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Abstract 
The Shaytor apatite-rich iron deposit is located in the Kashmar-Kerman tectonic zone in the cen-
tral of the Iranian plat, which is an important polymetallic belt in Iran. The ore bodies are inter-
bedded with the upper inferacaamberian calc-alkaline igneous rocks that show well-preserved 
porphyritic and volcaniclastic textures. The iron ores have massive, disseminated, and brecciated 
structures. Magnetite from the Shaytor deposit is low in Ti (TiO2 = up to 0.70 wt.%) and different 
ore types show similar rare earth element (REE) and trace element-normalized patterns with weak- 
to-moderate enrichment in light REE and negative Eu anomalies, indicating a common source and 
genesis. The similar REE patterns for the magnetite and volcanic basaltic host rocks suggest their 
close genetic linkage and support a magmatic origin for the deposit. The Shaytor deposit shows 
the typical characteristics of Kiruna-type deposits with regard to the mineral assemblages, ore tex-
ture and structure, and the apatite and magnetite geochemistry. We propose that the Kiruna-type 
Shaytor apatite-rich iron deposit was derived from Fe-P-rich melt through liquid immiscibility and 
the activity of hydrothermal fluids. 
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1. Introduction 
Magnetite deposits that are related with magmatic rocks in volcano-plutonic belt occur worldwide range in age 
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from Proterozoic to Cenozoic. The majority of these deposits are genetically related to intermediate calc-alkaline 
magmas in a volcano-plutonic arc. The origin of these deposits has been the subject of numerous studies, but 
debate continues, with both magmatic models that call for immiscible iron oxide-rich melts (e.g., [1] [2]) and 
hydrothermal models being proposed (e.g., [3]). The Kiruna-type magnetite mineralization, hosted in interme-
diate-to-felsic volcanic-subvolcanic rocks, is one of the best-known types of this deposit on account of the size 
and economic value, with individual deposits, containing hundreds of millions of tons of high-grade iron ore and 
variable amounts of apatite ([1] [4]). The Bafq mining district is in the in Central Iran and hosts important “Ki-
runa-type” magnetite-apatite deposits. Occurrence of voluminous Cadomian (Ediacaran-Cambrian) subduction- 
related magmatism in basement central Iran, Turkey and Greece confirms for formation of an Andean-type ac-
tive margin all along the northern (proto-Tehyan) margin of the Gondwana Supercontinent ([6]-[8]). In Central 
Iran, Cadomian magmatism Andean-type active margin is known as Kashmar-Kerman tectonic zone (KKTZ) 
which is dominated by granitic to tonalitic gneiss of Ediacaran-Cambrian ages [9]-[11]. Ediacaran-Cambrian 
magmatism of the Cadomian belt in the KKTZ is suggested to reflect widespread continental arc magmatism 
along the northern margin of Gondwana (e.g., [12]). The Shaytor Fe deposites, in Bafq district, are located at 
Kashmar-Kerman Tectonic Zone [9]. The Shaytor area of Iran is unknown iron-apatite province and contains nu-
merous major hydrothermal iron deposits associated to Early Cambrian volcano-sedimentary systems. Textural, 
mineral compositional and whole rock chemistry data are also used to better define the processes and mechanisms 
that take placed in forming iron-apatite in Sahytor. However, no work on the Shaytor mining district has been 
published until now. This paper aims to find of 1) detailed review of the geological characteristics of the iron 
deposits in the Shaytor area; 2) interpreting the iron metallogenesis; and 3) comparing these iron deposits in the 
Shytor basin with the Kiruna-type iron deposit in terms of geology, alteration and metallogenic processes. 

