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Abstract

The Baba Ali skarn deposit, situated 39 km to the northwest of Hamadan (Iran), is the result of a syenitic pluton that
intruded and metamorphosed the diorite host rock. Rare earth element (REE) values in the quartz syenite and diorite
range between 35.4 and 560 ppm. Although the distribution pattern of REEs is more and less flat and smooth, light REEs
(LREEs) in general show higher concentrations than heavy REEs (HREEs) in different lithounits. The skarn zone reveals
the highest REE-enriched pattern, while the ore zone shows the maximum depletion pattern. A comparison of the con-
centration variations of LREEs (La-Nd), middle REEs (MREEs; Sm-Ho) and HREEs (Er-Lu) of the ore zone samples to
the other zones elucidates two important points for the distribution of REEs: 1) the distribution patterns of LREEs and
MREEs show a distinct depletion in the ore zone while representing a great enrichment in the skarn facies neighbouring
the ore body border and decreasing towards the altered diorite host rock; 2) HREEs show the same pattern, but in the
exoskarn do not reveal any distinct increase as observed for LREEs and MREEs. The ratio of La/Y in the Baba Ali skarn
ranges from 0.37 to 2.89. The ore zone has the highest La/Y ratio. In this regard the skarn zones exhibit two distinctive
portions: 1) one that has La/Y >1 beingadjacent to the ore body and; 2) another one with La/Y <1 neighbouring altered
diorite. Accordingly, the Baba Ali profile, from the quartz syenite to the middle part of the exoskarn, demonstrates
chiefly alkaline conditions of formation, with a gradual change to acidic towards the altered diorite host rocks. Utilising
three parameters, Ce/Ce*, Eu/Eu* and (Pr/ YD) , in different minerals implies that the hydrothermal fluids responsible
for epidote and garnet were mostly of magmatic origin and for magnetite, actinolite and phlogopite these were of mag-
matic origin with low REE concentration or meteoric water involved.
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1. Introduction properties (e.g., Taylor & McLennan, 1985). In spite

of this similarity, REEs can be fractionated during

Demonstrating the origin of hydrothermal flu-
ids responsible for the formation of skarn depos-
its is one of the essential steps in the study of this
type of deposits. The concentrations of rare earth
elements (REEs) La to Lu in the hydrothermal flu-
ids may yield useful data regarding the origin of
ore-forming elements including base metals (Kato,
1999). REEs behave coherently during most geolog-
ical processes due to similar chemical and physical

geochemical processes. Thus REE patterns normal-
ised to standard material have been widely used
as a tool to reveal various geochemical processes.
However, it appears that there are few geochemical
studies on REEs of skarn deposits (Kato, 1999).

The Baba Ali deposit is situated near the
Almoughlagh  Batholith, bounded between
48°10"E-48°15'E and 34°40’-35°00'N in the western
Sanandaj-Sirjan (S-S) Zone of Iran (Fig. 1A). The
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deposit is hosted by dioritic rocks and positioned
at the contact border of the Almoughlagh quartz
syenite and the Baba Ali diorite. More detailed
general information on the Baba Ali deposit can be
found in Amiri (1995) and Zamanian (2003). There
are few studies of REE geochemistry in the Baba
Ali deposit. Recent studies have focused on the
geochemistry of the Almoughlagh Batholith and
Baba Ali deposit (Zamanian & Asadollahi, 2013).
The present study considers distribution patterns
of rare earth elements (REEs), which are a function
of their geochemical behaviour, in alteration zones
as well as in selected minerals. The relationship be-
tween REEs and the alteration index (A.I.) and K,O
index and pH were specified as additional tools to
determine the origin of the deposit according to the
geochemical behaviour of REEs.

2. Geological setting

Structurally, the Baba Ali iron skarn deposit
forms part of the Sanandaj-Sirjan (S-S) zone. There
are three main rock units in the surrounding the
Almoughlagh Batholith, namely the Songhor Series

(Triassic-Jurassic), the Hamadan Schists (Jurassic)
and the Limy Formations (Oligo-Miocene) (Fig.
1B). The Songhor Series is a volcano-sedimentary
sequence. This series consists of an alternation of
schistose and limy units with interbedded meta-
morphosed spilitic volcanic rocks and andesitic tuff
(Barud, 1975). The ratio volcanic rocks/sedimenta-
ry rocks is higher in the basal part of this sequence
and decreases upwardly. The Songhor Series was
affected by regional metamorphism and deforma-
tion during three successive orogenic phases, the
Late Kimmerian (~136 Ma; Amiri, 1995, Bellon
& Barud, 1975), the Laramide (65 Ma; Darvishza-
deah, 1992) and the Pasadenian (~2 Ma). The lat-
ter phase was accompanied by the emplacement of
the Almoughlagh Batholith. In the Baba Ali mag-
netite skarn deposit, the main magnetite ore body
is located between the dioritic and quartz syenitic
rocks. In general, the Baba Ali area can be divided
into two sections: volcanic-sedimentary and intru-
sive, the first section including the Songhor Series
(Triassic-Jurassic) and the Limy Formations (Oli-
go-Miocene) and consists of quartzite, metarhyo-
lite, garnet, micaschist, grey marble, metavolcanic
and buff-colour marble unit.
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Fig. 1. A - Locality map of the Baba Ali region; B - Geological map of the Almoughlagh Batholith; C - Simplified geo-

logical map of the Baba Ali region.
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2.1. Almoughlagh Batholith

