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In several uranium (U) prospecting projects in Iran, particularly Central Iran, the
association and enrichment of rare earth elements (REEs) are known as the usual
features. Sometimes the association of REEs and U with high economic perspective
has caused that the relation between the rare earth and radioactive elements is taken
into consideration in other types of mineralization, and if there is any relation,
radioactivity will be applied in the exploration of REEs. In the current work, sampling
from Baghak anomaly in the Sangan mines is carried out based on the radioactivity
and radiation measurement methods (as the optimal sampling pattern). In fact, the goal
of this work is to survey the presence or absence of such a relation in a skarn mine,
which is a different case study from Central Iran. In the case of presence, this will lead
to anew exploration method and sampling pattern for REEs. The mineralogical studies
(based on the optical and electronic microscopic observations), statistical
investigations, and geochemical analyses are applied in this research work. The results
obtained from the statistical studies show that the Baghak anomaly due to involving a
significant amount of U, Ce, and La and a high concentration of REEs can be
considered as one of the important mines. Spider diagrams and their geochemical
investigations include the features that are typical of the subduction-related magmas
in the calcalkaline volcanic arcs of the continental active margins. The chondrite-
normalized REE pattern shows the enrichment of LREE, and a positive pattern close
to flat HREE due to the entry of LREE ions into the allanites network. The
mineralogical study results also confirm that REEs (especially Ce) are accumulated as
a solid solution in the allanite minerals. Moreover, from the mineralogical,
geochemical, and statistical analyses, it can be observed that in addition to the presence
of such arelation in the mentioned mineralization (Central Iran mineralizations), there
is an acceptable correlation between these elements in the Baghak iron-skarn
mineralization. Eventually, it can be said that the idea and introduced method for the
exploration of REEs in this work could present a new viewpoint to the decision-makers
of this industry.

1. Introduction

It is noteworthy that in several prospecting
projects of uranium (U) that belong to the Atomic
Energy Organization of Iran (AEOI), and
particularly Central Iran zone, the association and
enrichment of Rare Earth Elements (REEs) are
recognized as a common feature. Sometimes, the
association of these elements with U by the values
greater than the economic limit has caused that
genetic modelling of U-REE, exploration
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geochemistry analysis, and mineral processing
studies of these elements in the semi-industrial
phase taken into consideration in parallel processes
[1].

This association and enrichment of the REEs is
commonly seen in the metasomatite type. It has
also been observed in a skarn type mineralization
in Central Iran.
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Many studies have shown evidences of the
presence of REEs in the Sangan iron ore mine,
which is known as the biggest skarn iron ore
deposit in western Asia [2]. The Sangan iron ore
mine is located at a distance 300 km SE of
Mashhad in the Khorasan-e Razavi Province, NE
of Iran. Some of these studies are summarized
below.

Boomeri has studied REEs in the Sangan iron
mine, in which the concentration of REEs in
garnets measured by LA-ICP-MS in Akita
University of Japan has been reported [3-4]. In
other studies by Mazhari et al. [5-7] in the Sangan
and eastern anomalies of Ferezneh and Senjedak-1,
the ratio of LREE/HREE in Ferezneh has been
reported from 58.2 to 78.13. Also the moderate
enrichment of LREE and positive anomaly of Eu in
geochemical data have been observed in this
anomaly [5]. In Senjedak-I, the REE values show
the Eu negative anomaly, moderate enrichment of
LREE, positive pattern close to flat HREE, and
finally, negative anomaly of Ba, Sr, La, Ce, Ti, and
Eu [6]. In the study of Golmohammadi et al. in
some eastern anomalies, it can be seen that the
spider diagram normalized with the average
continental crust show enrichment in HFSE, Zr,
Nb, Ga, Ta, Y, and Hf and depletion in Ba and Sr,
and these features belong to the post-orogenic
granitoids [8]. They also showed that in some
western and central anomalies, the relative
enrichment of LREE proportion to HREE in
normalized pattern to chondrite and enrichment of
LILE proportion to HFSE elements in normalized
pattern to primary mantle in intrusive bodies show
the formation of magma in the subduction zone [2,
9-10]. Gholipour et al. have analyzed the
geochemical data in order to determine the nature
and origin of the REE mineralization fluids, the
physico-chemical conditions of REE
concentration, and the pattern of REE distributions
in this zone. The collected samples of skarn-ore
and host rocks show the LREE enrichment relative
to HREE in the iron ore and skarn zones [11].

Moreover, Sepidar et al. have investigated the
mineral geochemistry of the Sangan skarn deposit
in order to achieve implication for the evolution of
the hydrothermal fluid. The last above-mentioned
study show that in the Sangan skarns, hydrothermal
fluids have shifted from near-neutral pH, reduced
conditions with relatively high REE, low
LREE/HREE ratios, and U-rich characteristics
towards acidic, oxidized conditions with relatively
low REE, high LREE/HREE ratios, and U-poor
characteristics [12].
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Investigation of the rare earth and radioactive
elements has been carried out in other research
works in Iran and elsewhere in the world, which,
for example, could be cited to the studies of relation
of alkali-metasomatism and Ti-REE-U (Th)
mineralization in the Saghand (Central Iran) by
Deymar et al. [13], and investigation of the
relationship between rare earth elements, trace
elements, and major oxides in soil geochemistry by
Vural [14], spatial variability and geochemistry of
REEs in soils from the largest uranium—phosphate
deposit (Brazil) by Cunha et al. [15], REE/trace
element characteristics of sandstone-type uranium
deposits in the Ordos Basin (China) by Ling et al.
[16], etc.