2. Geological Setting 
2.1. General View 
Central Iranian microplate is an assemblage of several Precambrian fragments of Gondwanaland. It is bordered 
by Alborz and Kopeh-Dagh ranges to the north, Zagros and Makran ranges to the west and south, and the East 
Iran Ranges to the east (Figure 1(a)). Central Iranian microplate consists, from east to west, of three major 
crustal domains: the Lut Block, Tabas Block and the Yazd Block. These Blocks are separated by a series of in-
tersecting regional-scale faults (Figure 1(a) and Figure 1(b)). The Tabas and Yazd Blocks are separated by a 
more than 1000-km-long, and up to 80-km-wide, arcuate and structurally complex belt composed of variably 
deformed supracrustal rocks, i.e. the KKTZ [9]. Recent work by [9] showed that the KKTZ represents an active 
continental-margin environment and does not show primary alkaline affinities attributable to intra-plate mag-
matism. It hosts the most of Bafq Fe mining district such as Chador Malu, Se Chahun, Choghart, Esfordi and 
Shaator. (Figure 1(b)). The Shaytor Fe deposite is located at in east of Kerman-Kashmar tectonic zone and Bafq 
metallogenic district (Figure 1(b)). 

2.2. Regional Geology 
The Precambrian basement rocks of Iran seem to be a continuation of the Arabian shield and form from gra-
nite-gneisses and migmatite which have been reported from the Bafq to Robate-Poshte-Badam region in Central 
Iran [13]. Their composition varies from granite-gneiss to biotite gneiss with disthene and garnet. These include 
the Chapedony and Boneh-shurow Complexes. The mentioned basement complexes are overlain by metamor-
phic rocks, up to amphibolite facies, which include biotite schists, amphibolites, quartzitic schists and marbles, 
often containing garnet and andalusite. In the stratigraphic division of Iran, the “Infracambrian” is applied to the 
time interval between the Late Precambrian and the Cambrian [14]. In Central Iran, the KKTZ has Infracam-
brian age and consists of a complex set of volcano-sedimentary rocks which is very extensive from Poshte-Ba- 
dam to Zarand and hosts the most important iron oxide-apatite, Pb-Zn and U ore deposits in Iran (Figure 1(b)).  

The volcanogenic rocks vary from acid to basic in composition, and include rhyolite, agglomeratic tuff, splitic 
lava and diabase, and most are subjected to widespread alkaline metasomatism. The sedimentary rocks consist 
of dolomites, dolomitic limestones and evaporites as Rizu and Desu series [15] and [16]. The main part of 
Shaytor Fe deposite in east of KKTZ has formed from Rizu formation. It consists of volcano-plutonic complexs 
including basalt, andesite, trachyte, rhyodacite, rhyolite as well as granite and diorite (Figure 1(c)) which having  
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Figure 1. (a) and (b) Structural map of eastern Central Iran (modified after [9] and [19]). The arcuate Kashmar-Kerman zone 
includes the Bafq district and most important iron oxide-apatite deposits; (c) Geological map showing the relationship be-
tween wall rocks and ore bodies of the Shaytor apatite-rich magnetite deposit.  
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been subject to widespread alkaline metasomatism (K-feldsparization and albitization; e.g., [17]). Plutonic bo-
dies of mostly granitic composition (locally associated with diorite and gabbro-diorite dikes or sills) intruded 
into the volcano-sedimentary rocks as well as the Upper Precambrian metamorphic rocks, which are quite 
common in Central Iran [18]. [19] suggests that these rocks are calc-alkaline intrusions affected by widespread 
sodic alteration (albitization), and proposes an evaporitic source for Na. The most important of plutonic rocks is 
Zarigan, the Chador-Malu granites. [9] and [20] defined an age of 525 ± 7 Ma, 529 ± 16 Ma (U-Pb on zircon) 
and 527 - 539 Ma (U-Pb apatite age) for the Zarigan, the Chador-Malu granites and major iron oxide-apatite 
deposits in the Bafq district, respectively. These ages confirm that mineralization have been related to magmatic 
rocks of the Bafq district. There are three areas with a dense distribution of magnetite or hematite deposits in the 
Bafq NNW-elongated basin (Figure 1): the Jalal Abad deposit in the South; Choghart, Esfordi and Se-Chahun, 
and Shaytor deposits in the center; and the Chador-Malu deposits in the north. This mineralizations are closely 
associated with the subvolcanic plutons. The Shaytor mining region is in the Early Cambrian Kashmar-Kerman 
volcano-plutonic arc in Central Iran which hosts important “Kiruna-type” magnetite-apatite deposits [19]. The 
ore shows different textures from fine grained to coarse grained. The mineral assemblages in the ore are mainly 
quartz-magnetite, apatite-magnetite, quartz-apatite-magnetite. Massive, banded and brecciated ores are identi-
fied based on their structure. The massive ores consist predominantly of magnetite, hematite and martite, with 
minor apatite and quartz (Figure 2(a)). These ores contains, miarolitic and amygdaloidal structures (Figure 2(b)) 
filled by quartz and calcite crystals, which are also common in the Kiruna-type deposit in Chile and Sweden and 
porphyry-type iron deposits in China ([4] and [1]). The banded ore is characterized by magnetite bands alternat-
ing with apatite (Figure 2(c)) or host rock bands of 2 to 3 mm to a few centimeters thick. The apatite bands (up 
to several centimeters wide) are mostly pure with minor magnetite or hematite, whereas the magnetite bands 
contain variable concentrations of apatite. brecciated ores consist of some breccia clasts have corrosion rims 
cemented by magnetite (Figure 2(d)). Some breccias contain veinlets of magnetite. 

