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Abstract

1. Introduction

The mobility, distribution, and fractionation of rare earth 
elements (REE) during alteration processes in different 
environments have been documented by several researchers 
and have been used to determine the chemistry of solutions 
responsible for alteration and mineralization (Dill et al., 
1997; Galan et al., 1998; El-Hasan et al., 2008; El-Hasan and 
Al-Malabeh, 2008; Parsapoor et al., 2009; Karakaya, 2009; 
Cravero et al., 2010; Karakaya et al., 2012; Grecco et al., 
2012; Siahcheshm et al., 2014; Ercan et al., 2016; Al Smadi 
et al., 2018; Abedini et al., 2020; Kadir et al., 2022; Abd El-
Moghny et al., 2022; Garofalo et al., 2023). The REE mobility 
is significantly controlled by the availability of complexing 
ions, such as F–, Cl–, CO3

–2, PO4
3–, and SO4

2–, low pH, and 
high rock/fluid ratios as well (Wood, 1990; Haas et al., 1995; 
Fulignati et al., 1999; Seewald et al., 2019). In addition, many 
studies that focused on pertaining the significance of REE for 
exploration have been used (Qi-Cong and Cong-Qiang, 2002; 
Weimin et al., 2003; Abedini and Calagari, 2012; Tassongwa 
et al., 2017; Apollaro et al., 2023). Based on these researches, 
the ore bodies prospective for metal mineralization might 
have a distinctive REE signature and, therefore, they may 
have some applications for exploration (Dill et al., 2015). It 

suggests that REE behavior in a hydrothermal environment 
is complex and no simple rules can address the mobility 
and fractionation of REE during hydrothermal processes 
(Parsapoor et al., 2009; Rezaei Azizi et al., 2018a, b).

It is believed that the Alborz–Azarbaidjan Mountains and 
magmatic events in the northwestern part of Iran are a result 
of the collision of the Gondwana and Arabian Plate with the 
Eurasian Plate during the late Cretaceous–early Paleogene. 
This phenomenon causes the development of an extensional 
basin in the northwestern part of Iran (Mollai et al., 2014; 
Simmonds et al., 2015; Abedini et al., 2018; Ghasemi Siani 
and Lentz, 2022). The Cenozoic Ahar– Arasbaran volcanic 
belt (hereafter AHAVB) in northwestern Iran includes 
numerous ore deposits and different mineralization types, 
such as porphyry, Cu–Fe skarn, and epithermal deposits 
(e.g. Mollai et al., 2014; Jamali and Mehrabi, 2015). The 
AHAVB, about 100 km wide, extends from NW Iran to 
Armenia and the eastern Pontide arc in NE Turkey (Jamali 
et al., 2010). In the last two decades, a lot of research has 
been carried out on these deposits and their related alteration 
zones (among others: Simmons et al., 2015; Abedini, 2017; 
Abedini et al., 2020). However, geochemical characteristics 
of hydrothermal alterations, especially argillic alteration, 
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The emplacement of Oligocene tonalitic, granodiorite, and quartz diorite suites into Cretaceous andesitic rocks causes the 
generation of an argillic alteration zone in the northeast of the Kharvana area. No detailed geochemical consideration of 
the argillic alteration zone has been carried out. In this research, factors controlling the mobility and concentration of rare 
earth elements (REE) in this alteration zone are determined by different geochemical techniques. The mineralogical and 
geochemical characteristics of the argillic alteration zone were examined by X-ray diffractometer and Inductively Coupled 
Plasma-Atomic Emission Spectrometry (ICP–AES) and Inductively Coupled Plasma-Mass Spectrometry (ICP–MS), 
respectively. Based on mineralogical analyses, quartz, kaolinite, alunite, pyrophyllite, muscovite–illite, rutile, chlorite, 
jarosite, hematite, goethite, and pyrite are the dominant mineral phases in the Kharvan argillic alteration zone. Chondrite-
normalized REE spider diagrams indicate fractionation and enrichment of LREE from HREE, along with Eu and Ce negative 
anomalies during the development of the argillic alteration zone. Taking into account Al as an immobile monitor element, 
argillization of andesite rocks was accompanied by leaching and fixation of REE. Whereas, among the lanthanides, Ce 
displays a decrease in the content of all the argillic samples. Combining the results obtained from mass change calculations 
and geochemical parameters, such as (ΣLREE/ΣHREE)N and (La/Yb)N ratios, shows that the distribution of lanthanides 
during the development of the argillic alteration zone is controlled by a number of factors, including changes in pH and redox 
potential of environment, the difference in the degree of destabilization of lanthanide complexes, adsorption, scavenging by 
metallic oxides and hydroxides, and isomorphic substitution.  
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2. Geological Setting of the Study Area