Therefore, in this work, according to the
evidence of their existence (REEs) in the Sangan
mine and the observed relation in many studies
carried out by AEOI (about metasomatite and skarn
type), the exploration of REEs is initially done
using the radioactivity and radiation measurement
methods in Baghak anomaly, which is located in
the Sangan iron mines. Then normalized REE
distribution patterns (based on the chondrite and
primitive mantle) are investigated, and finally, the
normalized REEs distribution pattern of the
Baghak mine is compared with the REE
distribution pattern related to several different
types of iron deposits (skarn, Banded Iron
Formation (BIF), hydrothermal and Kiruna).

2. Studied area

The Sangan iron ore deposit is 300 km far from
SE of Mashhad, 68 km from SW of Tibad, 40 km
from SE of Khaf, and 18 km from SE of Sangan in
the Khorasan-e Razavi Province, and they are
located near the border of Iran-Afghanistan [8, 17].
The area is shaped as a rectangular 22 km long and
10 km wide, which includes the western deposits
(A, A’, B, northern and southern C), central
deposits (Baghak and Dardvey), and eastern
deposits (Figure 1) [10]. Another view of the
western and central anomalies is available in
Figure 2, which shows the seven deposits of A, A’,
B, northern C, southern C, Baghak, and Dardvey
along with major faults. The Baghak anomaly is the
target area in this work, which is located in the
central part of the Sangan mine. The Baghak ore
deposit is in eastern border of C and 250 m south
of the Dardvey deposit. The longitude of this
anomaly is from 266400 to 268300 E, and its
latitude is from 3817200 to 3818700 N, which
involves an area of 285 ha. 239 boreholes have
been drilled from the beginning of the prospecting
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procedure in this ore deposit by a total length of
62997 m. The mentioned boreholes include core
samples, and finally, 6641 analyses have been
carried out [18].

The Sangan iron ore deposit is part of the
volcanic-plutonic ~ belt of  Khaf-Kashmar-
Bardeskan. If we consider the continuation of the
magmatic belt of Khaf-Darouneh to Afghanistan
from one side and to Biarjmand from the other side,
it is more than 350 km long, and has a varying
width of 15 to 80 km. This belt mostly comprises

Journal of Mining & Environment, Vol. 12, No. 2, 2021

acidic to intermediate volcanic rocks and
somewhere mafic rocks by the age of Tertiary.
These rocks include dacite, rhyodacite, andesite,
pyroxene-andesite, andesite-basalt, latite, trachy-
andesite, tuff, lapilli-tuff, and agglomerate. The
granitoid bodies comprising granite, granodiorite,
diorite, and alkali granite-feldspar have intruded
into the volcanic rocks [8, 17]. The geological map
and Fe bodies in the Sangan mine from west to east
including A, A’, B, northern and southern C,
Baghak, and Dardvey are shown in Figure 3 [10].
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Figure 1. Position of western and central anomalies in the Sangan deposit.
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Figure 2. Position of anomalies in the Sangan deposit. A: view looking north, B: top view showing faults of
district [10].
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Figure 3. Simplified geological map of the Sangan deposit along with location of magnetite masses in the western
and central anomalies [10].

The oldest formations in the studied area include
chert, silicified shales, siltstone, and crystallized
limestone. Several outcrops from them can be
observed in the northern part of ore bodies striking
E-W. Enormous volcanic rocks that are mostly
related to the volcanic activities of Cretaceous to
the early Eocene are obvious in the studied area.
The volcanic rocks include dacite, rhyodacite,
trachyte, and andesite volcanoclastic. The
carbonate rocks are mostly metamorphosed to the
skarn and marble, and crystalized limestone has
appeared to the east [2].

In the northern part of the mine, Sarnosar granite
by the probable age of upper Eocene-lower
Oligocene has intruded. Boomeri has introduced
the Sarnosar granite as the origin of skarn [3] but
Karimpoor and Malekzadeh [17] have delineated
that K-enriched minerals such as particular
amphibole in the A’ body or K-bearing minerals
like phlogopite in Baghak and C bodies imply that
an Fe-bearing magmatic solution that is also
enriched with K has intruded into the carbonates by
the metasomatism replacement, and this process
has led to the formation of skarn magnetite that is
enriched with K-bearing minerals [17].

3. Materials and methods

The sampling operation in the current work was
carried out from the drilling cores according to the
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viewpoint of the relation between REEs and the
radioactive elements. The potential radioactive
spaces and significant P-bearing cores (based on
the geochemical analysis of drilling cores) are the
base of sampling. According to this fact, sampling
is divided into two parts:

Part I: Applying logs from some boreholes.

It is noteworthy that logging was carried out in
only 24 boreholes of the Baghak anomaly, and
direct radiometry seems essential for the detailed
surveying of the relation between radioactivity and
REEs.

Part II: Direct spectrometry operation of drilled
cores and selecting radioactive samples using
portable hand-held spectrometer, RS 230,
manufactured by Radiation Solutions Inc., Canada.

First, the maximum CPS using logs from each
borehole was specified, and high values were
determined for sampling (Figure 4). Then the
boreholes that should be more investigated were
determined along with the length of maximum
radioactivity. That way, the boreholes by the
radioactivity less than 1000 CPS are in the second
priority for hand radiometry, and the boreholes by
the higher radioactivity than 1000 CPS are applied
in the first priority for validating the logging
results, obtaining primary information from the
studied area and starting the sampling operation.
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Figure 4. Map of maximum radioactivity of boreholes on their collars.

Then in the first step of sampling in the core-
sample warehouse, the determined boreholes were
referred, and spectrometry was carried out in the
considered length or maybe throughout the
boreholes. After preliminary surveying of the

drilled cores, the primary information including the
background and desired radioactivity of the studied
area were determined; the mentioned values are
presented in Table 1.