Petrologically the Almoughlagh Batholith is
a complex body, constituted chiefly of quartz
syenite and syenogranite groups (Fig. 1B). The
quartz-syenites comprise quartz syenite to quartz
alkali-syenites to alkali-syenite and quartz-mon-
zonite. The syenogranite group grades from alka-
li-syenogranite, monzogranite to syenogranite (Ta-
ble 1; Zamanian & Asadollahi, 2013). Texturally,
there is variation from fine-grained to pegmatitic in
the syenogranites. Phenocrysts of K-feldspar occur
in both the quartz syenite and

syenogranite that are mostly perthitic in syenites.
Not only do such textures provide evidence of
co-crystallisation, they also show the availability
of water and other volatiles during crystallisation.
In water-rich environments, K-feldspar and plagi-
oclase have a greater tendency to form individual
crystals, but with the escape of volatiles, they form
a solid solution and eventually give rise to perthite.
In extreme cases, with escaping volatiles, there is
very little time for K-feldspar and quartz to form
individual and independent crystals. The predomi-
nance of magnetite over ilmenite, the low presence
of chalcopyrite and association of sphene, green
biotite and epidote (pistacite) indicate that the Al-
moughlagh quartz syenites and syenogranites be-
long to the ‘Magnetite series” granitoids (Ishihara,
1981). Geochemical characteristics of the Almough-
lagh granitoids demonstrate that the quartz syenite
group is I-type, calc-alkaline and metaluminous,
while the syenogranite group, although calc alka-
line is partially peraluminous falling marginally
into the S-type granitoid field (Zamanian, 2003).
Small enclaves of Baba Ali metadiorite lie both
within the Almoughlagh Batholith and along its

margins. They demonstrate the unassimilated or
unskarnised rocks which were subject to regional
metamorphism along with the Songhor Series. Pe-
trographically, these rocks show a relict igneous
texture, are medium to coarse grained, consisting
of phenocrysts of plagioclase (andesine to labra-
dorite) within a groundmass of tiny plagioclase,
quartz and hornblende. The phenocrysts show evi-
dence of deformation such as bending, microfault-
ing and homogenisation of polysynthetic. The Baba
Ali diorites were of I- type and the magma types
maintained this sub-alkaline (particularly calc-alka-
line) and chiefly metaluminous character. Different
petrographical and geochemical characteristics of
Almoughlagh Batholith and Baba Ali diorites, in-
cluding QAP diagram, mineralogy petrographic
variations and geochemical composition, were dis-
cussed by Zamanian & Asadollahi (2013), to whom
reference is made.

2.2. Baba Ali skarn and ore body

Skarn rocks are commonly classified on the
basis of the predominant calc-silicates mineral as-
semblage into two types, viz. calcic and magnesian
skarns. The presence of andradite, salite, actinolite,
epidote, sphene and idocrase as calc-silicate miner-
als and the lack of minerals such as tremolite, forst-
erite, phlogopite, talc and humite allow to describe
the Baba Ali skarn as a calcic Fe skarn deposit. Calcic
Fe deposits are generally reported from skarns de-
veloped in meta-basic host rocks that are dioritic to
gabbroic in composition (Einaudi et al., 1981). The
Baba Ali deposit consists of several large and small
lenses and veins showing a scattered pattern. Gen-
erally, the outcrops of the ores can be divided into

Table 1. Average mineral composition of the Almoughlagh granitoids (Zamanian, 2013).

Quartz syenite group Syenogranite group
Mé.‘j o Quartz o Alkali Quart.z Ailleli Syeno- Monzo-
oxides . mon- . alkali Mean syeno- . . Mean
syenite . syenite . . Granite granite
zonite syenite granite
SiO, 70.84 64.28 71.33 77.96 71.1 68.55 67.71 70.44 68.9
ALO, 15.2 14.99 11.26 10.22 12.91 14.12 14.52 14.5 14.38
TiO, 0.41 1.11 0.35 0.05 0.48 0.06 0.58 0.62 0.42
Fe,O, 2.08 3.24 0.02 0.03 1.34 3.5 2.03 2.13 2.55
FeO 1.14 1.94 0.48 0.40 0.24 1.34 1.50 1.34 1.39
MgO 0.58 1.02 0.12 0.17 0.47 0.26 0.32 0.34 0.92
CaO 0.1 494 0.74 0.64 1.67 212 3.29 3.8 3.07
Na,O 4.69 3.53 2.34 1.45 3.02 5.33 5.90 3.77 5.0
K,O0 3.74 4.01 9.94 7.90 6.39 5.22 4.41 3,51 4.38
MnO 0.02 0.08 0.01 0.03 0.03 0.06 0.02 0.01 0.03
P,O 0.13 0.30 0.22 0.01 0.16 0.15 0.16 0.13 0.14
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Fig. 2. The Baba Ali deposit with zones of endoskarn and exoskarn. The most important minerals in each zone are in-

dicated.

three main groups: a) main body or central outcrop;
b) a southwestern outcrop; c) a northern outcrops.
The central outcrop, located in the northeast, is the
main ore body. It shows an N 20° E trend, a length
of about 250 m and a width of about 50 m (Fig. 1C).
Magnetite is the main constituent of the ore bodies
in the Baba Ali deposit. The estimated reserve for
this is about 42 Mt (Zamanian, 2003). The south-
western outcrop also includes several scattered and
separated ore lenses and veins, which are parallel
to each other and follow an E-W trend, dipping 60-
65° towards the north. They are mainly two veins,
which are parallel to each other and situated 450
m to the south of the main ore body. These veins
extend for about 110 m and show a width rang-
ing from 5 to 7 m. The estimated reserves for this
part of the ore body are 23 Mt. The third and last
group of the Baba Ali deposit consists of a number
of lenses situated to the north of the main ore body.
Their maximum length is about 40 m and a width
of about 15 to 20 m. The reserve of this lobe remains

Table 2. Average composition of the Baba Ali diorites
(Zamanian, 2013).