3. Petrography 
Magnetite is the dominant iron oxide mineral in the Shaytor deposit, along with minor hematite, martite, limo- 

 

 
Figure 2. Photographs of ore types. (a) Magnetite, hematite and ilmenite in massive ore; (b) Miarolitic and amygdaloidal 
structures filled by quartz and calcite crystals in massive ore; (c) Banded iron ore showing magnetite (black) and apatite 
(white) parts; (d) Brecciated ore consisting of apatite fragments cemented by magnetite. Mt: magnetite; Hm: hematite; Iim: 
limonite; Ap: apatite.  
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nite, gohotite, apatite and hematite. Magnetite is euhedral to subhedral and 0.06 to 3 mm in diameter in the var-
ious ore types. Two forms of magnetite have been identified. The first form (I Mt) consists of fine-grained an-
hedral crystals in various types of ore, and the second form (II Mt) consists of subhedral to euhedral coarse 
crystals in veins and veinlets cutting I Mt and show cataclastic texture (Figure 3(a) and Figure 3(b)). Apatite is 
found throughout the massive, banded and bressiated ore bodies. In massive occurs locally in in veins within the 
ores. The apatite is white, and occurs either as sporadic grains or as relatively pure apatite veins in varying pro-
portions with magnetite. Minor pyrite is sparsely distributed in massive ores and in veins within the ores. Two 
forms of pyrite have been identified (Figure 3(c) and Figure 3(d)). The first form (PyI) consists of fine-grained 
anhedral crystals in various types of apatite, the second form (PyII) consist of subhedral to anhedral coarse crys-
tals with apatite, ghohtite and the third form. Quartz, albite, and mica are the dominant gangue minerals.The ig-
neous rocks of the Shaytor Fe deposite can be generally classified into two main groups, plutonic to hypabyssal 
rocks, and their equivalents volcanics. The plutonic rocks are mainly of granitic composition. However, locally 
diorites are also observed. Most of the igneous rocks, especially volcanics, have suffered from extensive altera-
tion and their primary composition has been obscured by widespread sodic-potassic alteration. About 40 thin 
sections of Shaytor granite, diorite, basalt, andesite, trachydacite, dacite-rhyodacite and rhyolite were examined.  

 

 
Figure 3. Photographs of minerals of the Shaytor apatite-rich magnetite ores. (a) and (b) Forms of minerals in the ore deposit; 
(c) First-generation pyrite (py I) distributed randomly in coarse-grain apatite; (d) Second-generation pyrite with ap and Gt. 



