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Abstract
The Kanirash bauxite deposit belongs to the Iran-Himalayan karst-type bauxite belt, which is situated about 30 km southeast of
Mahabad city, northwestern Iran. The bauxite ores are embedded by the Late Permian carbonate rocks intercalated with shale of
the Ruteh Formation and occurred as layer and lens-shaped patches. The bauxite ores contain diaspore, clinochlore, hematite,
pyrophyllite, illite, rutile, and lesser amounts of zircon, pyrite, and barite. This mineral assemblage indicates that this deposit was
formed in a transitional zone between the vadose and the phreatic environments. The presence of pyrite in the bauxite ores
demonstrates that organic matters were present in the uppermost parts of the profile and the depositional diagenetic/epigenetic
environment was reducing. Ti and Fe together with a suite of trace elements, including Ni, Cr, Co, Ga, Ta, and V, were leached
from the upper parts of the weathered profile and concentrated in the bottom parts with respect to Hf, chosen as the least mobile
element. Some factors, such as pH variations in weathering solutions, buffering nature of the carbonate bedrock, mineral control,
the existence of organic materials, and fluctuations of groundwater table played important roles in distribution of trace and rare
earth elements.
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Introduction

Bauxite, though generally exploited as an Al ore, is also a
major source of several trace elements, notably the high field
strength elements (HFSEs) Ti, Nb, P, and Zr, as well as Ni, Au,
Ga, Co, V, Cr, and rare earth elements (REEs). These elements
may be hosted by authigenic as well as detrital minerals, such
as zircon, tourmaline, and rutile (Liu et al. 2010; Wang et al.
2010, 2012; Gamaletsos et al. 2017; Abedini and Calagari
2014; Ling et al. 2013, 2015, 2017, 2018), which are stable
in the supergene environment (Nesbitt 1979; Gamaletsos et al.

2017). Bauxites are the weathered deposits that are developed
from intense chemical weathering of aluminosilicate-rich par-
ent rocks under humid, tropical to subtropical climate condi-
tions (Bárdossy 1982) and are restricted to a belt between 30°
north latitude and 30° south latitude (Tardy et al. 1991). In
turn, bauxitization is a result of a good drainage under humid,
tropical climate and moderate relief (Marker and Oliveira
1994). The formation of bauxite is controlled by the geograph-
ic latitude, atmospheric climate, and special climatic periods
(e.g., the amount of CO2 in the Earth’s atmosphere or green-
house effect) (Bárdossy and Aleva 1990; Gamaletsos et al.
2017) that are accompanied with intense weathering during
limited time intervals (Bárdossy and Aleva 1990; Gamaletsos
et al. 2017). Based upon the bedrock lithology, bauxites were
categorized into karst- and laterite-type bauxites (Bárdossy
and Aleva 1990). The laterite-type bauxites lied on alumino-
silicate rocks and are mainly autochthonous, whereas the
karst-type bauxites are rested on carbonate rocks being either
autochthonous or allochthonous in origin. Geochemical and
mineralogical composition of bauxites provides some enlight-
enments on drainage conditions controlled by climatic signa-
tures and morphological conditions (Marker and Oliveira
1994). Thus, geochemical and mineralogical interpretations
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of the bauxite ores will furnish profound insights into recon-
struction of the palaeo-climate conditions and effect of
climate-driven changes in development of the bauxite profiles.
Concentrations of the REE in the karstic bauxites are higher
than those in the lateritic bauxites (Mameli et al. 2007;
Karadag et al. 2009; Boni et al. 2013; Hanilçi 2013), suggest-
ing that differences in the source lithology and/or weathering
mechanism of different bauxites potentially play important
roles in concentrating REE (Mongelli 1997; Mameli et al.
2007; Liu et al. 2010; Ling et al. 2018).

Depositional diagenetic/epigenetic environment of baux-
ites on the basis of hydrological, geochemical, and mineralog-
ical studies was classified into vadose- and phreatic-type
(Bárdossy 1982; D’Argenio and Mindszenty 1995; Ling
et al. 2017). Mineralogically, the vadose-type bauxites, char-
acterized by seasonal high groundwater table (SHGWT) un-
der neutral and oxidizing conditions, include gibbsite, boehm-
ite, hematite, and goethite (Bárdossy 1982; D’Argenio and
Mindszenty 1995). On the contrary, the phreatic-type baux-
ites, including diaspore, boehmite, goethite, siderite, and py-
rite mineral assemblage, represent seasonal low groundwater
table (SLGWT) under acidic and reducing conditions
(D’Argenio and Mindszenty 1995). The presence of sulfides
(e.g., pyrite) in bauxites provides insights into the role of mi-
croorganisms in generation of bauxite profiles and the physi-
cochemical conditions during the development of bauxite
deposits.

