite-normalized REE patterns and Y/Ho geochemical ratios. Modifications in the REE patterns took place along
altered fault zones that were affected by hypogene and supergene alterations. The precursor volcanic and pyroclastic rocks contain
phenocrysts of plagioclase accompanied by augite, zircon, apatite and pyrite. Based on X-ray diffraction analysis, the main mineral
assemblages of the altered units consist of kaolinite as the main clay mineral, SiO, polymorphs (quartz and cristobalite) and anatase
as a minor constituent. The chondrite-normalized REE patterns of argillic samples reveal fractionation of light REEs (LREEs) compared
to heavy REEs (HREEs), together with a marked Eu anomaly and a weak W-type tetrad effect related to the weak non-charge radius
control (CHARAC) behaviour of REEs and slightly higher Y/Ho and Zr/Hf ratios. The relationship between the Y/Ho and Zr/Hf ratios
and recognizable T5 and T, effects (tetrad effect) suggests that an increasing degree of water—rock interaction occurred during hypogene
alteration processes by acidic hydrothermal fluids that were overprinted by supergene alteration. Water-rock interaction and adsorption
by Mn-oxides and clay minerals are considered to have played important roles in determining the close to non-CHARAC behaviour of

REEs during the argillic alteration of the pyroclastic rocks in the Hashtjin area.
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Rare earth elements (REEs) provide useful petrological information
for determining the nature of geological events such as the origin of
rocks and their contamination-differentiation processes (Hanson,
1989; Bau & Knittel, 1993). A large amount of REE data has
been obtained, representing the differentiation between various
minerals and melts (Rollinson, 1993), as well as changes occurring
in hydrothermal systems at temperatures <350°C (Hermann et al.,
1974; Michard & Albarede, 1986; Wood, 1990; Jochum & Verma,
1996), under metamorphic conditions (Konrad-Schmolke et al,
2011) and during weathering (Pérez-Lopez et al., 2010).

REEs are also useful for assessing geochemical processes
during the evolution of sediments in various environments
(Chen & Zhao, 1997; Censi et al., 2007; Karadag et al, 2009;
Hannigan et al, 2010; Mongelli et al, 2016; Abedini et al,
2018). The distribution and differentiation of REEs have also
been well studied in seawaters, marine sediments and weather-
ing environments (Abedini & Calagari, 2013; Mongelli et al,
2014; Buccione et al., 2016; Liu et al, 2016; Long et al,
2017; Torr et al, 2017; Chen et al, 2018). In these cases, the
distribution patterns of REEs are generally controlled by weath-
ering of terrestrial material, hydrothermal activities, scavenging,
oxygen fugacity, proximity to source lithologies, deposition due
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to biogenic conditions, diagenesis (Murphy & Dymond, 1984;
Liu et al, 1988; Murray et al, 1991), changes in fluid pH
and precipitation reactions due to the presence of organic
and inorganic ligands and complexes (Buccione et al., 2016;
Liu et al, 2016; Long et al, 2017; Torr et al, 2017; Chen
et al., 2018).

The main aim of this study was to evaluate the behaviour of
REEs (including Y) during water-rock interaction in altered
rocks and their volcanic precursors in the Hashtjin area, north-
west Iran, and to investigate the origin of tetrad effects and non-
chondritic Y/Ho ratios in these samples. The study area includes
the western part of the Alborz Tertiary magmatic belt and
Pliocene volcanic activity, which was associated with tectonic
activity and the formation of numerous faults (Eftekhar Nejad,
1980). The main lithological units of the area consist of volcanic
rocks and Quaternary alluvial sediments that have undergone sili-
cic and argillic hydrothermal alterations. These alterations are
associated with vein, veinlet and disseminated Cu-, Pb-,
Zn-sulfide deposits and magnetite, goethite and hematite miner-
alizations (Hajalilou, 1999). They include extensive argillic alter-
ation and the accumulation of SiO, deposits in the form of
cryptocrystalline quartz in the Tarom-Hashtjin zone. Previous
studies have highlighted the role of both the hydrothermal pro-
cesses and supergene alteration formation of these sequences in
the circulation of acid sulfate solutions (Masoumi, 2010;
Abedini et al, 2011; Nouri & Mohammady Oskouei, 2016;
Nouri & Masoumi, 2020).
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The tetrad effect in REE patterns and non-chondritic Y/Ho
ratios

Normalized REE distribution diagrams produce smooth curves
that remove variation due to lanthanide contraction, the Oddo-
Harkins rule (Cantrell & Byrne, 1987) and charge radius control
(CHARAC) behaviour (Lottermoser, 1992; Bau, 1996). Any
remaining irregularities in normalized distribution patterns,
such as the lanthanide tetrad effect, relate to the non-CHARAC
behaviour of REEs and have been reported from various deposi-
tional environments (Censi et al., 2007; Feng et al., 2011; Nardi
et al., 2012; Abedini et al., 2018). Such effects can be detected
using index parameters, namely Y/Ho, Zr/Hf, Ce/Ce* and
Euw/Eu* ratios (Kawabe, 1995).

The study of REEs (lanthanides) reveals the different reactive
behaviours of these elements in various geological environments,
which result from differences in the ionic radius (i.e. increase in
the contraction of 5s and 5p shells towards higher atomic num-
bers) and, in some cases, in the ionic valence redox state (Ce>*
vs Ce** and Eu®" vs Eu®") (Monecke et al., 2002). The tetrad effect
is not related to the ionic radius and ionic charge, but it is directly
controlled by electrons of the 4 shell across the lanthanide series
(Nugent, 1970; Siekierski, 1971).