Table 1. Basic information about the studied area.

Background radioactivity (CPS)

Radioactivity in core library (CPS)

Optimal radioactivity threshold (CPS)

200-250

250-300

800

In the next step, according to the information
obtained, the regular and detailed radiometry and
sampling were carried out. First, logged boreholes
by the radioactivity higher than 1000 CPS were
investigated, and then the non-logged boreholes
were considered, and the samples were taken from
the points by the higher relative radioactivity. It is
noteworthy that the samples were not taken from
the points, and totally, 151 samples in different
intervals from unit length (by the centre of

maximum radioactivity) were taken (from 10 cm to
3 m).

Then for a detailed study of the relation between
REEs and the radioactive elements, the samples
were ordered based on radioactivity (measured by
a spectrometer), and the first 47 samples along with
3 samples from borehole BK25 including high P
concentration were selected for the microscopic
studies. Figure 5 shows the boreholes of 47
mentioned samples (radioactivity of greater than
950 CPS).
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Figure 5. Boreholes including radioactivity more than 950 CPS (red line: radioactivity trend in the region).
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Figure 5 shows the radioactive boreholes and
general radioactivity in the Baghak anomaly
striking NW-SE. As a matter of fact, the
radioactivity trend of the studied area follows the
faulting strike in the Sangan mine, which
particularly coincides with the fault located in the
northern C anomaly (Figure 2). This fact increases
the probability of radioactive element-bearing
mineralization along the faults located in the
studied area.

Then the radioactivity of the samples was
considered as the base of selecting them for
providing thin sections and microscopic studies
(using optical microscope (Leitz German make)
and electronic microscope (SEM XL30, Philips,
Netherlands)). For this purpose, the rock including
the maximum radioactivity in each sample bag was
selected using a scintillometer (SPP2 manufactured
by SAPHYMO, France) for providing thin and
polished sections. Before providing the sections,
the samples were studied macroscopically; the
results obtained are available in Table 2.

Journal of Mining & Environment, Vol. 12, No. 2, 2021

3.1. Specimen preparation for analysis

After providing and studying the sections, the
residuals of the considered rocks were returned to
the bag of each sample, and 151 samples were
packed and sent to the Zarazma laboratory (Tehran,
Iran) for the ICP-MS analysis. (In addition, 15
duplicate samples were selected in order to check
the precision and 2 PRMs (secondary reference
materials) in order to check the accuracy.) The
ICP-MS analysis by different detection limits for
various elements was carried out for each sample,
and the concentrations of 56 elements for each case
were reported. The elements along with their
detection limits are presented in Table 3. In the
following, preparing the samples and then their
primary statistical analyses for investigating the
correspondence between REEs and radioactive
elements are discussed computationally.

Table 2. Mineralogy and radioactivity of selected samples for preparation of the sections (thin and polished).

Section type .

Sample ID CPS Thin Polish Mineralogy
94-EXP-SN-01-01 350 * * Magnetite-Pyrite-Amphibole?
94-EXP-SN-08-02 100 * * Pyrite-Amphibole?
94-EXP-SN-09-03 80-100 * * Magnetite-Pyrite
94-EXP-SN-10-04 100 * * Carbonate
94-EXP-SN-11-05 250 - * Magnetite-Amphibole?
94-EXP-SN-14-06 300 * * Calcite-Pyrite-Amphibole-Pyroxene-Magnetite
94-EXP-SN-15-07 250-300 * * Phlogopite-Biotite-Pyrite-Feldspar
94-EXP-SN-17-08 250-300 * * Pyrrhotite? - Amphibole?
94-EXP-SN-22-09 250-300 * * Magnetite-Pyrite-Feldspar- Amphibole?
94-EXP-SN-24-10 300 * * Pyrite -Silica -Biotite
94-EXP-SN-25-11 300 * * Pyrite-Amphibole-Pyroxene
94-EXP-SN-30-12 200-230 - * Pyrite-Magnetite-Carbonate
94-EXP-SN-31-13 220 * - Magnetite
94-EXP-SN-32-14 200 * * Carbonate-Chloride-Amphibole
94-EXP-SN-33-15 150 * * Magnetite-Pyrite-Amphibole-Pyroxene
94-EXP-SN-34-16 300 * * Pyrite-Magnetite-Calcite
94-EXP-SN-36-17 320 * - Magnetite-Pyrite
94-EXP-SN-37-18 150 * * Amphibole-Chloride-Magnetite
94-EXP-SN-40-19 300 * * Magnetite-Pyrite
94-EXP-SN-43-20 1000 * * Magnetite-Pyrite-Amphibole minerals?
94-EXP-SN-45-21 400 * * Magnetite-Pyrite-Amphibole minerals?
94-EXP-SN-46-22 300 * - Magnetite-Amphibole minerals?
94-EXP-SN-49-23 200 * * Carbonate-Silica-Phlogopite
94-EXP-SN-50-24 200 * * Phlogopite-Biotite-Carbonate-Pyrite
94-EXP-SN-22-25 250-300 * * Carbonate-Amphibole
94-EXP-SN-25-26 300 - * Pyrite-Carbonate-Amphibole minerals
94-EXP-SN-17-27 250-300 * - Pyrite-Carbonate-Silica
94-EXP-SN-17-28 250-300 * - Phlogopite-Biotite-Amphibole-Pyrite
94-EXP-SN-15-29 250-300 * - Phlogopite-Biotite-Carbonate
94-EXP-SN-50-30 250 * - Phlogopite-Magnetite-Amphibole
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Table 3. Analyzed elements using ICP-MS along with detection limits for them.