Baba Ali diorites
. uartz
M?] " Diorite M.OH.ZO I(\Q/Ionzo erlar.t “€ " Mean
oxides diorite . . diorite
diorite
SiO, 51.55 51.06 54.54 53.25 52.6
ALO, 17.51 18.4 17.31 15.40 17.05
Fe,O, 3.27 3.29 3.75 6.51 4.36
FeO 4.02 4.58 3.92 5.59 4.52
MgO 5.3 6.33 447 5.30 5.35
CaO 10.6 8.5 7.2 3.82 7.53
Na,O 4.23 4 431 5.53 451
KO 04 1.25 0.8 0.35 0.7
TiO, 1.34 0.79 1.08 1.71 1.23
MnO 0.015 0.18 0.15 0.09 0.1
PO, 0.31 0.26 0.34 0.41 0.33

unknown. Detailed field and microscopic examina-
tions have indicated that the predominant ore min-
erals in the Baba Ali skarn are magnetite and hema-
tite with minor malachite, pyrite and chalcopyrite.
Gangue minerals mainly are calcite, quartz, chlo-
rite, actinolite, phlogopite and epidote. Eight zones
have been determined from the southeast to the
northwest (from intrusion towards host rock of ore
body; Zamanian & Asadollahi, 2013). After quartz
syenite, endoskarn, ore body, exoskarn and altered
diorite follow respectively towards the northwest
(Fig. 2). Samples were collected from a profile along
an exploratory trench. The approximate position of
the profile is shown on a simplified geological map
of the Baba Ali deposit (Fig. 1C). Preliminary results
obtained from a study of mineralogy and mineral
types of each zone are as follows: Zone 1: quartz-
syenite. This zone contains the quartz syenite of the
Almoughlagh Batholith; the intrusion and emana-
tions from these rocks thermally metamorphosed
the metadiorite and led to skarnisation. The next
zones are: Zone 2: altered quartz- syenite; Zone 3:
epidote and quartz; Zone 4: ore zone; Zone 5: gar-
net, pyroxene; Zone 6: actinolite, calcite, quartz
and chlorite; Zone 7: altered diorite zone. Zones 4,
5, 6 and 7 together form the exoskarn (Fig. 2). The
exoskarn (39 m radius) in the Baba Ali deposit is
much wider than the endoskarn (5.5 m radius); the
ratio exoskarn/endoskarn being 7.0. The ore body,
with a width of nearly 27 m, is mostly within the
exoskarn, but some mineralisation is also located in
zones 2 and 3 within the endoskarn. The extensive
exoskarn corroborates the role played by the dior-
itic host rock - it was comparable to any carbonate
host rock that is usually known to form a geochem-
ical barrier for precipitation of the metal content of
ore-bearing fluids. Zone 8 is the main diorite zone.
The average chemical composition of the Baba Ali
diorites is listed in Table 2 (Zamanian & Asadolla-
hi, 2013). The occurrence of calcite as the only vein
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mineral and intersertal recrystallised grains is re-
markable. Recent studies have demonstrated that
diorite did not have any special relationship with
the Almoughlagh syenite. The age of the diorite has
been determined about 144+7 million years. The di-
orite actually hosted skarn that became skarnised
by hydrothermal fluids (Emami, 2000).

3. Geochemistry of rare earth elements

The study of REE behaviour in rocks and miner-
als is of note for the following reasons. First, REEs
induced special behaviours during various geo-
chemical processes which are why they are used as
detectors in recognition of ores and rock origin as
well as geological and tectonic settings. Secondly,
environmental issues are highly significant to ra-
dioactive wastewater management and REEs are
known as fissionable plutonium and uranium prod-
ucts in nuclear power plants (Brooking, 1984; Rard,
1988). Thirdly, economically speaking, they have
several applications of extraordinary value. REEs
are conveniently divided into three subgroups:
HREE, MREE and LREE (Rollinson, 1993(. The frac-
tionation degree between REEs can be determined

Table 3. Location of samples analysed.

by the LREE/HREE ratio. It has been pointed out
that easy replacement of REEs by calcium as a re-
sult of isomorphic features with calcium is one of

their significant features (Knarchenco & Pokrovsky,
1995; Pollard, 1995).

4. Sampling and laboratory methods

In the present study different field samples were
selected for different proposes. Fifteen samples from
different parts of the mine were selected for XRF
analysis at Tarbiat Moalem University and fifteen
others were prepared for chemical analyses in the
laboratories of ALS Chemex Canada. Quantitative
values of major and minor elements, trace elements
and REEs were measured by using inductively cou-
pled plasma-atomic emission spectrometry and in-
ductively coupled plasma-mass spectrometry ana-
lysing methods (ICP-MS). Laboratory work began
with the preparation of thin and polished sections
from all 55 samples and their examination under
microscope. Locations of samples with the various
lithounits of the Baba Ali deposit and their analyti-
cal values of major, minor, trace and rare earth ele-
ments are tabulated in Tables 3-7.