D. Esmailiy et al. 
 

 
900 

The granites are predominant and include plagioclase, alkali-feldspar (orthoclase and microcline), quartz, am-
phibole, biotite set in microgranular to granophyre textures. Plagioclase is coarse-grained (up to 2) and locally 
altered into sericite. Apatite, zircon, titanite, and iron oxides are minor phases while chlorite, epidote and sericite 
are secondary components. The diorites have ophitic to granular texture including plagioclase, amphibole, cli-
nopyroxene and apatite. Titanite is accessory mineral phases in diorite while chlorite, epidote, sericite and ter-
molite are secondary components. The basalts have fine grain to porphyritic texture consist of plagioclase and 
amphibole. Some place, plagioclase and amphibole show intergranular texture. The trachyandesite has 
grayish-pinkish white to light brown color and contains up to 25 vol.% phenocrysts. Plagioclase (12 - 15 vol.%) 
and k-feldspar (7 - 10 vol.%) are common phenocrysts accompanied by chlorite (1 - 3 vol.%) and epidote (2 - 4 
vol. %), set in a microlithic-porphyritic textures. Plagioclase crystals occur in a variety of sizes. The smaller 
plagioclase grains (~0.05 - 0.1 mm long) are elongated and typically show albite twinning, while the larger 
crystals are blocky (0.1-2.0 mm long) and display well-developed, generally plateau-style zoning. The dacite is 
grayish white color with a massive structure and porphyritic to hyaloporphyritic texture. The phenocrysts are 
mainly large plagioclase (15 - 20 vol.%), K-feldespar (~5 vol.%), quartz (1 - 2 vol.%) and biotite with a grain 
size of 0.25 - 2.00 mm, set in a matrix (<0.2 mm) that is mainly composed of quartz and feldspar. Plagioclase is 
present as randomly distributed subhedral tabular crystal that has been altered to kaolinite and sericite. Quartz is 
nearly rounded and shows undulating extinction. Plagioclase phenocrysts are oscillatory zoned and consist of 
repetitive normal zoning patterns. Rhyolites have a same mineralogy with dacite with more quartz in modal. 
They contain quartz, plagioclase and k-feldespar. 

4. Analytical Method 
All major element compositions of minerals were obtained by electron microprobe analysis (EMPA) in Iran 
Mineral Processing Research Center (IMPRC). Analyses were performed at an accelerating voltage of 20 kV 
and beam diameter of 5 μm, and a beam current and counting time of 20 nA and 10 - 15 s, respectively. A range 
of natural and synthetic standards was used. The analytical precision for most elements was better than 0.5%. 
Analysis of major and trace and rare earth elements (REEs) were performed at the SGS using ICP-AES and 
ICP-MS the inductively coupled plasma (ICP-MS) method on powder from host rock and magnetite whole 
rocks. 

5. Results 
5.1. Mineral Chemistry 
Magnetite 
The representative results of EMPA and LA-ICP-MS analyses for magnetite are presented in Table 1 and 3 The 
anhedral and euhedral magnetite in the Shaytor is Fe-rich with average FeOT abundances from 98.4 wt.% to 
101.2 wt.%, low SiO2 contents up to 0.9 wt.%. They do not show systematic chemical variations from core to 
rim. Magnetite in the Shaytor contains low MgO (up to 0.29 wt.%), low MnO (up to 0.02). In addition, the 
magnetite contains moderate to low Al2O3 (up to 0.35 wt.%). Low abundances of Al2O3, TiO2 (up to 0.70 wt.%) 
and MgO in magnetite obtained by EMP indicate insignificant variation due to exsolution of ilmenite and spinel. 
The composition of the magnetites is consistent with those from Kiruna-type magnetites, which have low TiO2 
compositions (usually < 2 wt.%) [1]. Chondrite-normalized rare earth element (REE) patterns for the magnetite 
from the Shaytor are characterized by enriched in LREEs relative to HREEs, the LREE/HREE ratios are varia-
ble (Table 2; Figure 4). 