Element Cu Cs Cr Co Ce Cd Bi Be Ba As Al Ag
DL 1 0.5 1 1 0.5 0.1 0.1 0.2 1 0.1 100 0.1
Unit ppm ppm ppm ppm ppm ppm ppm Ppm ppm ppm ppm ppm
Element Mo Mn Mg Lu Li La In Hf Gd Fe Eu Er
DL 0.1 5 100 0.1 1 1 0.5 0.5 0.05 100 0.1 0.05
Unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Element Sn Sm Se Sc Sb S Pr Pb P Ni Nd Nb
DL 0.1 0.02 0.5 0.5 0.5 50 0.05 1 10 1 0.5 1
Unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Element Zn Yb Y w \% U Tl Ti Th Te Tb Ta
DL 1 0.05 0.5 1 1 0.1 0.1 10 0.1 0.1 0.1 0.1
Unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Element Ca Dy K Na Rb Sr Tm Zr

DL 100 0.02 100 100 1 1 0.1 5

Unit ppm  ppm  ppm  ppm  ppm  ppm  ppm  ppm

It is noteworthy that all the preparations were
done in the Zarazma laboratory. Actually, the
whole of the collected rock samples were grinded
by a jaw crusher to the size of 1 mm, and afterward
200 g of that result was comminuted to -200 mesh,;
it was also necessary to be wary about any pollution
of samples while they were prepared.

4. Results
4.1. Optical and electronic microscopic studies

From the samples selected in the previous
section, 24 polished sections and 27 thin sections
were provided; the section type for each sample is
available in Table 2. However, according to the
significant similarity of the samples and results,
and also the limitation of page number, the results
are presented briefly in this section. Based on the
comprehensive studies of the thin and polished
sections, no evidence is available for the presence
of REEs such as monazite, bastnaesite, apatite, and
xenotime (e.g. Figures. 6 and 7). It was revealed
that identifying the radioactive element-bearing
minerals like uraninite was not possible by an
optical microscope. However, it should be noted
that a significant amount of sphene and allanite as
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a network of fine to coarse minerals was studied in
most of the sections (Figures. 6 and 7).

According to the high amount of sphene and
allanite observed in the section petrography, the
probability of existing REEs in them was
considered as one of the important presumptions.
Allanite is from the epidote group, and the general
formula is Cax(ALFe);(OH)(SiO4)s [19]. Fe, Ce,
and Al entered the solid solution of the mentioned
composition under particular conditions, and
allanite ~was generated by the formula
(Ca,Fe*")y(Al,Ce,Fe),(OH)(Si0O4); [20-22]. Thus
it is probable that allanite involves REEs like Ce in
the studied area, and then the SEM studies were
considered. Finally, a detailed study of the sections
by SEM was carried out in the Amirkabir
University of Technology (AUT) SEM laboratory.

Figures resulting from studying the thin sections
0f 94-EXP-SN-43-20 and -01-01 are Figures. 8 and
9. In Figure 8 C, after U scanning by a microscope,
it was revealed that the light spot in Figure 8 A
corresponded to the U-bearing mineral, and the
mineral around it corresponded to Fe (magnetite)
(Figure 8 B). As it can be observed, U is not in the
form of a solid solution in the REE-bearing
minerals.
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Figure 6. Images of thin section 94-EXP-SN-11-05. A: Displaying small minerals of allanite in keeping with amorphous Fe-Ti
oxide and talc beside the magnetite. B: Coarse talc together with fine-grained of the ones resulting from carbonate-silicate are
seed at different temperatures. The amorphous epidote minerals apparently formed from the silicatization of Fe—Ti oxides in
the presence of carbonate along with magnetite. Amphibole as a type of hastingsite was also seen individually (H =
amphibole, M = magnetite, T = talc, E = epidote, A = allanite, FE-TI = Fe-Ti oxide, Co = cordierite).

Figure 7. Images of polished sections. A: 94-EXP-SN-15-07, the accumulation of small and amorphous magnetite minerals
and the presence of pyrite with strong corrosion texture along with titanium magnetite (goethitization of titanium magnetite).
Amorphous sphene is seen along with gangue and magnetite. B: 94-EXP-SN-33-15, single magnetite mineral and
accumulation of leucoxene around it could indicate the presence of allanite (G = gangue, M = magnetite, TM = titanium
magnetite, S = sphene, LUX = leucoxene, P = pyrite).

According to Figure 8, due to the more specific 4.2. Geochemical analysis of samples
gravity of U compared to the other elements like

.. . . For analysing the results obtained, investigating the
Fe, U is lighter than the others. This is true in the yoIne gane

presence or absence of any relation between REEs and

case of Fe and other elements, and also other radioactivity or radioactive elements, the data resulting
minerals. from the geochemical analysis was processed. First, the
Then it was determined that the REEs and most statistical pre-processing was carried out on the
of all cerium accumulated in the allanite minerals geochemical data, and after determining the primary
(Figure 9). statistical characteristics (univariate statistical analysis),
According to the scans carried out for Ca, Al the presence or absence of correspondence was

considered between radioactivity and REEs using the
multivariate statistical studies.

Initially, the incorrect cases (possible additional
characters, outliers or any typos in the data that cause
problems in computations) were corrected in the data
files. Then the censored data was replaced by
appropriate values (according to the lower detection

Si, and Ce, the dark and light grey colored mineral
in Figure 9 A is delineated as allanite, and the
increase in Ce as solid solution in allanite cause
the darkness.
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limit reported in Table 3). If the censored data involved due to the inappropriate effects of these elements on the
a low number of total (less than 15%), they would be results of the statistical analysis, the foresaid elements
replaced by 0.75 and 1.25 of the device detection limit were removed. There is a complete report on removing
(below limit and above limit, respectively); otherwise, and replacing the censored data in Table 4.
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Figure 8. A: Displaying minerals containing uranium and iron in thin section 94-EXP-SN-01-01, B: Scan result
for U, C: Scan result for Fe.
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Figure 9. A: Displaying allanite in thin section 94-EXP-SN-43-20 along with magnification of it. B: Scan result
for Ce.
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Table 4. Characteristics of the censored data about radioactive and REEs along with several main and trace
elements in the Baghak anomaly of Sangan.