Sample location Altered Diorite Skarn Ore Syenite Quartz
A3-A4-A5-A6-A7
Sample No A1-A2 NS AOAOALL A12 A13-A14-A15
Table 4. Results of chemical analyses for rare earth elements in the Baba Ali deposit.

Sample Al A2 A3 A4 A5 A6 A7 A8 A9 A10 A1l A12 A13 Al4 Al5
La (ppm) 382 483 129 246 176 255 369 314 1545 1155 1355 104 392 86.7 432
Ce 762 731 385 679 498 538 763 787 233 167.6 202 166 813 1355 946
Pr 881 734 535 913 642 642 888 978 223 158 19 129 914 123 109
Nd 352 278 239 389 273 271 349 394 761 544 64 45 357 39 43
Sm 729 679 544 831 623 6.7 755 883 141 1035 113 067 756 74 944
Eu 198 292 212 295 228 216 208 212 422 456 346 007 232 264 206
Gd 739 762 562 82 612 664 773 885 151 11.15 11.85 083 745 786 9.37
Tb 128 148 103 142 106 12 138 166 245 176 189 0.005 132 125 1.71
Dy 796 99 648 826 6.66 726 848 105 1475 1055 10.85 054 789 7.07 10.6
Ho 166 224 129 161 131 156 176 213 315 22 227 002 155 137 223
Er 491 684 369 463 376 426 525 63 916 626 557 023 463 396 657
Tm 076 115 055 067 057 063 083 1 137 095 094 002 07 056 1.09
Yb 464 738 321 376 334 378 48 596 812 543 588 022 442 345 621
Lu 07 117 047 054 047 052 073 09 125 0.82 0.88 0.005 0.64 047 0.96
Y 452 631 346 408 351 40 475 564 815 574 597 3.6 427 389 592
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5. Discussion of results

5.1. Mobilisation, distribution and
fractionation of REEs in the Baba Ali
skarn lithounits

Patterns of the chondrite-normalised REE for
altered diorite, skarn, ore and quartz syenite show
that, although the distribution pattern of REEs
is more or less flat and smooth, in general LREEs
show higher concentrations than HREEs in different
lithounits (Fig. 3A-B). The chondrite-normalised
values of the Baba Ali rocks are markedly variable,
28.9-376.4 for La and 0.9-32.7 for Yb. This indicates
that considerable differences of gain and loss oc-
curred between LREEs and HREEs during the for-
mation of the Baba Ali skarn rocks. The skarn zone
shows the most enriched pattern, the ore zone the
least enriched. A comparison of the concentration

1000

variations of light REEs (LREEs; La-Nd), middle
REEs (MREEs; Sm-Ho) and heavy REEs (HREEs;
Er-Lu) of the ore zone samples to the other zones
elucidates two important points for the distribution
of REEs (Fig. 4A-B).

The distribution patterns of LREEs and MREEs
show a distinct depletion in the ore zone compared
to the quartz syenite, altered diorite and exoskarn,
yet represent a great enrichment in the skarn facies
in close to the contact with the ore body and become
lesser towards the altered diorite host rock.

HREEs show the same pattern, but in the exo-
skarn do not reveal a distinct increase compared to
LREEs and MREEs. To evaluate the fractionation
degree between REEs, various ratios of REEs such
as (La/Yb), (La/Sm) and (Gd/Yb) were used.
(La/ YD), determines the degree of fractionation of
LREEs from HREEs during geochemical processes
(Aubert et al., 2001; Yusoff et al., 2013), while the
two other ratios establish the degree of fractionation
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between LREEs and MREEs and between MREEs
and HREESs, respectively (Yusoff et al., 2013).

The values of these ratios have ranges for (La/
Yb)_ from 2.8 to 32.6 for (La/Sm)_from 1.52 to 10
and for (Gd/Yb) from 0.8 to 3.1 (Table 5). The
greatest fractionation occurred between LREEs
and HREEs (up to 32 times) and a relatively minor
fractionation between MREEs and HREE during
skarnization processes. These ratios reflect fraction-
ations as follows: LREEE/HREE > LREE/MREE>
MREE/HREE (Fig. 5A). The highest values of the
three ratios have been observed in the ore zone
(La/Yb) =32.6 (La/Sm) =10 and (Gd/Yb) =3.1
(Table 5) that represent high fractionation of REE
in the ore zone not only because of low HREE but
also on account of low MREE and HREE. Since the
distribution pattern of REEs is governed by mainly
geochemical conditions, the La/Y ratios render use-
ful data for determination of pH in the environment
of ore formation. Values of La/Y > 1 show alkaline
conditions, while value of La/Y <1 indicate acidic
conditions (Crinci & Jurkowic, 1990). This ratio at
the Baba Ali skarn ranges from 0.37 to 2.89 (Table
5). The ore zone has the highest La/Y values (2.89).
In this regard the skarn zones exhibit two distinc-
tive parts: 1) a part that has La/Y > 1 which is adja-
cent to the ore body and; 2) a portion with La/Y <1
which borders diorite. These divisions indicate ba-
sic and acidic conditions of hydrothermal alteration
during skarnisation, respectively (Fig. 5B). Accord-
ingly, the Baba Ali profile from the quartz syenite
to the middle part of the exoskarn (location sample
8) show chiefly alkaline conditions of formation;
from there it gradually changed to acidic towards
the altered diorite host rock. Therefore, we can ex-
pect that in a hydrothermally affected environment
where the hot and acidic REE-bearing solutions had
been diluted through completed interaction with
carbonate veins of diorite, alkaline pH values had
been achieved. This leads to enrichment in con-
centration of REEs mainly in the southeast part of