The tetrad effect was observed for the first time during experi-
ments on liquid-liquid chemical systems in which the distribution
coefficient of lanthanides in chondrite-normalized REE patterns
varied according to changes in atomic number (Fidelis &
Siekierski, 1966; Peppard et al., 1969). These variations yielded
zigzag patterns, which created four separate components referred
to as tetrads, defined by a first tetrad (T;): La-Ce-Pr-Nd; a
second tetrad (T,): (Pm)-Sm-Eu-Gd; a third tetrad (T53):
Gd-Tb-Dy-Ho; and a fourth tetrad (T4): Er-Tm-Yb-Lu. The
four segments are separated by discontinuities located at the
Pm-Nd, Gd and Er-Ho points, whereby Gd is a joint element
between the second and third tetrads. The components of the
chondrite-normalized patterns show four convex and concave
segments and, in accordance with variations in the electron
configuration, the REEs display either M-shaped or W-shaped
patterns (Fig. 1) (Masuda et al., 1987).

The M-shaped tetrad effect was first recognized in the evolved
granitic systems in the south of China (Masuda et al, 1987) and
the W-shaped tetrad effect was identified in constituents of the
marine environment such as seawater, algae, shells and limestones
(Masuda & Ikeuchi, 1979). In the W-type tetrad, Yb and Dy
appear in an ascending trend and Er defines a descending seg-
ment (Fig. 1). Tetrad effects were also identified in magmatic
rocks and hydrothermal ore deposits (Masuda & Akagi, 1989;
Akagi et al., 1993, 1996; Lee et al, 1994; Kawabe, 1995; Bau,
1996; Lee et al., 2010), as well as in weathering and hydrothermal
alterations (Masuda & Akagi, 1989; Takahashi et al, 2002;
Monecke et al., 2007; Abedini et al., 2018; Li et al., 2020).

The related geochemical properties of Hf-Zr and Y-Ho pairs
result from the similar charge and radius of the ions, known as
the CHARAC behaviour (Bau, 1996), as testified by close to
equivalent Y/Ho and Zr/Hf ratios in intermediate to basic igneous
rocks and chondrites. Otherwise, these elements show significant
departures from the non-chondrite state and display tetrad effect
patterns, such as the zigzag REE patterns documented for evolved
granite systems (Irber, 1999). The Y/Ho ratio of chondrite is 28.1
(Anders & Grevesse, 1989), and the rocks with a tetrad effect
show either higher or lower non-chondrite Y/Ho ratios (Bau,
1996). The non-chondrite behaviour in the aqueous systems
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Fig. 1. Binary diagram representing W- and M-type tetrad effects observed in the REE
patterns of seawater and evolved granite. (a) Seawater values are from De Baar et al.
(1985) and (b) Piepgras & Jacobsen (1992). Kawabe et al. (1998) show that W-type
tetrad effects appear in the REE patterns of seawater. (c) REE values for the evolved
granite are from Irber (1999).

may be controlled by the adsorption of Ho by Fe and Mn oxides
and hydroxides (Bau et al., 1996). In addition, the fractionation of
Y and Ho during weathering may also result in non-chondrite
behaviour (Feng et al., 2011).

Although previous studies have proposed alternative models
for explaining the formation of tetrad effects, the exact origin
and geochemical process giving rise to this type of alteration in
granites and other rocks, as well as in individual minerals, is
not well understood (Veksler et al, 2005; Censi et al, 2007;
Monecke et al., 2007; Inoue et al.,, 2009). The tetrad effect in
the evolved granitic systems has been attributed to: (1) fractional
crystallization of the melt (Yurimoto et al., 1990; Zhao & Cooper,
1993; McLennan, 1994; Pan, 1997; Pan & Breaks, 1997); (2) inter-
action of the melt phase and hydrothermal fluids during the crys-
tallization of the silicate melt (Lee et al., 1994; Kawabe, 1995;
Kempe & Goldstein, 1997; Irber, 1999; Wu et al, 2004;
Boulvais et al., 2007; Lee et al., 2010; Zhao et al., 2010); (3) hydro-
thermal alteration during water-rock interactions (Monecke et al.,
2007); and (4) weathering following exhumation and erosion of
granites (Masuda & Akagi, 1989; Takahashi et al., 2002). The lat-
ter mechanism has been considered to develop M-type tetrads in
granitic rocks caused by the circulation of groundwater, whereby
the magnitude of alteration increases with the degree of fluid-
rock interaction (Masuda & Akagi, 1989; Takahashi et al., 2002).

The fractionation of Y-Ho and various lanthanides also occurs
in aqueous systems (Kawabe et al., 1991; Feng et al., 2011), and
the tetrad effect has been observed in seawater and deposited sedi-
ments. A positive Y anomaly is a feature associated with a W-type
tetrad effect (Kawabe et al., 1991).

Several methods have been proposed to quantify the tetrad
effect (Iber, 1999; Monecke et al., 2002). In this study, we use
Eq. (1) (from Monecke et al, 2002), which utilizes only the
third and fourth tetrads for quantification. In the calculation,
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Fig. 2. (a) Location map showing the distribution of volcanic rocks throughout the Iranian plateau and the position of the study area. (b) Geological map of the
Hashtjin area showing the main lithological units of the area, geological features and the selected samples of the study area for chemical analyses.