Number of Percent of Replacement  Replacement
Element (ppm) DL Type of DL censored data censored data condition value

18] 0.1 Below 0 0 - -
Th 0.1 Below 0 0 - -

K 100 Below 1 0.66 Yes 75
Fe 100000 Above 123 81.46 No -
Sc 0.5 Below 41 27.15 No -

Y 0.5 Below 0 0 - -
La 1 Below 0 0 - -
Ce 0.5 Below 0 0 - -
Pr 0.05 Below 5 3.31 Yes 0.0375
Nd 0.5 Below 0 0 - -
Sm 0.02 Below 3 1.97 Yes 0.015
Eu 0.1 Below 7 4.64 Yes 0.075
Gd 0.05 Below 0 0 - -
Tb 0.1 Below 7 4.64 Yes 0.075
Dy 0.02 Below 0 0 - -
Er 0.05 Below 0 0 - -
Tm 0.1 Below 5 3.31 Yes 0.075
Yb 0.05 Below 6 3.97 Yes 0.0375
Lu 0.1 Below 14 9.27 Yes 0.075

P 10 Below 0 0 - -
Ca 100 Above 6 4 Yes 130000
Mn 5 Below 0 0 - -

Ti 10 Below 0 0 - -
Al 100 Below 0 0 - -
Cu 1 Below 2 1.32 Yes 0.75
Pb 1 Below 0 0 - -
Zn 1 Below 0 0 - -

S 30000 Above 17 11.26 Yes 40000

As it could be seen in Table 4, the two elements
Sc and Fe were removed from the statistical
analysis due to involving more than 15% of the
censored data. The other elements were studied.
Then the anomalous values were investigated as
the outliers. However, due to prevention of losing
worth anomalous values (according to the
sensitivity of losing anomalous values as outliers),
it was avoided to remove the outliers since the
determined outliers did not seem unreasonable, and
they could be considered as high grade values [23].

It is noteworthy that all the calculations for pre-
processing (in this section) and statistical analysis
(in the next sections) were performed by the
MATLAB software (the sub-routines and main
programs were coded by the authors).

4.2.1. Univariate analysis

After correcting and preparing the geochemical
data, the weighted average of grade for 151
investigating samples (without ignoring non-
mineralized samples taken for investigating the
relation between REEs and radioactivity) and also
mineralized samples (83% of samples) were
calculated and presented in Table 5.

It is noteworthy that 26 samples out of the 151
samples collected in this work (approximately
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17%) belong to low radiation zones (10 samples
without radioactivity and 16 samples with a low
radioactivity).

As it could be seen in the above table, the amount
of REEs in the total samples decreased compared
to the mineralized samples. In this work, the REE
concentrations were strongly dependent on the
amount of radioactivity, especially the uranium
concentration. The REE grade changes in
proportion to the uranium concentration and
radioactivity so that in the non-radioactive
samples, a sudden decrease can be observed in the
grade of REEs.

4.2.2. Multivariate analysis

The correlation coefficients for the considered
variables (i.e. grade of REEs, U, Th, and K, and
also radioactivity) were calculated for a detailed
study of their relation. The Spearman correlation
coefficient was applied on the investigated
variables (non-transformed data) in the Baghak
arca, and the results obtained were tabulated in
Table 6. In addition to this table, the dispersion
diagrams of the main parameters (CPS, REEs, U,
Th, and K) are illustrated in Figure 10.
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Table 5. Primary statistical characteristics of radioactive and REEs along with several main and trace elements

in the Baghak district.
El Average grade of total Average grade of mineralized Maximum grade
ement
samples (ppm) samples (ppm) (ppm)
18] 185.62 259.84 923.8
Th 25.93 33.36 138.42
K 14454.14 15841 50284
Y 35.34 43.92 145.7
La 958.76 1276.68 6308
Ce 1125.86 1512.03 6566
Pr 99.91 135.95 605.87
Nd 262.48 365.23 1394.2
Sm 23.36 31.43 126
Eu 4.39 5.87 29.16
Gd 18.75 25.09 91.16
Tb 2.16 2.85 12.37
Dy 8.82 11.38 40.96
Er 4.27 5.35 18.15
Tm 0.53 0.65 2
Yb 3.28 4.22 16.7
Lu 0.44 0.56 1.9
> REE 2548.37 3412.2 15312.23
P 299.75 315.10 1144
Ca 34156.91 35593.94 96866
Mn 771.29 716.38 2344
Ti 904.91 934.08 3192
Al 21940.83 22975.07 66934
Cu 169.26 127.36 847
Pb 12.20 10.88 92
Zn 102.55 101.75 303
S 17675.55 14000.69 29715

Table 6. Spearman's correlation coefficients for REEs and radioactive elements along with several main and
trace elements.