The bauxite deposits in Iran are located in four structural
zones: (1) Alborz Mountains, (2) the Zagros Simply Folded
Belt, (3) the Sanandaj-Sirjan Metamorphic Zone, and (4) the
Central Iran. They were temporally developed within a period
ranging from Permian to Middle Cretaceous (Calagari and
Abedini 2007; see Fig. 1a). However, the karst-type bauxite
deposits of Iran are spatially limited to northwestern Iran.
Most of the bauxite deposits of Iran are low-grade. The
Jajarm deposit situated in the Alborz Mountains (see Fig.
1a) is the largest bauxite deposit in Iran that is currently mined
as an open pit. Reserve of more than 19 Mt of bauxite ores
with an average Al2O3/SiO2 ratio of 43/14 for this deposit had
been estimated (Esmaeily et al. 2010). No precise data for
reserves and average grades of aluminum of the other bauxite
deposits of Iran, especially of northwestern Iran, are available.
Bauxite deposits of Permian and Permo-Triassic age have
chiefly been reported from northwestern Iran. The effusion
of volcanic rocks in the Alborz Mountains and northwestern
Iran during the Late Permian was accompanied with an in-
crease in CO2 level locally in the Earth’s atmosphere that
brought about warm and humid climate and intensified
bauxitization (Braun et al. 1998).

On the other hand, Iran in the Permian was located at zero
degree latitude (cf. Muttoni et al. 2009) that facilitated
weathering of the source rocks and generated the bauxite pro-
files. Additionally, high rainfall and temperature during the

Late Permian (Muttoni et al. 2009, references therein) with
favored chemical, physical, and biological weathering led to
the development of the bauxite profiles in northwestern Iran.
The objective of this paper is to gain a better understanding of
the role of microorganisms and the underlying carbonate rocks
together with climate changes and fluctuations of groundwater
levels in the distribution of the REE and development of the
bauxite ores at Kanirash. In other words, mineralogical and
geochemical considerations were performed with the aim of
understanding differential mobility and distribution of trace
elements, especially of the REE, along the entire studied
profile.

Geological setting and deposit geology

Bauxite deposits in Iran belong to the Iran-Himalayan karst-
type bauxite belt and were generally developed in karstic sink-
holes and depressions of the Mesozoic marine sedimentary
carbonate rocks deposited in the Paleo-Tethys Ocean (e.g.,
Gamaletsos et al. 2017, and references therein). The
Kanirash bauxite deposit is located in the Sanandaj-Sirjan
Metamorphic Zone (see Fig. 1a). The bauxite deposits in
northwestern Iran are distributed temporally from Permian to
Jurassic (Abedini and Calagari 2013a). Epeirogenic move-
ments during the Late Permian were accompanied by different
cessations of shale and carbonate deposition of the Ruteh
Formation in northwestern Iran, instead of the occurrence of
basic volcanism in the Alborz Mountains in general and in
some districts of northwestern Iran in particular (Kamineni
and Efthekharnezad 1977; Abedini and Calagari 2013b).
Following epeirogenic movements and uplift events, the
bauxite profiles were developed within the carbonate rocks
intercalated with shale of the Ruteh Formation. The mafic
igneous rocks in northwestern Iran were regarded as a source
rock for the bauxite ores. The patches of these mafic rocks in
some districts of this region are sandwiched between the baux-
ite horizons and the underlying carbonate rocks (Abedini and
Calagari 2013c, 2015, 2017, Abedini et al. 2019a, b; Khosravi
et al. 2017).

The Kanirash bauxite deposit is situated about 30 km of
southeastern Mahabad city (West-Azarbaidjan province), NW
Iran (see Fig. 1b). The Precambrian Kahar Formation
(phyllite, gneiss, and acidic volcanic rocks) is the oldest lith-
ologic sequence in the study area (see Figs. 1b and 2). The
Mahabad (volcanic rocks, shale, and limestone), Soltanieh
(dolomite and shale), and Lalun (sandstone) Formations, in
order of decreasing age, belong to Cambrian and are overlain
by cherty dolomite and flaggy limestone of the Mila
Formation (Cambro-Ordovician) and dolomitized limestone
intercalated with shale of the Ruteh Formation (Late
Permian; see Fig. 2). The bauxite ores at Kanirash overlie
the carbonate rocks intercalated with shale of the late
Permian Ruteh Formation. They occurred as stratified and
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lenticular horizons with overall trends of NW-SE and N-S (see
Fig. 2).

Method of investigation

A profile perpendicular to the trend of one of the bauxite
profiles was selected for detailed mineralogical and geochem-
ical studies (see Fig. 2). Sampling was carried out from the
bauxite ores, the enclosing sedimentary rocks (shale and lime-
stone of the Ruteh Formation), and the mafic volcanic rocks
(basalt). The ores were sampled with 1-m intervals and on the
basis of their physical aspects (chiefly color) classified into
three distinct units, including dark green bauxite ore
(DGBO) at the top, brownish red bauxite ore (BRBO) at the
middle, and red bauxite ore (RBO) at the bottom of the select-
ed profile (see Fig. 3). Samples from Bu-1 to Bu-3 are of the

RBO unit, fromBu-4 to Bu-7 of the BRBO unit, and fromBu-
8 to Bu-16 of the DGBO unit.