Magnetites show moderately steep chondrite-normalized patterns with (La/Sm)N ratio 1.61 - 3 and have sim-
ilar negative Eu anomalies (Eu/Eu* = 0.18 - 0.27). These characteristics are probably related to the existence of 
apatite because apatite controls the REE budget of the rock. Iron ores were classified by [21] based on the Ni, V, 
Ti, Fe content. They proposed V vs. Ni, V/Ti vs. Ni/Ti and V/Fe vs. Ti/Fe diagrams for distinguishing the apa-
tite iron ores, titaniferous iron ores and Banded iron formations. Based on these diagrams, the Shaytor magne-
tite-apatite mineralization classified as apatite iron ores (Figure 5).  

5.2. Host Rock Whole Rock Chemistry 
The major and trace element compositions of the rocks are given in Table 3 and are clearly affected by hydro-
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thermal alteration. They show composition variations reflecting their lithologies from mafic to falsic composi-
tion (Figure 6(a)). The silica concentration ranges from 45.16 wt.% to 71.03 wt.% (Table 3) and 45.91 wt.% to 
70.20 wt.% for extrusive and intrusive rocks, respectively. The alkali contents of extrusive rocks vary between 
0.1 wt.% and 2.1 wt.% Na2O and 1.56 wt.% to 8.14 wt.% K2O, while the intrusive rocks have more Na2O (from 
0.09 wt.% to 5.14 wt.%) and less K2O values (0.1 wt.% to 4.5 wt.%) than those of extrusive rocks. Because most 
of these samples have been affected by extensive alteration, alternatively, the samples have been plotted in the 
discrimination diagram of [22] which is widely used to discriminate between altered volcanic rocks (Figure 
6(a)). In this diagram the more volcanic rocks plot in the rhyodacite-dacite, sub-alkali basalts and trachyte com-
positional field while the more intrusive rocks plot in the rhyodacite-dacite to sub-alkali basalts field. To distin-
guish between alkaline and subalkaline suites, the samples have been plotted in a diagram of Ta/Yb versus 
Th/Yb (Figure 6(b)). In this diagram, the intrusive as well as extrusive rocks mostly plot in the calcalkaline to 
shoshonitic field. These rocks are mostly peraluminous with alumina saturation index (ASI (=molar Al2O3/(CaO 
+ Na2O + K2O) values more than 1.10 (up to 4.47) except basaltic and gabbroic samples which are plotted in 
metaluminous field (Figure 6(c)). Also, they mostly plot in the I type granites in a diagram P2O5 versus silica 
(SiO2) (Figure 6(d)). The felsitic igneous rocks from Shaytor also show affinities to volcanic arc granites in the 
Rb against Y + Nb diagrams [23] (Figure 6(f)). Chondrite-normalized rare earth element (REE) and primitive 
mantle normalize patterns for the granitoids and volcanic rock from the Shaytor show two type of trend includ-
ing 1) mafic rocks with enrichment in light REEs (LREEs) and LILE compared to heavy REEs (HREEs) and 
HFSE with negative Eu (Figure 7(a)) 2) and falsic rocks with slight enrichments in LREE without Eu anomaly. 
Also, in a primitive mantle-normalized [24] trace element diagram, magmatic rocks shows depletion in K, P and 
Ti and enrichment in LILE (Figure 7(b) and Figure 7(d)).  

 
Table 1. Representative magnetite compositions determined by electron microprobe. 

Samples SH1.01 SH1.02 SH1.03 SH1.04 SH1.05 SH1.06 SH1.07 SH1.08 SH1.09 SH1.11 SH1.12 SH1.13 SH1.14 

SiO2 0.21 0.1 0.02 0.31 0.15 0.15 0.36 0.06 0.07 0.21 0.44 0.19 0.1 

TiO2 0.16 0.28 0.21 0.13 0.19 0.21 0.28 0.15 0.12 0.27 0.21 0.2 0.1 

Al2O3 0.09 0.11 0.04 0.07 0.06 0.07 0.32 0.03 0.03 0.23 0.11 0.02 0.08 

Cr2O3 0 0 0 0 0.02 0 0.01 0 0 0 0 0 0 

V2O3 0 0.66 0.09 0.09 0.11 0.1 0.4 0.12 0.1 0.14 0.09 0.12 0.06 

Fe2O3 65.02 65.28 68.61 65.08 67.82 65.62 64.26 68.41 67.65 65.34 65.23 66.69 66.51 