Spearman's correlation coefficients

U Th K CPS P Ca Mn Ti Al Cu Pb Zn S

U 1 0.63 0.45 0.91 0.11 0.17  0.15 0.21 049 042 -0.14 -0.09 -0.37
Th 0.63 1 0.52 0.52 0.23 0.12  0.18 0.38 0.61 -0.56 -0.21 -0.04 -0.43
K 0.45 0.52 1 0.46 0.43 024  0.51 0.58 0.9 -0.52 -0.26 -0.43 -0.52
CPS 0.91 0.52 0.46 1 0.15 024  0.18 0.28 047 -036 -0.07 -0.18 -0.35
Y 0.70 0.83 0.50 0.59 0.23 032 -0.03 0.49 0.6 -0.39  -0.11  -0.09 -0.33
La 0.71 0.83 0.45 0.61 0.21 020 -0.02 0.30 053 -0.44 -0.18 -0.02 -0.35
Ce 0.72 0.86 0.46 0.61 0.20 0.18 -0.04 0.31 0.55 -0.48 -0.20 -0.02 -0.38
Pr 0.71 0.88 0.46 0.59 0.22 0.17 -0.05 0.31 0.55 -0.50 -0.22 -0.02 -0.39
Nd 0.71 0.89 0.48 0.58 0.22 0.17  -0.06 0.32 0.57 -0.52 -0.22 .003 -0.41
Sm 0.71 0.90 0.49 0.58 0.22 0.18 -0.08 0.36 0.58 -0.53 -0.23 -.001 -0.42
Eu 0.63 0.86 0.45 0.49 0.23 020 -0.05 0.40 0.57 -0.51 -0.21 -0.03 -0.41
Gd 0.71 0.89 0.48 0.58 0.22 0.19 -0.07 0.36 0.57 -0.51 -0.22 0.01 -0.40
Tb 0.72 0.87 0.51 0.61 0.22 025 -0.06 045 0.60 -046 -0.19 -0.07 -0.37
Dy 0.71 0.87 0.52 0.59 0.24 026 -0.09 0.46 062 -048 -0.17 -0.04 -0.39
Er 0.71 0.85 0.54 0.60 0.26 035 -0.09 0.54 0.65 -042 -0.13 -0.10 -0.36
Tm 0.66 0.84 0.57 0.56 0.29 037 -0.12  0.58 0.67 -0.44 -0.15 -0.15 -0.38
Yb 0.71 0.82 0.59 0.63 0.29 040 -0.11  0.60 070  -0.40 -0.11 -0.18 -0.35
Lu 0.73 0.81 0.6 0.65 0.29 040 -0.11  0.59 071 -0.41 -0.12 -0.18 -0.37
2. REE 0.71 0.86 0.47 0.60 0.21 0.19 -0.04 0.33 055 048 -20 -0.02 -0.38
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As it could be seen in the above table, the good
correlations of 0.71 and 0.86 were reported
between the REEs with U and K. This value
between REEs and CPS is also acceptable (0.6).
Moreover, there is a strong correlation between
uranium and CPS. Therefore, it could be thought
that U is the main source of radioactivity.

Actually, the correlation coefficient of REEs
with U and Th is greater than CPS, and this amount
is more for CPS than K.

Apart from the cases mentioned above, no
significant correlation coefficient can be observed
for the other elements.

As it can be seen in the above diagrams, the
correlation for REEs with Th and U is more than
REEs and CPS, and the correlation between REEs
and potassium is very low (similar to the results in
Table 6).

The results of statistical studies show that
Baghak anomaly due to involving a significant
amount of U, Ce, and La, and a high concentration
of REEs could be considered as one of the
important mines. For this reason, in the next
section, the normalized REE distribution patterns
(based on the chondrite and primitive mantle) were
studied and investigated in the Baghak mine.
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Finally, in order to confirm the skarn
mineralization type of the Baghak mine, its
chondrite-normalized REEs distribution pattern
was compared with the REE distribution patterns
related to several different types of iron deposits
(skarn, Banded Iron  Formation (BIF),
hydrothermal, and Kiruna).

4.3. Spider diagram analysis

The spider diagrams were firstly drawn, and then
were analyzed. In order to achieve this goal and to
reduce the number of lines for 151 samples, in the
first step, 151 samples were divided into 5 groups
of 25 samples each and one group of 26 samples,
and then the average of each group was considered
as a sample. In fact, by doing so, we had six
samples that were representatives of 151 samples
from different points of the boreholes, and the
average of each group was considered as a new
sample. Then in the next step, the spider diagrams
of chondrite-normalized REEs were provided for
the above-mentioned groups (average of the six
groups) (Figure 11 A) and for one sample that was
the average value of 151 samples (Figure 11 B).
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Figure 11. Dispersion diagrams of REEs and CPS (a), REEs and U (b), REEs and Th (¢) REEs and K (d).
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Figure 11. Chondrite-normalized REE patterns for A: representative samples relative to six groups from the
total samples, B: one sample that is the average value of 151 samples (in the halo of part A) (values from [24]).

Similar to the above diagrams, another diagram
was also drawn for the mineralization samples (in
terms of uranium). In this way, 125 mineralized
samples were divided into 5 groups of 25 samples
each, and the average of each group was considered

as a new sample. Finally, the chondrite-normalized
pattern of 5 samples (representative samples for the
5 above-mentioned groups) along with a sample
that was the average of all mineralized samples was

prepared and shown in Figure 12.
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Figure 12. Chondrite-normalized REE patterns for A: representative samples relative to five groups from
mineralization samples, B: one sample that is the average value of mineralization samples (in the halo of part A)
(values from [24]).

The primitive mantle normalized trace and REE
pattern for the above-mentioned groups (average of
the six groups) and for one sample that is the
average value of 151 samples are provided and
illustrated in Figure 13.

5. Discussion
The microscopic studies show that:

- REEs, especially Ce, are present in the samples
(lanthanum and neodymium are also observed at
a section).
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REESs are accumulated as a solid solution in the
allanite minerals.

Allanite minerals can be seen with a high amount
in the studied samples, and the high values of
REEs in elemental analyses are also related to
this mineral.