Microscopic examinations were done on 25 thin-polished
sections of the bauxite ores with the aim of identifying the
textural features of the ores. Eight representative samples of
all the bauxite units (2 samples of the RBO unit, 2 samples of
the BRBO unit, and 4 samples of the DGBO unit) were se-
lected and ground in order to determine the major rock-
forming minerals. Results of mineralogical composition of
the bauxite ores are presented in Table 1. Mineralogical anal-
yses were executed by Siemens D5000 X-Ray diffractometer
at the Geological Survey of Iran under the following condi-
tions: Cu-Kα radiation, 40 kV, 30 mA, scanning speed 8° per
minute, and scan range 2°–60°. Microscopic mineral identifi-
cation was carried out at the Geology Department of Urmia
University, using Olympus BX60F5 optical microscope.
Scanning electronmicroscopy (SEM)was performed by using

Fig. 1 a Spatial distribution of the bauxite deposits (shown by red dots) in
map of Iran (from Khosravi et al. 2017) and position of the Kanirash
bauxite deposit (marked by a quadrangle) within the Sanandaj-Sirjan

Metamorphic Zone. b Simplified geological map showing situation of
the Kanirash bauxite deposit in a regional scale
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the TESCANmodel VEGA II XMU in low vacuum equipped
with a LinkAnalytical Oxford IE 350 energy-dispersive X-ray

spectrometer (EDS). SEM-EDS analysis was conducted for
four thin-polished sections at the Razi Metallurgical
Research Center, Tehran under the following conditions: ac-
celerating voltage of 15 kV, the beam current of 1 nA, and a
beam diameter of 1 μm. Acquisition time was 70 s.

Samples were ground in a tungsten-carbide shatter box and
dried at 60 °C. Contents of major and minor elements for
twenty-four powder samples (#16 bauxite ores, #3 shales, #2
limestones, and #3 basalts) were determined by X-ray fluores-
cence (XRF) using a Philips Model 1480 spectrometer at the
Geological Survey of Iran. Contents of trace elements (includ-
ing REE) were measured by inductively coupled plasma mass
spectrometry (ICP-MS) method at the Geological Survey of
Iran following a mixture of lithium tetraborate-lithium
metaborate fusion and dilute nitric digestion. Detection limit
of major, minor, and trace elements (including REE) is listed
in Table 2. The values of LOI (loss on ignition) were measured
after overnight heating at 1000 °C. Analytical accuracy of
major and trace elements is ± 0.5% and ± 2%, respectively.

The degree of elemental mobility has been evaluated by
using an absolute weathering index (AWI). Hf content in the
representative ore samples of the Kanirash bauxite is close to
that in the Upper Continental Crust (UCC), which is taken into
account as a source rock for the bauxite ores at Kanirash. In
mass change calculations, Hf content in the bauxite ores was
considered as a least mobile element relative to the others
(e.g., Al, Ti, Zr, Nb, Ta, Th, and Sc) that have been regarded
as invariant elements during weathering processes (see

Fig. 2 Simplified and rather
detailed geologic map of the
study area showing the positions
and trends of the bauxite horizons
within the Late Permian Ruteh
Formation (limestone with
intercalated shale)

Fig. 3 Stratigraphic column along one of the bauxite profiles in the
Kanirash bauxite deposit (refer to Fig. 2 for position and trend of the
selected profile). Positions of the representative samples of the bauxite
ores, limestone and shale of the Ruteh Formation for geochemical and
mineralogical studies are marked with the filled circles
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MacLean et al. 1997; Mongelli 1997; Lopez et al. 2005; Liu
et al. 2010; Hanilçi 2013). The AWI method has been
accounted as a valid proxy for element mobility in the weath-
ered materials (Duzgoren-Aydin et al. 2002) and bauxites
(Mameli et al. 2007; Mongelli et al. 2014). Percentage change
of elements were calculated by [(X/Hf)bauxite ore/(X/Hf)UCC −
1] × 100 in which X is the selected element.

Results

Mineralogy and petrography

Compared to theBRBOandRBOunits, theDGBOunit displays
the more textural diversity in the selected profile. According to
the optical microscopic examinations, fluidal-collomorphic
(Fig. 4a), cataclastic (Fig. 4b), and ooidic (Fig. 4c) textures are
present in the DGBO unit, whereas the BRBO and RBO units
are characterized by allothigenic clasts (Fig. 4e) and pisoids (Fig.
4f), respectively. Based upon results of mineralogical analyses,
the bauxite ores contain diaspore, hematite, and clay minerals
(e.g., pyrophyllite and clinochlore), which are the main rock-
formingminerals (see Table 1 and Fig. 5) accompanied byminor
phases like rutile and illite. Diaspore and clinochlore are themain
constituents of the bauxite ores in the upper parts of the profile
(DGBO unit), whereas hematite, diaspore, and pyrophyllite are
the dominant constituent phases of the bauxite ores in the middle
and basal parts (BRBO andRBOunits; Table 1). Rutile occurs as
a minor phase in the all of bauxite units. Based upon SEM-EDS
observations, pyrite (Fig. 6a), barite (Fig. 6b), and zircon (Fig.
6c) were detected in the upper parts of the profile (DGBO unit),
whereas diaspore and pyrophyllite (Fig. 6d) are present in the
middle parts (BRBO unit).

Geochemistry

The chemical analyses of the major, minor, and trace elements
(including REE) and the selected elemental ratios for twenty-four
representative samples of the bauxite ores, limestone, shale, and
basalt from the Kanirash bauxite deposit are presented in
Tables 2 and 3, respectively. CaO (average 51 wt.%) is the main

component in the limestone, whereas SiO2 (average 63 wt.%)
and Al2O3 (average 21 wt.%) are the main components in the
shale of the Ruteh Formation. SiO2, Al2O3, and Fe2O3 constitute
about 80 wt.% of the whole chemical composition of the basalt.
Al2O3 (32.6–50.3 wt.%), Fe2O3 (20.7–50 wt.%), SiO2 (5.9–
17.2 wt.%), and TiO2 (3.3–7.2 wt.%) are the principal constitu-
ents (Table 2) and form more than 90 wt.% of the bauxite ores at
Kanirash. Among the major elements, Fe2O3 and Al2O3 show
the largest range of concentration.