the exoskarn zones. Unlike this, interaction in the
northwest part of the exoskarn was not complet-
ed as remnants of carbonate veins are available,
the acidic nature of primary solution having been
retained. Thus, REEs are leached from the acidic
parts and then deposited (due to the buffering of
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Table 5. Values of LREE (La-Nd), MREE (Sm-Ho), HREE (Er-Lu), SREE (La-Lu), (La/Lu) , La/Y, Eu/Eu*, Ce/Ce*, (La/

Sm)_, (La/Yb),, (Gd/Yb),, (Pr/Yb), AL and K.I.

Sample Al A2 A3 A4 A5 A6 A7 A8
LREELa-Nd ppm 15841 15654  80.65 14053 10112 11282  156.98 159.28
MREESm-Ho ppm 2756 3095 2198 3075 2366 2552 2898 34.14
HREEEr-Lu ppm 1101 1654 7.92 9.60 8.14 9.19 11.61 14.16
SREE - (La-Lu)ppm 19698 20403 11055  180.88 13292 14753  197.57 207.58
(La/Lu)_ 5.78 437 2.90 4.82 3.96 519 535 3.69
La/Y 0.85 0.77 0.37 0.60 0.50 0.64 0.78 0.56
Eu/Eu* 0.82 1.24 1.16 1.08 112 0.98 0.83 0.72
Ce/Ce* 0.93 0.81 1.07 1.05 1.09 0.96 0.95 1.04
(La/Sm), 3.36 456 1.52 1.90 1.81 2.44 3.14 2.27
(La/Yb), 5.67 451 2.77 451 3.63 4.65 530 3.63
(Gd/Yb), 1.29 0.84 1.42 1.77 1.49 1.42 1.31 1.20
(Pr/Yb)_ 3.44 1.80 3.02 440 3.48 3.07 3.35 2.97
Al 19.23 6.06 2960 2963 3169 3209 3335 28.23
KI 8.00 0.12 6.57 5.06 492 6.43 8.70 9.23
Sample A9 A10 All A12 Al3 Al4 Al5
LREELa-Nd ppm 48590 35330 42050 3279 16534 27350 19175
MREESm-Ho ppm 5377 4057  41.62 2.14 2809 2759 3541
HREEEr-Lu ppm 1990 1346 1327 048 10.39 8.44 14.83
SREE - (La-Lu)ppm  559.57 40733 47539 354 20382 30953  241.99
(La/Lu), 1308 1491 1630 22013 648 19.52 476
La/Y 1.90 2.01 2.27 2.89 0.92 2.23 0.73
Eu/Eu* 0.88 1.29 0.91 0.29 0.93 1.05 0.66
Ce/Ce* 0.82 0.80 0.82 0.91 0.97 0.86 0.99
(La/Sm)_ 7.03 7.16 7.69 9.96 3.33 7.52 2.94
(La/Yb), 1311 1465 1587 3257 6.11 17.31 479
(Gd/Yb)_ 151 1.66 1.63 3.06 1.37 1.85 1.22
(Pr/Yb)_ 497 5.7 5.85 10.61 3.74 6.45 319
Al 2176 2597 2263 145 1871 2435 3684
K.I 5.61 2.23 7.31 145 1.92 2.54 26.57

solutions by carbonate veins) in the basic parts. In
spite of elevated basic conditions the lowest REEs
concentrations are seen in the ore zone. This is due
to mineral paragenesis which consists mainly of
magnetite that could not fix or concentrate REE in
its structure. Unlike apatite and titanomagnetite,
pure magnetite is not a suitable centraliser for REE
(Asadi, 2009). EPMa (Electron Probe Microanalys-
er) analysis of magnetite from the Baba Ali deposit
shows a rather pure magnetite phase and we cannot
see impurities such as Mg, Mn, Zn, Ni, Ti, V and Cr
(Zamanian, 2003). Lower REE concentration in the
ore zone could be due to the purity of the magnetite
phase. As the shear zones formed under relatively
similar PT conditions, it is likely that the stability
of the REE- bearing minerals is controlled by the
fluid, i.e., pH, oxygen fugacity (fO,) and concentra-
tions of potential REE ligands (SO,?, CO,?, OH", F,
PO,?). These REE ligands may precipitate into REE
minerals or REE- bearing minerals in response to
changes in fluid composition, because of fractional

crystallisation, fluid-rock reaction, or fluid-mixing
processes (Rolland et al., 2003). Precipitation and
dissolution of various REE minerals at different
stages of shear zone genesis illustrate that chang-
es in fluid chemistry occurred in individual shear
zones (Rolland et al., 2003). One of the most sus-
ceptible minerals for concentration REE is apatite.
In this regard, a close relationship is seen between
phosphor and ) REEs in different lithounits of the
Baba Ali (Fig. 5C).