REEs cannot be observed in the network of other
minerals, particularly the Fe-bearing minerals
(magnetite).

Uranium is formed as allanite-independent
minerals or, in other words, out of silicate
network of allanite. Actually, uranium has been
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mostly trapped as inclusions in empty spaces of
allanite and also Fe-bearing minerals.

According to the values reported from the
elemental analysis, prospecting of REEs in this
anomaly is dependent on the prospecting method of
radiation measurement presented in this work. It
was revealed that the correlation coefficient
between REEs and radioactivity (CPS) was 0.6,
and also there was an acceptable and high
correlation between REEs with the uranium and
thorium concentrations (respectively, 0.71 and
0.86).

The major origin of radioactivity in the studied
area is uranium, and radioactivity is more affected
by this element because a) the correlation between
CPS and uranium (0.91) is much greater than that
of thorium and potassium (respectively, 0.52 and
0.46), b) the mineralization nature is poor in terms
of thorium, and its correlation with REEs is related
to the little amount of thorium (according to the
amount of 26 ppm reported in Table 5),c)

Journal of Mining & Environment, Vol. 12, No. 2, 2021

potassium involves less share of radioactivity (its
correlation with CPS is 0.46), and it could be said
that a decrease in the correlation coefficients
between REEs and radioactivity (CPS) compared
to the correlation coefficients between REEs and
the two elements of U and Th is caused by the K
effect on the measured radioactivity by the
spectrometer.

Thus in the statistical studies of the results of
geochemical analysis of the samples taken from the
Baghak anomaly, it was observed that in addition
to the relation of REEs and radioactivity,
particularly in the case of U and Th in Central Iran
mineralizations, there is a similar relation in skarn
mineralization.  These elements show a
thermodynamic behavior similar to U and Th, and
they are solved and moved as different complexes
mostly as REEF3 and REECI; under deep reduction
conditions and a low oxygen fugacity, and they are
placed as REEO, or REE,O3 under
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Figure 13. Primitive mantle normalized trace and REE pattern for the 151 samples under investigation (values
from [25]).

the oxidation condition in crystal network of
minerals located at the fluid crystallization end
series.

Comparison of Figures. 10 and 11 also shows the
relationship between REEs and the uranium
element since the halo of the distribution pattern of
normalized REEs related to the mineralization
samples (Figure 11) has significantly decreased
compared to the halo of the whole samples (151
samples) (Figure 10). That means that the decrease
in the uranium grade decreases the amount of REEs
as well so that this decrease is clearly visible in the
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normalized REE distribution pattern (Figures. 10
and 11).

Another point that can be extracted from the
above diagrams (Chondrite-normalized REEs) is
the moderately strong LREE enrichment relative to
the almost descending trend close to flat of HREE,
which confirms the formation of magma in the
subduction zone [10, 26-28].

In fact, since HREE tends to remain in the
remaining melt in magma (during the process of
subtraction of magma), it shows a depletion in the
chondrite-normalized REE diagrams. Furthermore,
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the presence of high volumes of OH rich fluid and
alterations resulting from it could also be the reason
for the decrease of LREE/HREE in the spider
diagrams. Moreover, it is possible that the early
magma is inherently poor in terms of HREE.

Barati and Gholipour believed that the reason for
LREE enrichment relative to HREE in the
Zafarabad Magnetite samples (Kurdistan, Iran) was
the entry of LREE in the magnetite network since
magnetite could have up to 67.6 percentage weight
of Ca [29]. They have stated that if a large cation
such as Ca could enter the network of magnetite,
the possibility of entering the REE ions, which are
similar to Ca in terms of ionic radius is also present
in the magnetite network [29].

They also acknowledged that since LREE had
an ionic radius closer to Ca, it was possible to
replace it in the magnetite network (instead of
Ca), and it was the reason for its enrichment
relative to HREE [29].

The results of SEM studies at the Baghak mine
reject this possibility about the Baghak mine
magnetite. The results of SEM studies at the
Baghak mine indicate that REEs are not present in
the network of magnetite and Fe-bearing minerals
(in none of the samples). Moreover, it can be seen
that the observed REEs (serum, lanthanum, and
neodymium) in the SEM results, especially the
element of cerium, are solely present in the
network of allanite minerals.

As mentioned earlier, allanite is from the epidote
group, and  its general formula is
Cax(AlFe)3(OH)(SiO4); [19]. Fe, Ce, and Al enter
the solid solution of the mentioned composition
under particular conditions, and allanite is
generated by the formula of
(Ca,Fe*")2(Al,Ce,Fe’)2(OH)(Si04); [20-21].

Thus according to the above explanations, it can
be admitted that the REE ions that are similar to Ca
ions (in terms of the ionic radius) enter the allanite
network as solid solutions, and since LREE has an
ionic radius closer to Ca, it replaces Ca in the
allanite network.

The above hypothesis could be considered as a
valid event because the SEM results also indicate
the replacement of REE, especially cerium, instead
of Ca in the network of allanites.

In the mentioned diagrams (Chondrite-
normalized REEs), depletion of Eu is also observed
in comparison with the other elements, which may
be related to the crystallization of the plagioclase
from mineralization magmatism [2] or it is possible
that magma is poor in terms of Eu. Moreover, the
relatively low severity of this anomaly could also
be due to the sub-division of the Earth's crust.
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In the diagram in Figure 12, the LREE
enrichment such as Ce, La, Pr, and Nd, and the
radioactive element U are clearly evident. It could
also be due to the similarities that have been
mentioned in the previous section (between REEs
and the radioactive elements, especially U). It can
also be seen an enrichment in large ion lithophile
(LILE; Cs, Rb, Ba, K) and in incompatible
elements that behave similar to LILE (U, Th) and a
relative depletion in high field strength elements
(HFSE; Nb, Y, Ti, Ta, Zr) and HREE (Yb, Lu) (Ti
depletion is relative to the primitive mantle). These
features are typical of the subduction related
magmas in the calcalkaline volcanic arcs of
continental active margins [26, 30-31]. Their low
Sr, Nb, Ta, and Ti contents are thought to be due to
the presence of Ti (Nb) minerals (rutile and
ilmenite) and plagioclase or Fe-Ti oxides in the
residue left in the source area of the parental
magmas [32-34].