Contents of the total REE (La-Lu) and the light REE
(ΣLREE; La-Eu) in shale (average 193 ppm and 181 ppm, re-
spectively) are higher than those in the basalt (average 107 ppm
and 89 ppm, respectively) and the limestone (average 13 ppm
and 12 ppm, respectively; Table 3). The heavy REE (ΣHREE;
Gd-Lu) contents of the basalt (average 18 ppm), however, are
higher than those of the shale and the limestone of the Ruteh
Formation (average for both, 2 ppm). Contents of ΣLREE,
ΣHREE, and ΣREE for the bauxite ores at Kanirash are 19.9–
361.4 ppm (average 123 ppm), 6.8–33.7 ppm (average
13.1 ppm), and 26.7–383.9 ppm (average 136.5 ppm), respec-
tively. The REE concentration normalized to C1 chondrite
(values from Taylor and McLennan 1985) is indicated by the
subscript N. The ratios of (ΣLREE/ΣHREE)N and (La/Yb)N in
the bauxite ores are within the range of 1.5–9.6 (average 4.8) and
1.9–20.7 (average 7.8), respectively, which are not matched with
those in the basalt, shale, and limestone (see Table 3). Values of
the Eu anomaly observed in the basalt are close to unity (0.96–
1.07) and those in the shale and limestone of the Ruteh
Formation are about 0.6 (0.55–0.60 and 0.61–0.67, respectively;
Table 3). Values of the Ce anomaly in the limestone are higher
than those in the shale and the basalt in which the values are close
to unity. Values of the Eu and Ce anomalies for sixteen represen-
tative ore samples of the Kanirash bauxite along the entire profile
show ranges of 0.6–1.8 (with average of 0.9) and 0.9–3.1 (with
average of 1.9), respectively.

Chondrite- and UCC-normalized REE spider diagrams are
shown in Fig. 7. According to Fig. 7a, REE patterns for the three
rock units in the selected profile are completely different from
one another. The bauxite ores of the RBO (samples fromBu-1 to
Bu-3) and BRBO (samples from Bu-4 to Bu-7) units are char-
acterized by moderate fractionation of LREE from HREE with

Table 1 Results of powder X-ray
diffraction for the representative
ore samples of the Kanirash
bauxite

Samples Rock type Major phases Minor phases

Bu-1 Red bauxite ore Hematite, diaspore, pyrophyllite Rutile, clinochlore

Bu-3 Red bauxite ore Hematite, diaspore, pyrophyllite Clinochlore, illite, rutile

Bu-5 Brownish red bauxite ore Hematite, diaspore Rutile

Bu-7 Brownish red bauxite ore Hematite, diaspore, pyrophyllite Clinochlore, rutile

Bu-9 Dark green bauxite ore Diaspore, clinochlore Rutile, illite

Bu-11 Dark green bauxite ore Diaspore, clinochlore Rutile

Bu-14 Dark green bauxite ore Diaspore, clinochlore Illite, rutile

Bu-16 Dark green bauxite ore Diaspore, clinochlore Rutile
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significant positive Ce anomalies, whereas the bauxite ores of the
DGBO unit (samples from Bu-8 to Bu-16) are dominated by the
downward-sloping patterns for LREE and relatively flat patterns
for HREE with distinct negative Eu anomalies. REE patterns in
the ores of the basal parts of the profile (RBO unit) are similar to
those in the ores of the middle parts of the profile (BRBO unit).
As shown in Fig. 7b, all of the bauxite units almost display a
single pattern marked by the positive Ce and Eu anomalies, and
the flat patterns ofHREE. LREE in comparisonwithHREEhave
a broad range of variations in the representative ore samples of
the Kanirash bauxite (Fig. 7a, b). The limestone in Fig. 7b dis-
play flat patterns for all of REE with exception of distinct nega-
tive Tm anomalies. HREE in comparison with LREE are deplet-
ed in the shale but are enriched in the basalt.

Discussion

Determination of origin of the bauxite
through petrography

D’Argenio and Mindszenty (1995) believed that the mineral-
ogical and chemical properties of ores in bauxite deposits

mainly reflect environmental conditions. In the bauxite de-
posits, the presence of fluidal-collomorphic, ooidic, and
pisoidic textures represent an autochthonous origin, whereas
cataclastic texture, spheroidal components, and allothigenic
clasts represent an allochthonous origin. Basically, the
Kanirash bauxite formed initially “in situ” somewhere and
later was reworked and re-deposited in the present location.
The presence of sub-rounded ooids confirms this viewpoint.
The fluidal-collomorphic texture is the result of dislocation of
the primary colloids derived from weathering of the source
rock during supergene and diagenetic processes (Bárdossy
1982).