T, (La-Nd) is not computed if Ce behaves anomalously
(Monecke et al, 2002; Feng et al, 2011) and T, (Pm-Gd) is
not included due to a lack of Pm in natural geological systems
(McLennan, 1994).

1
i b
2

Ti represents the type of tetrad (i denotes the group of the tetrad).
When Ti=0, this represents no tetrad effect and all of the ele-
ments of the group are located on a straight line. Ti > 0 indicates
the tetrad effect in the elements of a group (Monecke et al., 2002).
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Geological setting

The study area is located 20 km north-west of Hashtjin, north-
west Iran (Fig. 2a). The Iranian plateau is considered to form
part of the Tertiary magmatic zone of Alborz-Azerbaijan
(Stocklin, 1977; Alavi, 1996). The oldest and youngest lithological
units are Carboniferous limestones and Quaternary sediments,
respectively. The red Lower Permian sandstones, as well as the
Upper Jurassic and Cretaceous deposits, crop out to the north-
east of Hashtjin. The Cenozoic deposits occur above an angular
unconformity lying over the Palaeozoic and Mesozoic sequences.
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Eocene volcanics and volcanoclastics were also emplaced discord-
antly across the underlying rock sequence and formed during the
main stage of Cenozoic hydrothermal activity in the area.
Oligocene volcanics and volcanoclastics were also deposited dis-
cordantly across the area (Fig. 2b).

Ignimbrite, trachyandesite and volcanoclastic deposits of
Eocene age have been severely altered and kaolin deposits
occur in some parts of the study area (Fig. 3a,b). Based on min-
eralogical and field evidence, the rocks have been affected by
argillic alteration with clay mineral assemblages consisting of
kaolinite, montmorillonite and palygorskite. The lack of pyro-
phyllite in this unit indicates that advanced-stage argillic alter-
ation was not reached (Guilbert & Park, 1986; Barnes, 1997;
Hedenquist et al., 2000). The massive silicified bodies are pre-
sent in argillic zones (Fig. 3b), breccia zones (Fig. 3a) and pyro-
clastic units. The kaolin deposit occurs in massive (Fig. 3a) and
vein (Fig. 3¢) forms.

In surface outcrops, iron oxides (Fig. 3a), Leisegang rings
(Fig. 3d) and abundant sulfides in some kaolin samples are com-
mon geological characteristics of these mineralizations. The
occurrence of kaolin veins and the intense alteration of ignim-
brite, tuff and trachyandesite along fault and fractured zones
(Fig. 3a,c) are suggestive of a hydrothermal origin. There is a
lack of any sedimentary ore-related textures such as residual,
massive and concretion textures. However, the presence of
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Iron oxide

Silicd

secondary iron oxides and hydroxides reveals the occurrence of
supergene processes in the area.

Due to the presence of pyrite in the volcanic parent rock and the
downward flow of fluids, strongly altered units contain extensive
Fe-oxide and oxy-hydroxide (goethite and hematite) precipitations.
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Fig. 3. Field photographs representing (a) a kaolin body with
coatings of iron oxide; (b) a silica layer formed within a band
of argillic alteration along a zone of hydrothermal breccia;
(c) kaolin formed in fractures and fault zones; and (d)
Leisegang structure in the alteration zone representing rhythmic
precipitations controlled by fissures and cracks.

Fig. 4. Photomicrographs of volcanic rocks from the north-west
Hashtjin area. (a) K-feldspar (Kfs) set in a glass matrix (Gls) (ppl).
(b) Augite (Aug), plagioclase (Pl) and pyrite (Py) crystals set in
glass (xpl). (c) Py crystals in ignimbrite (reflected light). (d)
Aug, Kfs and sericite (Ser), the latter of which formed from the
decomposition of the Kfs (xpl). (e) Aug and opaque mineral
(Py) set in glass. (f) Altered Pl phenocrysts embedded in a
glass matrix (xpl). ppl = plane-polarized light; xpl = cross-polar-
ized light)

Materials and methods

Extensive fieldwork, which included field observations, sampling
and geological mapping, was carried out in the study area.
Representative samples were selected for optical microscopy
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Fig. 5. (a,b) XRD traces of selected samples from fully
altered ignimbrites (kaolin) from the study area; kaoli-
nite (KIn), quartz (Qtz), cristobalite (Crs) and anatase
(Ant). (c-f) SEM photomicrographs representing the
existing minerals: (c,d) pseudohexagonal crystals of
Kln forming booklets; (ef) Kln and Si polymorphs,
probably cristobalite (Crs).
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Fig. 6. Paragenetic sequences of the ore and gangue minerals in
the Hashtjin area.

Table 1. Major oxide contents (wt.%) of the ignimbritic parent rock and the argillic samples of the north-west Hashtjin area using the ICP-MS method.