Finally, in order to investigate the type of iron
mineralization in the Baghak mine and based on the
spider diagrams that were depicted in the previous
section, the REE distribution pattern was compared
with the REE distribution pattern related to several
different types of iron deposits (skarn, Banded Iron
Formation (BIF), hydrothermal, and Kiruna)
(Figure 13).

In Figure 13 (part A), the REE pattern for the
samples of magnetite of hydrothermal iron deposits
is shown, in which is seen a highly enrichment in
LREE compared to HREE and almost from La to
Lu with a steep slope is dwindling in the
descending order. The positive Eu anomaly is also
visible in this diagram. In fact, these two features
are the typical characteristics of the hydrothermal
deposits.

Part B of Figure 13 is also related to the BIF
deposits with positive Eu anomalies, and severe
negative anomalies of Ce are considered as their
main characteristics. The addition of hot and Eu-
rich hydrothermal fluids to oceans is considered as
a reason for the positive Eu anomaly in this type of
deposit [39]. Moreover, severe negative Ce
anomalies are one of the most characteristic
features of submarine hydrothermal iron deposits
[40]. In fact, the presence of positive anomalies of
Eu and negative Ce anomaly together in
sedimentary iron deposits indicate that the ore is
deposited in the form of chemical sedimentation
and in the presence of submarine hydrothermal
fluids.

Figure 13 C shows the REE distribution pattern
in the magnetite iron deposits of Kiruna type.
Magnetite ores of different types of
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palaeoproterozoic in the north of Sweden are
relatively poor in REEs, and there is a slight
differentiation between LREE and HREE in
magnetite of these deposits.

Finally, part D of Figure 13 shows the REE
distribution pattern for magnetite ore of iron skarn
deposits in the Misi regions, Finland. LREE
enrichment relative to the flattening trend of
HREE, and also the mild anomaly of Eu is the most
important feature of this diagram.

Journal of Mining & Environment, Vol. 12, No. 2, 2021

Comparison of the two Figures 10 and 13 shows
that differences such as positive Eu anomalies in
cases A and B, equal slope of La to Lu in the case
of A, severe negative anomalies of Ce in the case
of B, and negative anomalies of Gd in part C,
separated REEs patterns in the Baghak mine from
the proposed patterns for hydrothermal, BIF and
Kiruna deposits.
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Figure 13. Chondrite-normalized REE patterns for A: hydrothermal iron deposits [35], B: Banded iron
formation [36], C: Kiruna iron deposits [37], and D: Misi iron skarns [38].

There are similarities including the LREE
enrichment relative to the flattening trend of the
HREE as well as the negative Eu anomaly between
the REE distribution pattern in the Baghak mine
and in the samples of iron skarn deposits in the Misi
areas of Finland so that according to the presented
distribution pattern of REEs for these two ore
deposits, a nearly apparent downward trend in the
LREE relative to a downward trend and near-flat
slope for HREE is considered as a criterion for
distinguishing between these two elemental groups
(LREE enrichment compared to HREE).

6. Conclusions

According to the Sangan geology, and especially
Baghak anomaly, the carbonate rocks aged
Cretaceous are mostly dolomite-limestone.
Syenogranite to monzonite intrusive bodies and
also syenite by the porphyry texture caused skarn
and Fe mineralization (magnetite).

584

e It was revealed in the preliminary studies that
REEs such as La, Nd, and especially Ce
aggregated as a solid solution in allanite, which
was significantly observed in the sections. Then
based on the mineralogical studies, observing
LREE in the allanite network using SEM, and
also according to the normalized REESs pattern, it
was concluded about the mineralization of REEs
and radioactive elements that REEs were formed
as a solid solution in silicate minerals,
particularly allanite, which was from the epidote
group in a high temperature phase and probably
at the same time with skarn. In other words,
REEs, especially Ce, have substituted Ca due to
a similar ionic radius in the allanite network. This
also happened for Th and REEs but due to a low
concentration of Th in the mineralizing fluids,
there is no sign of high enrichment. Therefore,
little amount of Th along with REEs was placed
in the silicate network of allanite and explicit
relation of radioactive elements and REEs (in
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addition to such relation in Central Iran)
observed in the Baghak anomaly mineralization.

e After that, it was seen that a chondrite-
normalized REEs pattern showed enrichment of
LREE and a positive pattern close to flat HREE
due to the entry of LREE ions into the allanite
network. Moreover, the negative Eu anomaly in
the normalized REE pattern relative to the total
samples indicated that the source magma was
plagioclase-bearing.

e The results obtained also show that the primitive
mantle normalized rare earth and trace elements
pattern is enriched with LREE (La, Ce, Pr, Nd),
in large ion lithophile (LILE, Cs, Rb, Ba, K), in
radioactive elements that behave similar to LILE
(Th, U), and are strongly depleted in high field
strength elements (HFSE, Y, Zr, Ta, Nb, Ti) and
HREE (Yb, Lu) compared to the primitive
mantle. These features are typical of the
subduction related magma.

e Finally, the results of comparing REE
distribution pattern in Baghak with several
different types of ores confirm skarn

mineralization type in Baghak mine, which is
very similar to the Misi region in Finland.
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