Mineralogical characteristics of genetic significance

Diaspore is the main Al-hydroxide mineral in all of the
bauxite units at Kanirash. Diaspore can form under the
metamorphic, hydrothermal, and supergene environments
(Bárdossy 1982; Gamaletsos et al. 2017; Ling et al.
2017). Diaspore in this study was formed in the reducing
conditions of the depositional diagenetic/epigenetic envi-
ronment (D’Argenio and Mindszenty 1995). The presence
of sub-rounded diaspore grains may indicate that

Fig. 4 Photomicrographs
exhibiting textural and
mineralogical aspects of the
bauxite ores at Kanirash: a
fluidal-collomorphic texture in
the DGBO unit (cross-polarized
light); b cataclastic texture in the
DGBO unit (cross-polarized
light); c ooidic texture in the
DGBO unit (cross-polarized
light); d distribution of spheroidal
components in the DGBO unit
(cross-polarized light); e
allothigenic clasts with spherical
to sub-rounded hematite clasts in
the BRBO unit (reflected light); f
pisoids with allothigenetic clasts
in the RBO unit (reflected light).
Dsp diaspore, Hem hematite

Arab J Geosci (2019) 12: 475 Page 7 of 16 475



transportation, to some extent, of the original ores oc-
curred at Kanirash (Fig. 6d; Ling et al. 2015, and
references therein). Hematite, as a major Fe-oxide miner-
al, in this study was generated by oxidation of Fe2+ ions
released from the ferromagnesian silicates (e.g., biotite
and hornblende) of the source rock (Nesbitt and
Markovics 1997) which led to precipitation of Fe-
hydroxides at near-neutral pH (Mongelli 2002, and
references therein). Fe-rich coatings around concretions
represent distribution and migration of iron and finally
its precipitation (Monsels and Bergen 2017).

The role of decomposition of organic matters in generation
of sulfide minerals both in metallic and non-metallic deposits,
especially in the Pb-Zn metallogenic systems and bauxites
was comprehensively discussed by several researchers (e.g.,
Kesler et al. 1994; Southgate et al. 2006; Laskou and
Economou-Eliopoulos 2007; Ling et al. 2015). Organic mat-
ters are capable of absorbing a series of trace elements, includ-
ing As, Sb, V, Mo, Ni, Re, Hg, S, Se, U, Cd, Ba, B, F, and W
(Ling et al. 2015, and references therein). The presence of
organic matters and sulfide minerals in the uppermost parts
of the profile probably gave rise to generation of the acidic
pore waters that percolated downward, as inferred from recent
studies (e.g., Laskou and Economou-Eliopoulos 2007, 2013;

Kalaitzidis et al. 2010; Ling et al. 2017). In turn, the presence
of sulfide minerals in the upper parts of the profile can be
related to the decomposition process of organic matters and
the activities of micro-organisms. Decomposition process
leads to release of a suite of anionic groups, including
COO−, NH2, PO4

−, S−, HS−, and SO4
2− that are easily com-

plexed with trace elements derived from the source rock (Ling
et al. 2015). On the other hand, organic matters contain a
considerable amounts of certain bivalent metal ions, such as
Mn2+, Cu2+, Zn2+, Fe2+, and Mg2+ which play an important
role in metabolic activities of microorganisms (Ling et al.
2015, and references therein). Decomposition of organic mat-
ters and Fe oxyhydroxides induced the formation of pyrite
(Liu et al. 2010) that is an accessory mineral in the karst-
type bauxite ores (Laskou and Economou-Eliopoulos 2007,
2013). In fact, pyrite was formed as the result of percolation of
the surface solution into the karst interior depressions
(D’Argenio and Mindszenty 1995). Sulfur could be procured
either by decomposition of organic materials or by marine
pore-waters during the course of transgression (D’Argenio
and Mindszenty 1995).

The presence of diaspore, rutile, pyrophyllite, illite,
clinochlore, and pyrite in the bauxite ores at Kanirash
indicates a typical phreatic environment (reducing

Fig. 5 Powder XRD diffractograms of the selective bauxite ores of the RBO, BRBO, and DRBO units from the Kanirash bauxite. Prl pyrophyllite, Hem
hematite, Rt rutile, Dsp diaspore, Clc clinochlore, Ilt illite (taken from Whitney and Evans 2010)
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conditions), whereas the presence of hematite in the
bauxite ores testifies to a typical vadose environment
(oxidizing conditions). Based upon mineral assem-
blages, it suggests that the depositional diagenetic/
epigenetic environment of the Kanirash bauxite was
neither a vadose environment nor a phreatic one.
Consequently, the Kanirash bauxite deposit was formed
in a transitional zone between the vadose and the phre-
atic environments.

Behavior of major, minor, and trace elements

Major and minor elements

Bauxites are commonly formed by a successive sequence of
processes. During the early stages of weathering processes,
clay minerals (e.g., illite) are formed by breakdown of min-
erals susceptible to weathering, such as feldspars. Illite is al-
tered to kaolinite when weathering progresses. Ultimately,
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Fig. 6 SEM-EDS picture showing a pyrite in the matrix of rutile in the
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kaolinite is decomposed to form insoluble Al-hydroxide
(gibbsite) and soluble hydrated silica. During bauxitization
process, mobile elements, such as alkali and alkali earth ele-
ments are leached out from the weathering profile through the
breakdown of primary minerals of the aluminosilicate-rich
parent rocks and move into solution. In general, behavior
and distribution of trace elements in bauxite deposits are con-
trolled by some parameters, including chemical composition
of parent rocks, physicochemical conditions of ore-forming
environment, chemical properties of elements, and diagenetic
and epigenetic processes (Mordberg 1996; Meshram and
Randive 2011). Calculations of mass change in bauxites have
been accomplished in order to understand the behavior of
major, minor, and trace elements during bauxitization process
(Calagari and Abedini 2007; Abedini and Calagari 2013a).
The percentage change of elements relative to the upper con-
tinental crust (UCC) with respect to Hf as a least mobile ele-
ment is presented in Fig. 8.