Ignimbrite  Weakly altered Weakly altered Semi-altered Semi-altered Fully altered Fully altered Semi-altered Fully altered Fully altered

Sample no. K00 Ko1 K02 Ko3 K04 K05 K06 Ko7 Ko8 K09
Sio, 54.5 69.4 68.9 69.3 67.2 82.0 95.8 71.6 80.8 79.4
ALO; 15.4 15.7 16.4 18.1 19.2 10.6 1.60 17.7 4.66 10.8
Fe,05 6.05 478 3.44 1.18 2.72 0.32 0.06 0.17 8.05 0.30
Ca0 4.75 0.17 0.22 0.19 0.22 0.12 0.11 0.18 0.17 0.17
Na,0 2.79 0.04 0.13 0.02 0.02 0.02 0.07 0.01 0.05 0.06
K,0 2.95 0.11 0.53 0.04 0.03 0.05 0.07 0.03 0.08 0.24
TiO, 0.76 0.63 0.60 0.55 0.73 0.86 1.00 1.08 0.9 0.81
MgO 2.44 0.12 0.46 0.04 0.02 0.01 0.01 0.02 0.04 0.02
MnO 0.12 0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
P,0s 0.21 0.07 0.20 0.21 0.20 0.03 0.02 0.03 0.09 0.51
Cr,03 0.01 0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.02
Sro 0.04 0.09 0.09 0.21 0.12 0.01 <0.01 <0.01 0.06 0.39
BaO 0.05 0.01 0.03 0.02 0.01 <0.01 <0.01 <0.01 0.02 0.05
(OM), X-ray diffraction (XRD), scanning electron microscopy  Alteration

(SEM) and inductively coupled plasma atomic emission and
mass spectrometry (ICP-AES and ICP-MS, respectively) analysis.
The mineralogy of the samples for partially altered and well-
kaolinized samples was determined by XRD with a Philips
PW1800 diffractometer (Cu-Ko radiation, 40 kV, 30 mA) in the
Kansaran Binaloud Laboratory. Representative samples were ana-
lysed in the ALS Chemex Laboratory, Canada, with ICP-AES and
ICP-MS used to determine the main, minor and trace elements,
as well as the REEs. Loss on ignition (LOI) values were determined
from the weight changes before and after the heating of samples at
1000°C for 1h. Mineral textures were observed by SEM using a
VEGA TESCAN-LMU and a FESEM MIRA3 TESCAN-XMU
instrument in the Razi Metallurgical Research Center, Iran.

Results and interpretations
Mineralogy

The mineralogy of the volcanic rocks in the study area typically consist
of K-feldspar phenocrysts set in a glass matrix (Fig. 4a) that were
altered to sericite (Fig. 4d,f). Needle-shaped plagioclase, augite, pyrite,
zircon and apatite are also present (Fig. 4b—e). Textures and elemental
analyses indicate that the rocks are ignimbrites with a trachyandesitic
composition (Masoumi, 2010). SiO, polymorphs (quartz and cristo-
balite) and kaolinite are the main mineral phases of alteration with
minor amounts of anatase as a common accessory phase (Fig. 5a,b).
Kaolinite occurs as well-crystallized pseudo-hexagonal crystals often
forming booklets (Fig. 5c—e). Spherical grains of cristobalite also
occur on kaolinite crystal surfaces (Fig. 5f).
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Based on field observations, petrographic examination and XRD
analyses, the volcanic rocks suffered two distinct episodes of
alteration: (1) hypogene and (2) supergene (Fig. 6). The hypogene
alteration may be divided into two stages: (1) early and (2) late.
The early stage involved sericitic or hydrolytic alterations accom-
panied by the formation of pyrite + sericite + quartz assemblages
disseminated within the host rocks (Fig. 4c,d,f). The late stage
comprised argillic alteration accompanied by the formation of a
kaolin + quartz assemblage occurring as veins/veinlets within the
host rocks. During hydrolytic alteration, fine-grained sericite origi-
nated from the dissolution of K-feldspars in the parent rocks dur-
ing the circulation of hydrothermal fluids. These acidic fluids
leached K*, Na*, Ca®" and SiOj from the feldspar minerals,
which led to the formation of sericite and secondary quartz.
Pyrite also occurs as fine to medium euhedral and subhedral grains,
together with primary quartz crystals.

Argillic alterations accompanied by silicification reactions are
common in the Hashtjin area. The argillic units were formed
from the decomposition of feldspars to produce clay minerals.
Even though there are no boreholes in the area, the outcrops of
argillic alteration are exposed in deep valley cuts down to 500 m
in depth in the northern part of the study area. The presence of
kaolinite in the deeper parts of the hypogene section is accompan-
ied by iron oxides and oxyhydroxides (goethite), which are not
present in more surficial parts of the alteration zone.

Silicification occurred in the form of veins, veinlets and mas-
sive silica precipitations. Silica veins were formed within pyro-
clastic units and included pyrite mineralization. In contrast,
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Fig. 7. The concentration values of major oxides in the argillic
units of north-west Hashtjin: (a) AlLOs, SiO, and Fe,0s;
(b) Ca0, Na,0, MgO, K,0 and P,0s.

massive silica bodies, referred to as silica ledges, formed by
silicification of the rock and are observed in various parts of
the area (Fig. 3b).

The XRD analyses of argillic alterations show kaolinite as the
main mineralogical phase, together with quartz, cristobalite and
anatase as minor constituents. The formation of kaolin from
the hydrolysis of aluminosilicates reflects the acidic nature of
the hydrothermal fluid (Montoya & Hemley, 1975). From a geo-
chemical point of view, the argillic alteration occurs at relatively
low pH levels, high water/rock ratios and when the fluid pH is
not in the range of Al mobility (Titley & Beane, 1981).

Progressive argillic alteration under acidic conditions is known
to form kaolinite-dickite—alunite assemblages, which result from
acid-sulfate waters due to the conversion of H,S into H,SO, in the
vadose zone (Ece et al., 2008; Pirajno, 2009). However, the lack of
alunite and dickite in the study area can be attributed to the low
H,S content of the hydrothermal fluid in the environment and
the relatively low formation temperature.