have not been much studied. In the northeast of the Kharvana 
city of the AHAVB, the emplacement of Oligocene intrusive 
rocks into Cretaceous volcanic rocks causes the generation 
and development of large-scale hydrothermal alterations 
(Jamali et al., 2010). The main hydrothermal alteration is the 
argillic alteration zone. The main goals of this study are to 
provide comprehensive information on factors controlling 
the mobility and concentration of REE and Eu and Ce 
anomalies during the development of the argillic alteration 
zone in the northeast of the Kharvana.

According to the geological zones of Iran of Nabavi 
(1976), the study area is within the Alborz–Azarbaidjan 
structural zone (Figure 1). The oldest rock units are 
Cretaceous in age, from the oldest to the youngest, including 
andesite, limestone, and crystalline tuff interlayered with 
thin-bedded limestone. The Cenozoic lithological sequence 
includes Paleocence marl, shale, and limestone, Oligocene 
diorite, gabbro diorite, tonalite, granodiorite, and quartz 
diorite (Figure 2). Quaternary alluvial sediments are the 
youngest rock units in the Kharvana area.

The emplacement of Oligocene tonalite, granodiorite, 
and quartz diorite plutons into Cretaceous andesitic rocks 
is associated with the development of large-scale argillic 
alteration zone (Jamali et al., 2010) (Figure 3a, b). Moreover, 
Cu–Fe skarn deposits are interpreted to have formed in the 
contact of the aforementioned intrusive suites and Cretaceous 
carbonate rocks. Coarse crystals of garnet, along with 
magnetite and chalcopyrite are observed in hand specimens 
of skarn samples.

Field surveys show that siliceous masses are developed 
on the argillic alteration zone. The occurrence of faults in 
the place where siliceous masses outcropped is indicative of 
Si leaching from the argillic alteration zone by hydrothermal 
fluids. Fe-bearing minerals, such as hematite, limonite, and 
jarosite, are also observed in the argillic alteration zone. The 
existence of chalcopyrite, pyrite, malachite, azurite, gypsum, 
anhydrite, and barite mineralizations as veins, veinlets, and 
breccia is other obvious geological characteristics of the 
argillic alteration zone in the northeast of the Kharvana area.

 Figure 1. Zonal subdivisions of Iran (Nabavi, 1976); inset shows the 
location of the Kharvana area within the Alborz–Azerbaijan zone.

 Figure 2. Simplified geological map showing lithological units and 
the distribution of argillic alteration zone for the northeast of the 

Kharvana area.

 Figure 3. (a, b) The development of argillic alteration zone related 
to the andesitic rocks in the northeast of the Kharvana area (looking 

to the south).
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In this study, 12 representative samples were collected 
from different rock units. Microscopic studies of andesitic 
rocks were studied using an Olympus BX60F5 optical 
microscope at the Department of Geology of Urmia 
University, Iran. Mineralogical compositions of 10 argillic 
samples were obtained at the Geological Survey of Iran, 
Tehran by X-ray diffraction (XRD) with a Siemens 
D5000 X-ray diffractometer with the following operating 
conditions: Cu-Kα radiation at an accelerating voltage of 40 
kV and a beam current of 40 mA, scanning speed of 2° per 
minute, and scan range of 2°–70°. Whole-rock geochemical 
analysis of all 12 samples (10 samples from the argillic 