Si, P, and K were leached throughout the profile, whereas Al
and Ti show almost similar distribution patterns during
weathering processes (see Fig. 8a). During the early stages of
weathering, Si tends to be released from phyllosilicate crystal
lattices and move into solution which in turn will modify the
chemistry of weathering profile (e.g., Babechuk et al. 2014).
Leaching of alkali and silica along with aluminum accumulation
occurs under warm and humid conditions during bauxitization
processes (Tardy 1992; Oliveira et al. 2013) that could be sug-
gestive of a good drainage (Marker and Oliveira 1994). The
intensive leaching and removal of Si, alkali, and alkali earth
elements throughout the weathered profile is in full accordance
with subtropical climate in Iran during late Permian (Muttoni
et al. 2009, and references therein). Aluminum showed a limited
variation along the entire studied profile (see Fig. 8a) suggesting
that it behaved as a less mobile element during weathering pro-
cesses, whereas Ti, due to a broad range in concentration varia-
tion along the profile at Kanirash, did not likely act as a less
mobile element during bauxitization process (Fig. 8a). Fe and
Ti were leached from the upper parts of the profile (DGBO unit)
and subsequently re-deposited as hematite and rutile in the mid-
dle and basal parts of the profile (BRBO andRBOunits; Fig. 8a).
Ling et al. (2017) noted that high-grade bauxites (high content of
Al2O3 and low content of SiO2, Fe2O3, and TiO2) tend to be
formed under acidic conditions during bauxitization process.
They also noted that acidic conditions and decomposition of
organicmatters are favorable for Femobility. Furthermore, pyrite
oxidation brings about a decrease in soil pH and produces acidic
condition in downward-percolating ground waters (Ling et al.
2017) facilitating the Fe removal from the upper parts of the
weathered profile (Gamaletsos et al. 2017) and its concentration
(as ferruginous phases) close to the subjacent carbonate bedrocks
(Beyala et al. 2009; Ling et al. 2017, and references therein).
Pyrite was identified by SEM-EDS examinations of the DGBO
samples (see Fig. 6a).Ta
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Trace elements

Large-ion lithophile elements (LILEs), such as Rb, Ba, Cs,
and Sr in present case study were leached out completely
along the entire weathered profile (see Fig. 8b). Among other
LILE, Sr showed a wide range in concentration variation.
Leaching of alkali and alkali earth elements represents break-
down of primary minerals (e.g., feldspars and 2:1
phyllosilicates) of the source rocks (Fernández-Caliani and
Cantano 2010) and a good drainage (Beyala et al. 2009). Ga,
Ta, and V showed a similar distribution pattern, regardless of
the range of concentration changes. They were leached from

the DGBO unit and subsequently concentrated in the BRBO
and RBO units (see Fig. 8c). Among them, V displayed the
highest concentration close to the underlying carbonate rocks
of the Ruteh Formation. It suggests that Ga, Ta, V, and Ti that
are commonly considered as immobile monitor elements dur-
ing weathering processes, which did not act in such manner at
Kanirash (Gamaletsos et al. 2017, and references therein). It
seems that decomposition of organic matters and oxidation of
pyrite promoted the removal and mobility of Ga, Ta, V, and Ti
from the upper parts of the profile. The distribution patterns of
Ga, Ta, and Vmimic those of Ti and Fe. Enrichment of Ga, Ta,
and V in the DGBO unit can be linked to hematite under

Fig. 7 a C1-chondrite-normalized REE spider patterns for the represen-
tative bauxite ore samples. b UCC-normalized REE spider patterns for
the three bauxite units, basalt, shale, and limestone of the Ruteh

Formation (see Fig. 3 for more information). Data for the chondrite and
the UCC are fromTaylor andMcLennan (1985). The blue field represents
the Kanirash bauxite ores

Fig. 8 Percentage change of chemical elements relative to the UCC with regard to Hf as a least mobile element, for a Fe, Al, Si, Ti, P, and K; b Rb, Ba,
Cs, and Sr; c U, Ga, Y, Ta, Zr, Th, and V; and d Ni, Cr, Co, HREE, and LREE
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sorption processes (Fernández-Caliani and Cantano 2010). U
was enriched along the entire studied profile particularly in the
parts of the profile which could be related to a reducing envi-
ronment that was generated by the metal-reducing bacteria
and/or the presence of humic acid, whereas significant enrich-
ment of U in the lower parts is in accordance with adsorption
onto hematite surfaces (Wei et al. 2014, and references
therein). Th experienced slight enrichment as well as modest
depletion. Zr and Y display negligible enrichment and deple-
tion along the profile (see Fig. 8c), suggesting that they acted
chiefly as immobile elements during chemical weathering.