5.2. Controlling factors of Ce and Eu
anomalies

Calculations of Eu and Ce anomalies are de-
fined by the following equations (Taylor & McLen-
nan, 1985): Ce/Ce* = (2Ce/Ce chondrite)/ (La/La
chondrite + Pr/Pr chondrite) and Eu/Eu* = (2Eu/
Eu chondrite)/ (Sm/Sm chondrite + Gd/Gd chon-
drite). The Eu and Ce anomaly values across the
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Baba Ali lithounits range from 0.29-1.24 and 0.8-
1.09, respectively (Table 5; Fig. 6A-B). Values >1
and <1 are called positive and negative anomalies,
respectively. Plotting the Ce/Ce*values of exoskarn
samples on a Ce/Ce* vs Y REEs binary diagram
represents two populations including anomalies:
1) lower than 1 belonging to the part adjacent to
the ore zone and; 2) more than 1 which belongs to
a part of the exoskarn adjacent to the altered diorite
host rocks. This situation also is repeated for Eu/
Eu* (Fig. 6B). The skarn zone, on the basis of REE
values and Ce anomalies, can be divided into two
distinct parts: 1) one indicating acidic conditions
as well as showing positive Ce anomalies with low
values of REE (actually a leached zone) and field; 2)
one with an alkaline pH, negative Ce anomalies and
high REE values. This is in fact an enrichment zone.
The positive anomalies of Ce indicate that Ce was
fixed as Ce*" under acidic and oxidising conditions.
The only logical and acceptable factor for the neg-
ative anomalies for Ce in the skarn zone is the cou-
pled complexation of Ce*" with carbonate ligands
and its leaching during the skarnisation processes
(Karadag et al., 2009).

Since the Eu carriers are plagioclases, it might be
related to the degree of plagioclase alteration. An
Eu positive anomaly strongly indicates early stages
of rock alteration in acidic environments (Kikawa-
da, 2001). The positive anomalies of Eu and (La/
Lu) represent acidic fluids of high temperature
(Wood, 1990). Considering the three parameters
Ce/Ce*, Eu/Eu* and (Pr/Yb)_ in the skarn zone
show that at least two different type of hydrother-
mal fluids affected the diorite host rock: 1) low REE
concentration fluid with mainly positive Ce and
Eu anomalies denoting the acidic and oxidising
nature of the hydrothermal fluids and 2) high REE
concentration fluid with negative anomalies of Eu
and Ce indicating alkaline and redox conditions of
such fluids (Fig. 7A-C). The presence of pestacite
and the high exoskarn/endoskarn ratio (extensive
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Fig. 6. Variations of: A - Ce/Ce*; B - Eu/Eu* values.

exoskarn facies) show a shallow depth “hypabyssal’
(< 5 km) and high activity of oxygen (oxidisation
condition) for the formation of the Baba Ali skarn
(Zamanian, 2003). The positive anomalies of Eu in
A2-A3-A4-A5-A10-A14 are linked to modal plagi-
oclase in their mineralogy which is also confirmed
by microscopic observations. The largest negative
Eu anomaly exists in the ore zone which is caused
by a lack of alteration products in this zone. There
is a good and positive correlation between Eu/Eu*
and CaO, which resulted in CaO replacement by
Eu (Fig. 7D). Previous studies have shown that the
chemical composition (K,0O, Na,0, CaO, MgO) and
oxygen isotopic composition (6180) of hydrother-
mally altered rocks vary systematically with dis-
tance from the ore body and thus provide a useful
geochemical index for exploration (e.g., Green et al.,
1983; Hashiguchi et al., 1983).

Amongst the geochemical exploration indexes,
the K,O index: K.I. = KO/ (Na,0 + KO + CaO +
MgO) x 100) and the alteration index: A.I. = (MgO +
K,0) / (Na,0© + K,0 + CaO + MgO) x 100 (Ishikawa
et al., 1976) are frequently used. Another geochem-
ical usage of REEs relates to the binary discrimina-
tive diagram in which ) REEs are potted vs K.I and
AL Plotting these two parameters against REEs
helps describe the hydrothermal nature and their
influence on the metasomatosed rocks. The values
of those two ratios across the Baba Ali lithounits
range for A.L from 1.45 to 36.8 and for K.I. from
1.45 to 26.57, respectively (Tables 5-6). A positive
correlation is observed between Eu/Eu* and al-
teration index (A.L) in skarn rocks adjacent to the
quartz syenite becoming weak towards the altered
diorite (Table 5). The negative Eu anomaly in the
ore zone results from the purity of magnetite in
this zone. Unlike apatite and titanomagnetite, pure
magnetites are not suitable centralisers for REE (As-
adi, 2009).

Relationships between K.I. and A.l. with HREE,
LREE, (La/Sm)_, (La/Yb) and Eu/Eu* in the Baba
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Table 6. Results of chemical analyses for major elements in the Baba Ali deposit.