Microscopic observations show that the andesite rocks 
related to the argillic alteration zone have a porphyritic 
texture, in which phenocrysts are present in a fine-grained 
matrix. Plagioclase, pyroxene, and hornblende with up 
to 5 mm in the longest dimension are the most frequent 

alteration zone and 2 samples from the least-altered andesitic 
rocks) was carried out at the Activation Laboratories Ltd. 
(ALS Chemex, Vancouver, Canada). Major oxides and trace 
elements were analyzed by Inductively Coupled Plasma-
Atomic Emission Spectrometry (ICP–AES) and Inductively 
Coupled Plasma-Mass Spectrometry (ICP–MS) respectively. 
The loss-on-ignition (LOI) was obtained by weight 
difference after ignition at 950 °C in a muffle furnace for 90 
minutes. Results of geochemical analysis and LOI contents 
of samples from the argillic alteration zone and the least-
altered volcanic rocks of the northeast of the Kharvana area 
are given in Table 1.

Geochemical parameters, such as (ΣLREE/ΣHREE)N 
and (La/Yb)N ratios, are representative of the fractionation of 
REE during argillization of the andesitic rocks in the study 
area, where LREE and HREE are of La–Eu and Gd–Lu 
respectively. The Eu and Ce anomalies are calculated by the 
following equations of Taylor and McLennan (1985), where 
the subscript “N” indicates values normalized to chondrite.

Eu/Eu* = EuN/(SmN × GdN)1/2
   

Ce/Ce* = 2CeN/(LaN + PrN)

phenocrysts of these rocks. Sometimes, these phenocrysts 
are altered into a series of clay minerals, chlorite, epidote, 
and sericite. Pyrite is the most important metal mineral 
present in these rocks. This mineral is observed as euhedral 
to subhedral crystals in the matrix.

According to PXRD analysis, quartz, kaolinite, and 
pyrophyllite are the main mineral assemblage of all the 
studied samples from the argillic alteration zone (Figure 4a, 
b). However, alunite, hematite, jarosite, goethite, muscovite–
illite, rutile, pyrite, and chlorite are present at minor 
contents in the studied samples (Figure 4, b). The existence 
of pyrophyllite, alunite, jarosite, and rutile minerals shows 
that Cretaceous andesitic and andesitic–basaltic rocks have 
experienced an advanced argillic alteration, and the activity 
of sulfate ions in solutions responsible for alteration was 
high.

 3. Sampling and Analytical Method

4. Results and Discussion

Table 1. Chemical analysis of major oxides and REE from the argillic alteration and the least-altered andesitic samples of the northeast of 
the Kharvana area, northwestern Iran.

Abbreviations: DL = detection limit, LOI = loss-on-ignition. 
Eu/Eu* = EuN/(SmN × GdN)1/2; Ce/Ce* = 2CeN/(LaN + PrN); (La/Yb)N = (La/Yb)samples/(La/Yb)chondrite; (ƩLREE/ƩHREE)N = (ƩLREE/ƩHREE)samples/(ƩLREE/
ƩHREE)chondrite, where the subscript “N” refers to normalized values to chondrite (Taylor and McLennan, 1985).
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   Mineralogical studies show that the major minerals 
present in veins and veinlets of the argillic alteration zone 
are chalcopyrite, pyrite, malachite, azurite, and iron oxides 
and hydroxides, such as goethite, hematite, and limonite 
(Figure 5a–d). In microscopic sections, chalcopyrite shows 
no regular geometric shape (Figure 5a), but pyrite occurs as 

So far, many methods have been presented for the 
calculation of mass changes of elements during alteration 
and/or weathering processes by different researchers. The 
most important methods are volume factor (Gresens, 1967), 
absolute weathering index (Nesbitt, 1979), isocon analysis 
(Grant, 1986), immobile elements (Brimhall and Dietrich, 
1987; MacLean and Kranidiotis, 1987), percentage of changes 
in elemental ratios (Nesbitt, 1979; Nesbitt and Markovics, 
1997), mobility index (Ng et al., 2001), chemical depletion 

euhedral to subhedral crystals (Figure 5d) that are strongly 
tectonized. Hematite is observed as elongated crystals (Figure 
5c). Sometimes, chalcopyrite is replaced by goethite during 
supergene processes (Figure 5b). Malachite and azurite 
accompanied with goethite are green and bluerespectively.