The presence of pseudomorphic goethite produced after pyrite
in surficial parts of the study area shows the occurrence of a par-
tial supergene zone overprinting the hydrothermal alteration.
During the supergene stage, Fe-sulfide minerals such as pyrite
reacted with oxygenated waters to produce reactive acid-sulfate
waters (Bigham & Nordstrom, 2000) that played an important
role in the alteration of the parent rocks. These supergene acidic
fluids led to further alteration and intensified the grade of kaoli-
nization in the parent rock.
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Samples

Geochemistry

Major and minor elements

Based on the varying degree of alteration and changes in colour, a
range of samples were selected for geochemical study. The inten-
sity of alteration was also determined based on XRD analysis and
petrographic evaluations. The pyroclastic host rock consists
mainly of SiO,, ALL,O; and Fe,O; (54.5, 15.0 and 6.05 wt.%,
respectively; Table 1). The altered samples are enriched in SiO,
and depleted in Al,O; and Fe,O; compared to the parent rocks
(73.9, 13.0 and 2.71 wt.% for SiO,, Al,O; and Fe,O; respectively;
Table 1, Fig. 7a). Alkali and alkaline earth element oxides (CaO,
Na,0, MgO and K,O) have been depleted in the altered rocks
compared to the host rock (Fig. 7b). The sum of TiO,, P,0s
and MnO in the host rock and argillic unit is ~1 wt.% of the
total major oxides (Table 1). The abundances of lithophile and
trace elements except for Sr, Zr, Ba and V in the studied samples
are <100 ppm (Table 2). Sr, Zr, Ba and V show higher concentra-
tions and are significantly enriched in the argillic zones compared
to the rock (Fig. 8a—c). The highly altered samples (K03 and K09)
have the highest concentrations of Sr. The Zr/Hf ratio range of
35.4-40.5 is comparable with that of the unaltered ignimbrite.
In addition, the Nb/Ta ratio ranges between 12.8 and 16.8.

REEs and Y
In the argillic samples, the total REE (XREE) values range between
15.6 and 316 ppm, and the highest values correspond to the
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Table 2. The REE and trace element concentrations (ppm) of the ignimbritic parent rock and the argillic samples of the north-west Hashtjin area using the ICP-MS

method.

Ignimbrite  Weakly altered Weakly altered Semi-altered Semi-altered Fully altered Fully altered Semi-altered Fully altered Fully altered
Sample no. K00 K01 K02 K03 K04 K05 K06 Ko7 K08 K09
La 24.1 27 393 29.8 374 20.8 29 11.8 27.2 89.1
Ce 48.6 50 74.8 56.1 72.2 353 5.8 20.1 33.2 138
Pr 5.4 53 8.04 7.23 8.32 3.26 0.61 1.99 3.19 12.05
Nd 20.1 18 28.7 333 323 9.9 2.1 6.5 10.4 355
Sm 4.04 2.7 5.43 7.11 6.22 1.9 0.38 177 2.04 5.36
Eu 11 0.53 1.35 1.32 1.73 0.23 0.05 0.29 0.43 1
Gd 14.7 17.2 17.7 27.6 19.3 11.8 2 185 27 30.7
Tb 0.69 0.39 1.18 0.73 0.88 0.33 0.08 0.48 0.23 0.46
Dy 3.93 2.68 8.46 3.49 4.03 1.87 0.51 331 1.59 1.76
Ho 0.82 0.57 1.92 0.67 0.64 0.36 0.11 0.74 0.38 0.29
Er 2.55 1.94 6.41 2.24 1.94 1.21 0.39 2.51 1.5 0.94
Tm 0.35 0.32 0.95 0.33 0.26 0.19 0.07 0.43 0.26 0.14
Yb 2.46 2.16 6.67 2.2 1.86 1.37 0.53 3.17 1.85 0.97
Lu 0.39 0.34 1.02 0.34 0.27 0.21 0.08 0.5 0.28 0.16
" 153 130 84 295 96 29 17 33 162 90
Cr 70 60 40 60 40 10 10 10 90 130
Cu 33 8 12 <5 <5 7 <5 <5 7 10
Zn 46 <5 26 <5 6 5 5 11 22 9
Y 22.7 14.8 56.8 17.5 16.4 10.9 3.6 20.4 11.7 6.2
Pb <5 <5 25 39 26 <5 <5 7 36 42
Sn 1 3 3 2 7 4 2 7 17 1
Tl <0.5 <0.5 <0.5 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Ga 14.7 17.2 17.7 27.6 19.3 11.8 2 185 27 30.7
W 5 6 4 3 4 4 2 3 2 2
Rb 93.6 7.3 19.2 3.9 3 7.7 12 4 6.2 8.5
Sr 312 699 681 1595 961 120.5 323 321 477 2990
Cs 1.5 1.21 1.81 1.87 1.54 4.66 6.42 4.25 3.03 3.76
Ba 429 99.8 217 178 134 43.5 38.8 279 154.5 468
Zr 206 300 319 288 372 449 216 675 291 224
Nb 13.8 22.5 24 22.4 27.6 373 37 60.5 21.7 19
Hf 5.1 7.4 8.3 7.6 9.6 11.6 6.1 17.3 73 5.9
Th 8.35 13.6 16.6 12.7 18.5 14.75 4.05 26.1 21.5 26.6
U 2.09 3.08 341 2.58 3.54 5.02 1.58 4.67 6.98 3.6
Ta 1 1.7 1.8 1.7 2 2.7 2.2 3.7 1.7 1.3
LOI 8.64 7.05 7.25 8.21 8.25 5.46 177 7.55 4.55 6.23
Total 98.7 98.2 98.3 98.1 98.7 99.5 100.5 98.4 99.5 99