FeO 30.05 30.35 31.27 30.15 31.21 30.13 30.6 31.11 30.84 30.15 30.3 30.38 30.2 

FeOT 95.08 95.63 99.89 95.23 99.04 95.76 94.86 99.53 98.49 95.5 95.54 97.07 96.72 

MnO 0.02 0.02 0.01 0.02 0 0.01 0 0.02 0.02 0.01 0.01 0.01 0.02 

MgO 0.01 0 0 0 0.01 0 0 0 0 0.01 0.05 0 0 

CaO 0.01 0.04 0.06 0.1 0.07 0.07 0.05 0.07 0.02 0.34 0.38 0.35 0.16 

ZnO 0 0.1 0 0.05 0 0.14 0.04 0.05 0 0 0.01 0.05 0 

TOTAL 95.58 96.94 100.32 96 99.65 96.51 96.32 100.03 98.85 96.71 96.84 98.01 97.24 

Si 0.06 0.03. 0 0.09 0.04 0.04 0.11 0.01 0.02 0.06 0.13 0.05 0.03 

Ti 0.03 0.06 0.04 0.03 0.04 0.05 0.06 0.03 0.02 0.06 0.05 0.04 0.02 

Al 0.03 0.04 0.01 0.02 0.02 0.02 0.12 0.01 0.01 0.08 0.045 0.007 0.02 

V 0 0.16 0.02 0.02 0.02 0.02 0.1 0.02 0.024 0.03 0.02 0.03 0.01 

Fe(iii) 15.75 15.59 15.85 15.68 15.76 15.75 15.41 15.85 15.86 15.61 15.55 15.74 15.84 

Fe(ii) 8.092 8.05 8.03 8.07 8.06 8.03 8.15 8.01 8.03 8.01 8.03 7.97 7.99 

Mn 0.005 0 0.002 0.005 0 0.002 0 0.005 0.005 0.002 0.002 0.002 0.005 

Mg 0.004 0 0 0 0 0 0 0 0 0.004 0.02 0 0 

Ca 0.003 0.013 0.019 0.034 0.023 0.023 0.017 0.023 0.006 0.115 0.129 0.117 0.054 

Zn 0 0.02 0 0.01 0 0.03 0.009 0.01 0 0 0.002 0.01 0 

TOTAL 24 24 24 24 24 24 24 24 24 24 24 24 24 
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Table 2. Representative whole rock chemistry Shaytor magnetite determined by ICP-MS. 