fraction, and immobile plateau (Gong et al., 2011). In general, 
the calculation of mass change in these methods is similar 
to each other. However, the determination of immobile 
element(s) for the calculation of mass change is regarded as 
a key factor. Trace elements, such as Al (Duzgoren-Aydin 
et al., 2002) and Ti (Siahcheshm et al., 2014), are considered 
immobile elements during hydrothermal alteration 
processes. These trace elements have relatively high field 
strengths with restricted dissolution degrees in water (Little 

 Figure 4. Photomicrographs of mineral phases in mineralized veins/veinlets from the Kharvana area. (a) Subhedral chalcopyrite crystal; (b) 
goethite in the rim of chalcopyrite; (c) elongated crystals of hematite; and (d) eudedral to subhedral pyrite. All photos are in reflected light. 

Abbreviations: Ccp = chalcopyrite; Goe= goethite, Hem = hematite, Py = pyrite.

 Figure 5. Powder-XRD patterns of the two-argillic samples from the Kharvana area. Abbreviations: Alu = alunite, Chl = chlorite, Goe = 
goethite, Hem = hematite, Jar = jarosite, Kln = kaolinite, Ms–Ill = muscovite–illite, Py = pyrite, Pyl = pyrophyllite, Qz = quartz, Rt = rutile.
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 Figure 6. Mass changes of REE for the argillic alteration samples of 
the northeast of the Kharvana area.

and Aeolus, 2006). In this study, taking into account Al as a 
less-mobile element during the argillization of the andesitic 
rocks, the degree of mobility of REE was calculated by the 
following equation of Nesbitt (1979):

Change = [(X/Al)argillic sample/(X/Al)andesite] – 1 × 100%

where X is the concentration of the selected element.

Accordingly, negative and positive values indicate a 
loss and gain in the mass of REE during argillization of the 
andesite rocks respectively. The resultant results are given 
in Table 2 and shown in Figure 6. Among the lanthanides, 
only Ce shows a mass loss, and the rest of the lanthanides 
show both depletion and enrichment during the formation 
and evolution of the argillic alteration zone.

Generally, low and high pH of the environment causes 
the leaching and precipitation of REE in alteration systems 
respectively (Patino et al., 2003). Based on mass changes of 
REE for the argillic alteration samples in Figure 6, except 
for Ce, which is depleted in all the samples, the behavior of 
lanthanides depends on the change of pH of solutions during 
argillization processes. Mass changes of REE show that 
REE in the argillic alteration samples developed near faults 
are leached, due to the low pH of alteration fluids. They 
are subsequently concentrated and enriched far away from 
faults, due to the decrease of temperature and high pH of 
alteration fluids.

Several minerals, such as kaolinite, Fe and Mn oxides and 
hydroxides, and secondary phosphates, are introduced as the 
main hosts of REE in alteration products (Höhn et al., 2014). 
Among the lanthanides, there are strong positive correlations 
among HREE (r = 0.94–0.99) compared to LREE (r = 0.63–
0.99). The positive correlation between Al2O3 and REE (r 
= 0.93) (Figure 7a) probably represents the remarkable role 
of clays, especially kaolinite, in the distribution of REE. In 
addition, moderate positive correlations between REE and 
Fe2O3 (r = 0.73) (Figure 7b), TiO2 (r = 0.69) (Figure 7c), and 
K2O (r = 0.71) (Figure 7d) indicate that hematite and goethite, 
along with rutile, muscovite–illite, and jarosite possibly are 
other minerals controlling the distribution of lanthanides 
in the Kharvana alteration system. In the end, it can be 
concluded that factors, such as adsorption, scavenging, 
and isomorphic substitution, have important roles in the 
distribution and fractionation of REE in the Kharvana 
argillic alteration zone.

 Figure 7. Bivariate diagrams of (a) Al2O3–REE, (b) Fe2O3–REE, (c) TiO2–REE, and (d) K2O–REE for the studied samples from the 
argillic alteration zone.
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 Figure 8. Chondrite-normalized REE spider patterns for the least-
altered andesitic and argillic alteration samples.