intensely altered samples (K06 and K09) (Table 2). The light REEs
(LREEs; La, Ce, Pr, Nd, Sm, Eu and Gd) are significantly enriched
compared to their heavy REE (HREE) counterparts (T, Dy, Ho,
Er, Tm, Yb and Lu) (Fig. 9a,b). The ZREE in the ignimbritic par-
ent rock is 129 ppm, whereas the averages of the LREEs and
HREEs in this unit are 11.2 and 119 ppm, respectively.

The chondrite-normalized REE patterns of the altered samples
and pyroclastic parent rock display fractionation of LREEs over
the HREESs and a negative Eu anomaly (Fig. 9a,b). The parameters
used to evaluate REE fractionation are (Rollinson, 1993):

(La/Yb)N = ((LaSample /LaChondrite )/ (YbSample /YbChondrite ))

(LREE/HREE)y
= ( (LREE/HREE)Sample )/ ( (LREE/HREEChondrite ) )

The (La/Yb)y in the altered samples ranges from 2.5 to 62.1
(6.6 in the parent rock) and the (LREE/HREE)y values range
between 2.0 and 20.8 (3.6 in the parent rock). In addition, the
La/Lu values of the altered samples increase considerably relative
to the parent rock (Fig. 9b), suggesting that the LREE content
increases in the fully altered samples, while the HREE content
remains constant in these samples. Finally, the Y/Ho ratio in
the argillic samples varies between 21.4 and 32.7 (28.0 in the

https://doi.org/10.1180/cIm.2020.21 Published online by Cambridge University Press

host ignimbrite) (Fig. 10), with the lowest values of this ratio cor-
responding to the intensely altered samples. The Ce and Eu
anomalies were estimated using the approaches of Taylor &
McLenan (1985) and Bau & Dulski (1996).

Eu/Eu* = (Bun)/+/((Smy) x (Gdn)) (Taylor & McLenan, 1985)

Ce/Ce* = (Ce/(0.5La + 0.5Pr))y (Bau & Dulski, 1996)

The Ce anomaly in the altered samples varies between 0.71
and 0.98 (0.96 in the host ignimbrites), and the Eu anomaly
ranges from 0.15 to 0.48 (0.43 in the host ignimbrites).

Discussion
Types of alteration contributing to kaolinization

Three main indicators have been used to determine the type of alter-
ation responsible for kaolinization of the lithological units of the study
area. TiO, was considered as the first geochemical indicator to esti-
mate the origin of the fluids. The investigations conducted revealed
that TiO, contents of <1 wt.% represent the hypogene kaolin and
TiO, contents of >1 wt.% represent a supergene origin of the fluids
(Maiza et al., 2003). With respect to the TiO, values of the studied
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Fig. 8. The concentration values of trace elements in the argillic units of north-west Hashtjin: (a) V and Ba; (b) Zr and Sr; (c) Rb, Th, U, Ga, Nb and Hf.

samples obtained (0.55-1.10 wt.%) (Table 1), both hypogene and
supergene fluids have clearly affected the kaolinization of the ignim-
britic parent rock in the area.

Br + Srand Ce + Y + La concentrations also provide information
on the nature of the fluid-rock interactions giving rise to the studied
kaolin deposits. The binary plot of Br + Sr vs Ce + Y + La for the ana-
lysed samples reveals the effects of both supergene and hypogene
fluids in the formation of the studied kaolins (Fig. 11a). The high
values of Br + Sr are related to hypogene kaolin deposits, whereas
Ce +Y + La contents indicate a supergene origin (Dill et al., 1997).

The third characteristic used in this study is represented by the
concentrations of Ti+ Fe and Ce + Nb, whereby high contents
also support a supergene origin (Dill et al., 1997). The Ti+ Fe
vs Ce+ Nb plot for the studied samples also confirms the role
of both hypogene and supergene fluids in the formation of the
studied kaolin samples (Fig. 11b).