Oxides %
Sample ;
SiO, Al O, Fe O, MgO MnO CaO Na,O KO
Al 60.3 14 6.69 1.84 0.1 6.63 6.6 1.31
A2 38.3 5.9 18 2 0.39 314 0.27 0.04
A3 52.8 13.3 7.75 4.94 0.12 11.9 3.18 1.41
A4 52 13.9 6.81 5.29 0.11 11.5 3.61 1.09
A5 53.6 13 6.84 5.44 0.1 10.5 341 1
A6 53.1 12.7 7 5.23 0.1 10.6 3.22 1.31
A7 524 13.4 8.67 445 0.11 8.75 3.28 1.57
A8 58.3 12 6.83 3.15 0.1 6.87 5.03 1.53
A9 50.7 13.2 9.19 3.05 0.14 11.1 3.73 1.06
A10 53.4 11.2 8.29 4.89 0.15 11.3 3.99 0.46
All 54 10.8 12.2 2.64 0.16 9.69 3.64 1.26
Al12 9.38 7.48 74.5 0 0.05 1.97 0.07 0.03
Al13 56.2 12.2 8.66 2.88 0.11 8.16 5.79 0.33
Al4 50.5 11.8 13.5 4.63 0.18 13.4 2.69 0.54
Al5 62.4 13.1 5.5 1.68 0.1 5.85 4.49 4.35
Oxides %
Sample TiO, P.O. P,0.410 S0, Total KI Al
Al 1.4 0.36 3.59 0.01 99.3 8 19.2
A2 0.35 0.75 7.47 0.01 97.4 0.12 6.06
A3 1.46 0.32 3.16 0.02 97.2 6.57 29.6
A4 1.64 0.35 3.48 0.01 96.3 5.06 29.6
A5 1.57 0.35 3.49 0.01 95.8 4.92 31.7
A6 1.59 0.38 3.82 0.01 95.2 6.43 32.1
A7 1.64 0.39 3.85 0.01 94.7 8.7 33.4
A8 1.59 0.37 3.65 0.01 95.8 9.23 28.2
A9 1.71 0.72 7.15 0.01 94.5 5.61 21.8
A10 1.55 0.38 3.83 0.01 95.5 2.23 26
All 1.85 0.84 8.41 0.01 97.1 7.31 22.6
Al2 0.1 0.16 1.56 7.14 101 1.45 1.45
Al3 1.7 0.7 7.01 0.03 96.8 1.92 18.7
Al4 1.06 0.29 2.94 0.04 98.6 2.54 24.4
Al5 1.14 0.29 2.87 0.01 98.9 26.6 36.8
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Ali deposit (Figs. 8-9) indicates that the correlation
between K.I.and A.I. with HREE, LREE, (La/Sm) , (La/
Yb) and Eu/Eu* is not clear for the altered dior-
ite zone. Diorite is far from quartz syenite and this
weak correlation points to the lesser role of diorite
for concentration of REEs from hydrothermal flu-
ids. The relationships between K.I. and A.L. with
HREE, LREE, (La/Sm)_, (La/Yb) are not clear for
the skarn zone samples.

There is a positive correlation between K.I. and
AL with LREE, (La/Sm)_, (La/Yb)_, Eu/Eu* in the

quartz syenite zone. This suggests that the hydro-
thermal fluids responsible for alteration of quartz
syenite had very high REE, (La/Sm) , (La/ YD) , Eu/
Eu ratios to the quartz syenite. These signatures in-
dicate that the hydrothermal fluids responsible for
the alteration and skarnisation of the Baba Ali were
mostly of magmatic origin. The negative correlation
between K.I. and A.L. with HREE indicates that the
fluids had low HREE.

For further studies samples of epidote (from
the endoskarn), magnetite (from the ore zone) gar-
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net (from the exoskarn), actinolite and phlogopite
(from the exoskarn neighbouring the diorite host
rock) were selected and analysed. These minerals,
along with oxides of Fe, are important scavengers
for REEs and can be used as indicators of stages of
skarnisation such as prograde or retrograde condi-
tions. Plotting of concentration variations of LREEs,
MREEs and HREEs of these minerals elucidates
two important points for the distribution of REEs
(Fig. 10A-B). The distribution patterns of LREEs,
MREEs, HREEs and REEs in minerals vary accord-

ing to mineral in comparison with the diorite host
rocks.

Except for HREEs, other parameters show an
enrichment in epidote while an outstanding deple-
tion is seen in magnetite, actinolite and phlogopite.
Based on results of chemical analyses, anomalous
levels of REEs in epidote are XREE La-Lu = 1060.51
ppm, ZLREE La-Nd =1006.4 ppm, ZMREE Sm-Ho =
50ppm, ZHREE Er-Lu =4.11 ppm and La/Y =10.37
(Table 7). The calculation of Eu and Ce anomalies
(Taylor & McLennan, 1985) shows that the anomaly
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Table 7. Results of chemical analyses for rare earth elements of epidote, magnetite, garnet, actinolite and phlogopite in

the Baba Ali deposit.
: [ppm]
Mineral — 0 P Nd Sm FEu Gd Th Dy Ho E Tm Yb Iu
Epidote 364 498 394 105 1545 388 174 225 971 131 274 02 107 01
Magnetite ~ 10.6 164 131 47 066 009 085 0005 053 002 021 002 025 0005
Garnet 753 1065 961 307 642 189 724 135 834 162 429 061 358 053
Actinolite 19 34 022 1 02 004 022 0005 032 002 016 002 026 0005
Phlogopite 1.3 37 023 13 024 0015 032 0005 045 0005 021 002 041 0005
MREE
. LREE HREE SREE La/ (La/ (Gd/  (Pr/
* * -
Mineral - Ce/Ce® Eu/Eu* 1 g (Iir;‘) E-Lluy) @aly Y Smn Yom Yon Ybm
Epidote 0801 0720 10064 50 411 10605 1037 1511 23435 1317  66.65
Magnetite ~ 0.878 0367 3301 2155 0485 3565 278 1030 2920 275 948
Garnet 0796 0844 22211 2686 901 257.98 173 752 1448 163 485
Actinolite  1.032 0580 652 0805 0445 777 079 609 5034 068 153
Phlogopite ~ 1461 0165 653  1.035 0645 821 046 347 2184 063 101