Distribution pattern of Ni, Cr, and Co mimics that of Fe.
They were leached from the upper parts of the profile and
concentrated in the middle and basal parts (see Fig. 8d). Ni
tends to be adsorbed by Fe oxyhydroxides during chemical
weathering (Mongelli et al. 2014; Radusinović et al. 2017) but
such behavior depends strongly on pH of the depositional
environment (Sparks 1995). Hence, the presence of Fe-
oxides in the BRBO and RBO units can be conceived as a
main agent in Ni concentration in the basal parts of the studied
profile at Kanirash (e.g., Laskou and Economou-Eliopoulos
2007). In addition, distribution of Cr and Valong a weathered
profile is mainly controlled by Fe oxyhydroxides (Marques
et al. 2004). These elements tend to be easily substituted for
Fe3+ in the crystal structure of Fe-oxyhydroxides
(Schwertmann and Pfab 1996). As a result, concentration of
Ni, Cr, and Co in the basal parts of the weathered profile at
Kanirash was controlled by parameters, such as influence of
the underlying carbonate rock as an efficient geochemical bar-
rier and active buffer (Radusinović et al. 2017, and references
therein), fluctuations of groundwater level, and adsorption
onto hematite surfaces (Wei et al. 2014). Indeed, rising
groundwater level and buffering nature of the carbonate bed-
rocks led to an increase in pH of the weathering solutions in
the lowermost parts of the profile. LREE and HREE were
leached from the DGBO unit and slightly concentrated in
the BRBO and RBO units (see Fig. 8d). We suggest that some
parameters, such as buffering nature of the underlying carbon-
ate rock, fluctuations of groundwater level, and mineral con-
trol played important roles in REE concentration in the lower
parts of the profile at Kanirash. Nevertheless, REE in the
weathering systems tend to be re-deposited under neutral to
alkaline pH conditions (Wang et al. 2010; Abedini et al.
2018).

According to Fig. 8 a, c, and d, distribution pattern of some
major and trace elements with respect to Hf (as a least mobile
element) suggests a change in the depositional environment of
the bauxite ores with depth. The boundary between the DGBO
unit and the BRBO unit (~ 9 m beneath the top of the bauxite
horizon) can be regarded as a line separating the downward-
percolating meteoric waters (or the ores related to the vadose
environment) from the underground waters (or the ores related
to the phreatic environment).

Fractionation of REE during bauxitization

The behavior of REE during weathering processes depends a
great deal on Eh, pH, the role of microorganisms, mineral
control, nature of the source rock, and accessory mineral
association (Nesbitt 1979; McLennan 1989; Braun et al.
1990; Braun and Pagel 1994; Ma et al. 2007; Tang et al.
2009, 2013; Deng et al. 2014; Chen and Tang 2016).
Distribution and geochemical behavior of REE during
weathering provides some valuable insights into reconstruc-
tion of landscape evolution and the palaeo-evolution condi-
tions (Marker and Oliveira 1994), redox conditions, and rela-
tionship between the weathered materials (e.g., Beyala et al.
2009). These will be testified by weathering intensity and
drainage conditions (Marker and Oliveira 1994).
Concentration and mobility of REE in the weathering profiles
reflects geochemical and mineralogical composition of the
parent rocks, duration of weathering, and palaeo-climatic
and palaeo-hydrologic conditions (e.g., Radusinović et al.
2017).

The chondrite-normalized REE variation diagrams and
ratios of (ΣLREE/ΣHREE)N and (La/Yb)N have long been
taken as reliable indicators for fractionation of LREE from
HREE in both metallic and non-metallic deposits, especially
in bauxites (Mongelli et al. 2014; Khosravi et al. 2017).
During weathering processes, mobility and concentration of
REE may be controlled by Eh and pH of the depositional
environment and geochemical behavior of REE. REE are
mobile during pedogenesis processes (e.g., Maksimović and
Pantó 1991), especially in humid and tropical climate
conditions (Marker and Oliveira 1994). In this way, LREEs
tend to be removed from the upper parts of the weathered
profile under acidic conditions and to be concentrated in lower
parts (Esmaeily et al. 2010; Mongelli et al. 2014). The broad
range of LREE variations in the representative ore samples at
Kanirash was likely attributed to substantial changes in pH of
the ore-forming solutions (Fig. 7a, b). On the contrary, limited
range of HREE in the bauxite ores indicates that HREE were
likely incorporated in crystal lattices of the chemically-
resistant accessory minerals. Additionally, the downward-
percolating acidic waters played a crucial role in significant
differentiation of LREE from HREE in the DGBO unit,
whereas a weak differentiation of LREE from HREE was
observed in the BRBO and RBO units adjacent to the carbon-
ate bedrocks (Fig. 9a). Boundary between the BRBO unit and
the DGBO unit can be regarded as the palaeo-level at which
the downward-percolating acidic solutions encountered
with groundwater table. High mobility of LREE relative to
HREE is related to either difference in stability of REE-
bearing accessory minerals against weathering (Boulange
and Colin 1994; Nesbitt and Markovics 1997), acidic pH con-
ditions, or moderate degree of bauxitization at Kanirash
(Beyala et al. 2009).
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There are numerous interpretations that could be attached
to the observed (ΣLREE/ΣHREE)N variations. Theymight be
inherited presumably from either the basalt or mobilization
and fractionation of LREE and HREE at various weathering
stages (from early to advanced) (Karadag et al. 2009), regard-
less of durability and intensity of weathering. Noticeable frac-
tionation of LREE from HREE was not observed in the basal
parts of the profile close to the carbonate bedrocks. It is likely
related to the fixation of HREE in the chemically resistant
accessory minerals. The pH of solutions during weathering
is thought to be the key control on mobilization and fraction-
ation of LREE fromHREE (e.g., Nesbitt 1979; Boulange et al.
1990; Maksimović and Pantó 1991). Alkaline conditions are
thought to promote adsorption of REE on secondary mineral
surfaces, particularly enhancing the stability of the HREE
complexes, and hence fractionating the LREE from the
HREE (Muchangos 2006). The poor correlation between
REE and ratios of (ΣLREE/ΣHREE)N and (La/Yb)N argues
against a simple degree-of-weathering control on fractionation
of REE. It implies instead significant changes in the pH of the
weathering solutions during bauxitization along the profile.
Buffering nature of the carbonate bedrocks and mineral con-
trol may have played important roles in REE distribution in
the bauxite ores.