Fluid-rock interactions and REE patterns

Figure 9 displays the REE patterns of argillic samples and the host
rock of the study area normalized to the chondrite composition
(Anders & Grevesse, 1989). The parent pyroclastic rock is
enriched in LREEs and has a La/Lu ratio of 5.1, whereas, in the
argillic unit, an enrichment of LREEs relative to HREEs is
observed, with a La/Lu ratio of 2.2-27.6 and a tetrad effect of
Ts and T,
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The fractionation of LREEs from HREEs in the altered samples
is known to occur in acidic pH, especially at the pH ranges below
5.1 (Leybourne et al., 2006). In general, REEs form complexes
with SO at low pH. The (La/Yb)y and (LREE/HREE)y values
of the pyroclastics in the study area suggest that the pH of the
hydrothermal fluids varied due to the presence of SO3~ produced
by hypogene processes, and these changes might be considered as
a reason for the fractionation of the REEs. The REE ions, except
for Ce and Eu, are stable in their trivalent states, and thus they
have similar physicochemical characteristics. Additional oxidation
states are possible for Ce and Eu (Rollinson, 1993), which may
affect their fractionation ratios. Eu can appear as Eu’*, which
replaces Ca®" in plagioclase or can be oxidized to Eu’* during
alteration at low temperatures (e.g. ~100°C) in an oxidizing envir-
onment (Sverjensky, 1984). In addition, the relatively negative Eu
anomaly (0.15-0.48) in the altered pyroclastics of the Hashtjin
area may represent fractional crystallization of the magma and
separation of plagioclase (Lackschewitz et al, 2000). Cerium
may also appear as Ce**, and the fractionation of this element
depends on the redox conditions. Ce*" is less mobile than the
remaining REE>", causing a Ce anomaly during the REE*" parti-
tioning between fluid and solid. A negative Ce anomaly has been
observed in authigenic clays, hydrothermal deposits, nanofossil
ooze and fish debris (Plank & Langmuir, 1998; Picard et al.,
2002; Moiroud et al., 2016). In the present study, the weak nega-
tive Ce anomaly (0.72-1.00) in the argillic samples of the Hashtjin
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area is probably related to supergene alteration. The high coeffi-
cient of determination between Eu/Eu* and Mn and between
Ce/Ce* and Mn (r*=1) suggests that these elements are con-
trolled by Mn-oxide minerals formed under oxidizing conditions
(Amakawa, 1991; Bau et al., 2014).

The parent volcanic rocks of the Hashtjin area have Y/Ho
ratios that are comparable to chondrite and show CHARAC
behaviour. In contrast, the Y/Ho ratios of samples affected by
argillic alteration show weak non-chondrite behaviour of REEs
(Fig. 12). The altered samples plot out of the CHARAC area
and towards the field of hydrothermal fluids in the plot of
Y/Ho vs Zr/Hf (Fig. 12), suggesting the interaction of fluids and
volcanic rocks. The adsorption of Ho by Mn-oxides and the frac-
tionation of Y and Ho during the alteration probably caused the
weak non-chondrite behaviour of the Y/Ho ratio. This behaviour
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Tb Dy Ho Er Tm Yb Lu

Fig. 9. Chondrite-normalized REE patterns (Anders &
Grevesse, 1989): (a) from the parent rock of north-west
Hashtjin argillic alterations; (b) from argillic alterations
of north-west Hashtjin.

is consistent with the high coefficient of determination of Ho with
MnO (* = 0.96) in ten of the samples.

The tetrad effect

Table 3 displays the calculated values of T3 and T, for the parent
rock and the altered samples in the study area. Figure 13a—e shows
chondrite-normalized REE diagrams for the volcanoclastic parent
rock and the semi-altered and fully altered argillic (kaolin)
samples. The third and fourth tetrad effects are observable in
the parent rock and the third tetrad has the form of a W-type
tetrad (Fig. 14a), which is attributed to a positive Gd anomaly.
Gd and Tb positive anomalies are commonly observed in sea-
waters (De Baar et al., 1985) and are related to the fractionation
of Gd/Tb due to the change of the f4 half-filled electron shell
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(De Baar et al., 1985). It is probable that the emplacement of pyr-
oclastics in a marine environment and the interaction with sea-
water gave rise to the Gd anomaly. This explains the occurrence
of the tetrad effect in the ignimbritic parent rock, which was sub-
sequently enhanced by hypogene hydrothermal alteration.

The altered samples show a W-type effect in the third tetrad
(Fig 13b-e). In the W-type tetrad, the Dy and Yb appear in des-
cending order, whereas Er appears in the ascending trend
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Ce + Nb (ppm)

(Masuda et al., 1987). The values of the third and fourth tetrads
are 0.01-0.50 and 0.01-2.90, respectively. Comparing the tetrad
effects between the fully altered sample (K06) and parent ignim-
brite (Fig. 14) indicates that the hydrothermal alteration of the
parent rock gives rise to more pronounced fourth tetrad effects.
The wide range of tetrad effects may result from surface weather-
ing (Masuda & Akagi, 1989; Mioduski, 1997). The presence of
good correlation between the sizes of the tetrads and the intensity
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Table 3. The calculated values of Y/Ho, Zr/Hf, LREE/HREE, La/Yby, Eu*, Ce*, La/Lu*, T3 and T, for the studied samples.

Ignimbrite  Weakly altered Weakly altered Semi-altered Semi-altered Fully altered Fully altered Semi-altered Fully altered Fully altered

Sample no. Koo Ko1 K02 K03 K04 K05 K06 Ko7 K08 K09
Y/Ho 27.68 25.96 29.58 26.12 25.63 30.28 32.73 27.57 30.79 21.38
Zr/Hf 40.39 40.54 38.43 37.89 38.75 38.71 35.41 39.02 39.86 37.97
LREE/HREE 3.14 4.14 191 4.97 5.38 431 2.20 177 533 17.72
La/Yby 3.14 6.78 3.20 7.35 10.91 8.24 2.97 2.02 7.97 49.82
Eu* 0.43 0.24 0.42 0.28 0.48 0.15 0.17 0.15 0.18 0.24
Ce* 0.99 0.95 0.96 0.90 0.95 0.93 1.00 0.92 0.72 0.89
La/Lu* 5.09 9.21 27.64 9.21 7.32 5.69 2.17 13.55 7.59 4.34
Ts 0.01 0.01 0.00 0.01 0.01 0.03 0.57 0.01 0.01 0.01
T4 0.08 0.13 0.01 0.11 0.15 0.33 2.93 0.07 0.21 0.53

of alteration (Fig. 14) also suggests that this may have occurred
due to the interaction of hydrothermal fluids with the parent rock.