values range between 0.79-1.46 and 0.16-0.84, re-
spectively (Table 7). The fractionation degree REEs
between REEs with (La/Yb)_, (La/Sm)_ and (Gd/
YD), ratios in epidote reaches the maximum value.
Epidote can show significant enrichment of LREE
(Ferry et al, 2003). The low ratio (La/Yb) , (La/Sm)_
and (Gd/Yb)_ in garnet is due to the formation of
garnet in early stages of skarnisation that occurred
mainly under dry and prograde conditions. Re-
placement of the prograde assemblage, i.e., garnet
and pyroxene which formed under temperatures
of 500-550°C (Zamanian, 2003) and early stage hy-
drothermal minerals along with magnetite indicate
that magnetite mineralisation occurred at relatively
lower temperatures and during late stages. The in-
ferred temperature of the Fe mineralisation in the
Baba Ali deposit is in the range of 350-400°C. Gar-
net shows a low ratio (La/Yb) , (La/Sm) and (Gd/
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Yb) and generally reveals REE enrichment. EPMa
analysis of magnetite from the Baba Ali deposit
shows a rather pure magnetite phase. The absence
of impurities such as Mg, Mn, Zn, Ni, Ti, V and Cr
is indicative of low temperatures during formation
of magnetite (Ramdohr, 1980).

Epidote has the highest La/Y values (Fig. 10C).
This diagram has two different parts: La/Yb>1 and
La/Yb< 1 indicating alkaline and acidic condition
of metasomatism, respectively. Because the REEs
leach from acidic parts and are then deposited (due
to the buffering of hydrothermal solutions near car-
bonate veins of diorite) in the basic parts, the REE
diagram shows the best correlation with the La/Y
diagram. The contradiction in magnetite, in spite of
their elevated basic conditions and lower REE con-
centrations, was linked to the purity of magnetite
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or fixation of these elements by epidote before they
reached the ore zone. In view of the fact that in the
Baba Ali the host rock is diorite this can be likened
to a sensitive litmus paper for deciding the origin
of the fluids. Thus, it can be a sensitive tracer for
hydrothermal fluids with relatively low REE con-
centrations. This is because the hydrothermal fluids
were of meteoric water origin and have very low
REE concentrations. In contrast, hydrothermal flu-
ids of magmatic in origin show an increase in ~REE,
(Pr/Yb)_, Ce/Ce* and Eu/ Eu* values (Kato, 1999).
The origin of the hydrothermal fluids, magmatic
water or meteoric water, can be decided based on
changes in REE abundances and patterns between
diorite host rock and other lithounits. Utilising the
three parameters Ce/Ce*, Eu/Eu* and (Pr/YDb)
., in minerals show that the hydrothermal fluids
through which magnetite, actinolite and phlogopite
formed had low REE concentrations relative to the
diorite rock, while hydrothermal fluids from which
epidote was derived had high REE concentration
and (Pr/Yb)  relative to the diorite rock (Fig. 10D-
F). These REE signatures indicate that hydrother-
mal fluids responsible for epidote and garnet were
mostly of magmatic origin and for magnetite, actin-
olite and phlogopite were of magmatic origin with
low REE concentrations or that meteoric water was
involved in the formation of these minerals. The
chondrite-normalised (Taylor & McLennan, 1985)
and the original rock-normalised REE patterns of
minerals in the Baba Ali deposit show high LREE
and low HREE in comparison to the diorite host
rock in epidote and garnet (Fig. 11A-B).

6. Conclusions

The main results of the present study are:

1) The distribution patterns of LREEs and MREEs
show a distinct depletion in the ore zone in com-
parson to the quartz syenite, altered diorite and
exoskarn while represent a great enrichment in
skarn facies in proximity to the ore body contact
and declining towards the altered diorite host
rock.

2) Skarn zones exhibit two distinctive parts: 1)
a part that has La/Y > 1 which is adjacent to the
ore body and; 2) a portion with La/Y <1 which
borders altered diorite. These two divisions in-
dicate basic and acidic conditions of hydrother-
mal alteration during skarnisation, respectively.

3) The skarn zone, on the basis of REE values and
Ce anomalies, can be divided into two distinct
parts: 1) a leached zone showing positive Ce
anomalies with low values of REEs that indi-

cates acidic conditions of ore-forming fluids
and field; 2) an enrichment zone that has an al-
kaline pH, negative Ce anomalies and high REE
values.

4) Low REEs concentration in the ore zone could
be due to the purity of the magnetite phase.

5) Thelow ratio (La/Yb) , (La/Sm)_ and (Gd/Yb)_
in garnet was due to formation of garnet during
early stages of skarnisation that occurred main-
ly under dry and prograde conditions.

6) The values of REE signatures indicate that hy-
drothermal fluids responsible for epidote and
garnet were mostly of magmatic origin and for
magnetite, actinolite and phlogopite were of
magmatic origin with low REE concentrations
or that meteoric water was involved in the for-
mation of these minerals.

7) Based on changes in REE patterns between di-
orite host rock and other lithounits a dual mag-
matic and meteoric origin for hydrothermal flu-
ids can be deduced for the ore-forming fluid in
the Baba Ali skarn deposit.
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