Chondrite-normalized REE spider diagrams in Figure 8 
indicate fractionation and weak enrichment of LREE relative 
to HREE during the development of the argillic alteration 
zone. REE patterns for the andesitic rocks are almost similar 
to the argillic alteration samples, except for Ce anomaly that 
shows a significant negative anomaly in most of the argillic 
alteration samples. The ratios of (ΣLREE/ΣHREE)N and (La/
Yb)N in the argillic alteration samples are within the range 
of 2.44–4.74 and 5.43–11.70 respectively. These ratios in the 
andesitic samples are from 3.53 to 3.99 for (ΣLREE/ΣHREE)

N and 8.62 to 9.34 for (La/Yb)N. These ratios show both an 
increase and decrease in content for the argillic alteration 
samples compared to the andesitic rocks, representing 
fractionation of LREE from HREE during the development 
of the argillic alteration zone in the study area. It is thought 
that fractionation of LREE from HREE during alteration 
processes depends on environmental pH. As a whole, LREE 
and HREE tend to be mobilized during acidic and alkalic 
pH respectively (Patino et al., 2003).  The (ΣLREE/ΣHREE)

N and (La/Yb)N decreasing trend in the argillic alteration 
samples at the contact of faults can be attributed to the low 
pH of hydrothermal fluids, as stated previously by Patino et 
al. (2003). The (ΣLREE/ΣHREE)N and (La/Yb)N increasing 
trend in the argillic alteration samples occurs far away from 
faults, due to the high pH of hydrothermal fluids. As a 
result, it seems that decreasing temperature and increasing 
pH of hydrothermal fluids, along with the destabilization of 
lanthanide complexes played important roles in an increase 
of (ΣLREE/ΣHREE)N and (La/Yb)N ratios in the Kharvana 
argillic alteration zone. In the end, it can be deduced that 
changes in the chemistry of solutions responsible for the 
alteration, such as a change in Eh and pH, and the difference 
in the degree of destabilization of lanthanide complexes are 
efficient parameters in REE distribution patterns during the 
development of the Kharvana argillic system.

high temperatures (e.g. Erkoyun and Kadir, 2011; Kadir 
et al., 2014), and negative Ce anomaly is indicative of a 
decrease in oxygen fugacity during the generation of argillic 
alteration zone in the Kharvana area (Burnham and Berry, 
2014; Mondillo et al., 2016).

The Eu and Ce anomalies in the argillic alteration samples 
are within the range of 0.59–0.86 and 0.63–0.78 respectively. 
These ratios in the andesitic samples are from 0.83 to 0.88 for 
Eu/Eu* and 1.02 to 1.03 for Ce/Ce*. The comparison of Eu 
and Ce anomalies between the argillic alteration samples and 
the least-altered andesitic samples from the northeast of the 
Kharvana area reveals that the argillization process of the 
andesites is accompanied by Eu and Ce negative anomalies. 
Negative Eu anomaly is attributed to the decomposition of 
plagioclase and hornblende of the andesitic rock at relatively 

The most important conclusions of this study are as 
follows:

The project was supported by the Bureau of Research 
Affairs of Urmia University, to which we are grateful. The 
authors acknowledge Prof. Eid Al-Tarazi, the Editor-in-
Chief, and two anonymous reviewers for their insightful 
comments which helped to greatly improve the manuscript.

1- The presence of pyrophyllite, alunite, jarosite, and rutile 
minerals shows that the Cretaceous volcanic rocks have 
undergone advanced argillic alteration, and the activity 
of sulfate ion in solutions responsible for alteration was 
high.

2- Changes in pH and Eh of solutions responsible for 
alteration, along with the difference in the degree of 
destabilization of lanthanide complexes, adsorption, 
scavenging, and isomorphic substitution are the main 
factors controlling the distribution of REE in the argillic 
alteration system. 

3- Accessory mineral phases, such as muscovite–illite, 
jarosite, hematite, goethite, and rutile, along with 
kaolinite played an important role in the distribution of 
lanthanides.

4- Negative Eu anomalies in the argillic samples are 
attributed to the decomposition of plagioclase and 
hornblende of the andesitic rocks by hydrothermal fluids. 

5- Negative Ce anomalies in the argillic samples are 
indicative of a decrease in oxygen fugacity during 
alteration of the andesites.

5. Conclusions
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