The origin of the tetrad effect in the argillic pyroclastics of the
Hashtjin area

The extensive argillic alteration zones in the pyroclastics of the
Hashtjin area are attributed to the circulation of acid sulfate-rich
fluids, which originated as hydrothermal fluids in the hypogene
zone and were subsequently overprinted with the oxidation of
pyrite in the supergene zone. From a geochemical point of
view, the argillic alteration occurred under relatively low-pH con-
ditions and high water/rock ratios (Titley & Beane, 1981). Such
alteration is usually developed when the fluid pH is not in the
range of Al mobility, with kaolinite precipitation in the argillic
zone indicating that the pH decreased to ~4.5 under supergene
conditions (Dill et al., 2015).

These acid fluids altered the aluminosilicate minerals of the
precursor rocks. In brittle and fractured zones, the advanced argil-
lic alteration formed white kaolin bodies (Fig. 3c). The weak
W-type tetrad effect in the chondrite-normalized samples prob-
ably resulted from posterior hydrothermal activity (Monecke
et al., 2007). The intensity of the T, effect was enhanced with
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the increasing degree of alteration at higher water/rock ratios in
the supergene zone.

The weak non-chondrite behaviour of Y and Ho in the
altered samples and the lack of a good correlation between T,
and T,, as well as the low Y/Ho ratio, imply that the weak frac-
tionation of Y from Ho probably occurred under supergene con-
ditions. The variation in the Y/Ho ratio (21.4-32.7) in the
alteration zone indicates that this ratio lies near the CHARAC
field (Bau, 1996).

The evaluation of chondrite-normalized patterns indicates a
weak tetrad effect in the logarithmic diagram (Fig. 12).
Geochemical processes such as adsorption, fractionation of min-
eral phases, fluid-rock interactions and REE complexation are the
most important factors controlling the tetrad effects in geochem-
ical systems (Bau, 1996; Censi et al., 2007). During hydrothermal
alteration, HREEs may be leached and removed by acidic fluids
due to the decomposition of HREE-bearing mineral phases
(Takahashi et al., 2004). During the interaction of acidic solutions
with the host rock, ligands such as SOF” and Cl™ are consumed
because of the increase in the pH of the solution. Hence, highly
acidic hydrothermal fluids are considered to generate large tetrad
effect values (Abedini et al, 2020). Such solutions probably pro-
duced the intermediate argillic alterations observed in the
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Hashtjin area, as is supported by the formation of kaolinite and
goethite-bearing assemblages (Dill et al., 2015).

The fractionation of Eu with a tetrad effect from the remaining
elements of the group (Sm and Gd) would lead to the reduction of
any Eu anomalies (Feng, 2010), and the projection of T3 and Ty vs
Eu/Eu* (Fig. 15a,b) shows that this ratio increased only slightly
with the increase of the tetrad effect. On the other hand, the
weak correlation between T; and Ce/Ce* in the altered samples
is associated with the behaviour of Ce, with a weak anomaly
reflecting the redox conditions of hypogene fluids during forma-
tion that can be attributed to relatively low oxygen fugacity con-
ditions (Cravero et al., 2001).

Conclusions

This study of the argillic alteration in the north-west Hashtjin area
in north-west Iran led to the following conclusions:

o The pyroclastic precursor rocks (ignimbrites) have been affected
by intense hydrothermal and supergene alterations, which have
caused noticeable variation in the concentrations of chemical
elements. The high SiO, contents in the altered units represent
secondary silicification processes that occurred after argillic
alteration and kaolinization.

o The CaO, Na,O, MgO and K,O were considerably depleted
during alteration and therefore are considered to have been
mobile. In contrast, Sr, Zr and Ba were significantly less mobile
and enriched compared with the ignimbritic parent rock.

o The chondrite-normalized REE patterns show an enrichment of
LREEs over HREEs. The (La/Yb)y values and LREE/HREE
ratios of the altered samples are considerably higher compared
to the original ignimbrites, suggesting fractionation between
LREEs and HREEs.

o The values obtained for Eu/Eu* and Ce/Ce* in the argillic units
indicate a weak negative Ce anomaly, attributed to the circula-
tion of oxidizing acidic hydrothermal fluids and a negative Eu
anomaly probably related to leaching of Eu from plagioclase
during the hydrothermal alteration.

o The kaolinized samples have similar Y/Ho variation patterns,
whereas the parent rock shows various ratios and only weak
non-CHARAC behaviour. On the other hand, the Y/Ho and
Zr/Hf ratios of the kaolinized samples plot towards the hydro-
thermal fluid area of the Y/Ho-Zr/Hf discrimination diagram.
The weak non-chondrite behaviour of the Y/Ho ratio is
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Fig. 15. Binary plots showing Eu/Eu* vs (a) Ts and

T4 (b) Ta.

probably related to the fractionation of Y and Ho during the
supergene process and adsorption of Ho by Mn-oxides.

o Type T; and T, tetrads are present in the studied samples. The
observed fourth tetrad might represent a W-type third tetrad.
The generated tetrad in T; might be due to the high positive
anomaly of Gd in the studied samples.

o The W-type tetrad effect produced is attributed to water-rock
interactions under the influence of hydrothermal activity.
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