Ce and Eu anomalies in the bauxite ores

REE patterns can help to determine the presumptive source
rock of bauxites, and the Ce and Eu anomalies may be applied
to evaluate the physicochemical conditions during
bauxitization (Mongelli 1997; Mameli et al. 2007; Karadag

et al. 2009). Variations in the Ce and Eu anomalies are reflec-
tions of REE distribution in the weathered profiles (Condie
et al. 1995). Previous studies have indicated anomalous be-
havior of cerium relative to its neighbors during weathering,
due to the environmental conditions (e.g., Eh and pH), the
presence of organic matters, and certain secondary mineral
phases (Braun et al. 1990; Mongelli 1997; Wang et al.
2010). Ce is mobile at low pH (Braun et al. 1990; Hanilçi
2013) and reducing (Marker and Oliveira 1994) conditions.
Variation of the Ce anomaly reflects weathering intensity and
redox conditions being controlled by climate changes (Braun
et al. 1998; Wei et al. 2014). Moreover, the Ce anomaly in the
bauxite ores may be associated with weathering or stability of
minerals, such as apatite, titanite, and zircon (Meshram and
Randive 2011). The positive Ce anomaly is related to the
incorporation of Ce4+ into the zircon crystal structure, due to
the same oxidation state and similarity of Ce4+ ionic radius
with Zr4+ (e.g., Boulange and Colin 1994; Meshram and
Randive 2011). The range of ± 20% in Ce/Ce* does suggest
differential mobility between cerium and other REE during
weathering (Abedini and Calagari 2013a). The Ce anomaly
yields an irregular manner, increasing downwards (from the
upper parts of the profile) towards the basal parts (see Fig. 9b).
According to Fig. 9b, the hematite-dominated bauxite ores
(the RBO unit) are associated with high Ce anomalies, where-
as the diaspore-dominated bauxite ores (the DGBO unit) are
accompanied by low Ce anomalies. This may suggest that
hematite in this case study played a fundamental role in con-
centration of cerium (e.g., Braun et al. 1990; Ohta and
Kawabe 2001; Wei et al. 2014, and references therein).
Compared to the middle and upper parts of the profile, the
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positive Ce anomalies in the basal parts may be related to
fluctuations of groundwater table and buffering nature of the
carbonate bedrocks (Braun et al. 1990).

Variations of the Eu anomaly imply accumulation or de-
composition of calcic plagioclase (Compton et al. 2003) and
redox conditions (Wei et al. 2014). Negative Eu anomaly re-
flects reducing conditions of weathering environment and/or
incorporation of Eu2+ into the plagioclase crystal structure.
Variable breakdown of plagioclase or preferential leaching
of Eu from the precursor rocks could generate the Eu anoma-
lies during weathering (White et al. 2001). A relatively broad
range of the Eu anomaly in the bauxite ores along the entire
profile (see Fig. 9b) indicates that the Eu anomaly did not act
as a proxy for provenance identification of the bauxite ores at
Kanirash. The Eu anomaly shows a regular increase down-
wards from the upper parts of the profile towards basal parts.
The increase in values of the Eu anomaly in the basal parts of
the studied profile can be attributed to buffering nature of the
carbonate bedrocks, fluctuations of groundwater table, and
mineral control (Abedini and Calagari 2013c). Distribution
pattern of the Eu anomaly along the entire profile mimics that
of Fe, suggesting that behavior of the Eu anomaly was con-
trolled by the same conditions governing the differential mo-
bility and distribution of the latter.

Conclusions

(1) Based upon optical microscopic observations, the
Kanirash bauxite deposit is allochthonous in origin.

(2) The presence of pyrite in the ores indicates that the de-
positional diagenetic/epigenetic environment was reduc-
ing in the uppermost parts of the profile.

(3) Distribution of trace elements, such as Ni, Cr, Co, U, V,
Ga, and Ta along the weathered profile at Kanirash was
mainly controlled by environmental conditions (Eh and
pH) of soil and the activities of microorganisms.

(4) Concentration of Ni, Cr, and Co in the basal parts of the
studied profile at Kanirash was controlled by buffering
nature of the carbonate bedrocks, fluctuations of ground-
water table, and certain host minerals.

(5) REE, especially the HREE, were likely hosted in crystal
lattices of the chemically resistant accessory minerals
(e.g., rutile), and the nature of ore-forming solutions
played a fundamental role in differentiation of LREE
from HREE at Kanirash.

(6) Boundary between the BRBO unit and the DGBO unit
can be regarded as the palaeo-level at which the
downward-percolating acidic solutions encountered with
groundwater table. The depositional environment of the
Kanirash bauxite deposit was neither a vadose environ-
ment nor a phreatic one. This deposit was formed in a

transitional zone between the vadose and the phreatic
environments.

(7) Distribution pattern of the Eu anomaly along the entire
studied profile was controlled by the same environmental
conditions governing the conduct of Fe distribution.
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