sample SH-76-400 SH-75-336 SH-73-420 SH-72-340 

SiO2 13.36 13.97 5.83 10.28 

Al2O3 3.09 0.64 3.48 1.35 

P2O5 1.56 0.31 0.47 3.11 

K2O 0.0243 0.11 0.02 0.08 

CaO 1.99 1.11 2.57 3.29 

TiO2 0.0334 0.16 0.40 0.03 

Fe2O3 77.2 82.57 82.3 80.6 

MgO 2.81 0.95 3.81 1.31 

V2O5 0.1626 0.18 0.3 0.19 

LIO 0.01 0.01 0.51 0.01 

total 100 100. 99.7 100 

Al 0.76 0.23 0.5 0.2 

As 4.6 1.5 3.3 2.3 

Ba 11.2 13 9.2 16.2 

Bi 0.11 0.29 0.84 0.13 

Ca 1.99 1.11 1.23 2.14 

Ce 829 45.1 101 452 

Co 23.3 29.8 37.8 4.8 

Cr 21.5 78.3 13.3 9.6 

Cs 0.14 0.23 -0.05 0.08 

Cu 10.8 12.1 12.9 6.2 

Dy 31.1 8.38 7.2 27 

Er 14.2 3.9 3.14 14.3 

Eu 6.25 0.46 0.97 3.05 

Fe >15 >15 >15 >15 

Ga 21.6 24.8 30.8 18.8 

Gd 68.6 8.55 10.8 44.9 

Ge 0.4 0.2 0.6 0.2 

Hf 0.43 0.28 0.22 0.2 

Hg 1.79 6.45 1.7 2.55 

Ho 5.28 1.54 1.32 5.21 

In 0.05 0.03 0.03 0.07 

K 0.02 0.18 0.02 0.05 

La 337 17.6 39.3 177 

Li 14.8 25.3 7.2 8.6 

Lu 1.01 0.43 0.31 1.07 

Mg 1.05 0.4 0.92 0.27 

Mn 257 321 280.8 121.6 

Mo 0.41 0.84 0.33 0.31 

Na 0.03 0.02 0.02 0.02 

Nb 5 5.8 5.10 4.7 

Nd 400 22.1 44.5 200 
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Continued 
Ni 45.4 51.8 51 35.6 

P 0.77 0.15 0.13 0.98 

Pb 3 3 4 4 

Pr 93.2 5.25 11.6 51.5 

Rb 0.5 8.5 0.6 2.5 

S 0.5 0.6 1 0.6 

Sm 70.6 6.89 10.1 40.6 

Sr 18.9 10.5 12.6 14.5 

Ta 0.55 0.5 0.63 0.44 

Tb 6.68 1.26 1.42 5.08 

Th 8.5 3.2 2.3 10 

Ti 0.14 0.14 0.17 0.13 

Tm 1.54 0.47 0.4 1.58 

U 1.5 0.8 0.8 1.4 
V 911 1373 1168 1119 
Y 133 34.3 28.2 137 

Yb 8.9 3.2 2.8 10 

 

 
Figure 4. REE pattern in samples from the Shaytor magnetite-apatite mineralization. Normalization data from [24]. 

6. Discussion 
6.1. Source Features 
Major, trace and rare earth element chemistry of the Shaytor rocks demonstrate the significance of crystal frac 
tionation from parental magma(s). Most of the Shaytor igneous rocks have low MgO, Ni, and Cr contents, ex-
cept basalt and diorite samples, suggesting that they no correspond to primary magma compositions. General 
fractional crystallization or partial melting trends are indicated by decreasing TiO2, MgO, Fe2O3, V, Sc and Sr 
concentrations and increasing K2O concentration with increasing SiO2 contents in Shaytor igneous rocks (Table 
3). These trends can be interpreted to indicate fractionation of amphibole, plagioclase, Fe-Ti-oxides, apatite and 
zircon. Fractionation of Fe-Ti oxides was important which is consistent with the decrease in V with increasing 
SiO2. Also, fractionation of apatite, which may concentrate LREE (e.g. [25]), is compatible with LREE valuse in 
chondrite normalized patterns (Figure 7). As a mentioned before, according to REE values in the chondrite 
normalized pattern, the igneous rocks from Shaytor show two trends that show there is two type of magmatism 
in this region including: (1) primary basalts magmatism with enrichment in LREEs and LILE compared to 
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HREEs and HFSE with negative Eu (Figure 7(a)), (2) felsic volcanism and plutonism with evidences for assi-
milation-fractional crystalization (Figures 7(b)-(d)).  

6.2. Relationship between Magmatism and Iron-Ore Deposits 
Magmatic iron ores were classified by [1] into two groups based on geochemical characteristics which are in-
clude: 1) volcanic-exhalative stratiform iron ores and 2) iron-apatite ores and apatite veins. They believed that  

 

 
Figure 5. Location of the Shaytor magnetite-apatite ore samples on the [21] diagrams: 
(a) V vs. Ni, (b) V/Fe vs. Ti/Fe ratio and (c) V vs. Ni + Co ratio. 
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Table 3. Representative whole rock chemistry Shaytor igneous rocks determined by ICP-MS. 

sample 5a18 5a43 5a44 5a45 SH-9 SH-72-439 SH-72-421 SH-67-427 SH-70-70 SH-5 

rock Basalt Dacite Andesite Dacite Rhyolite INTRUSIVE) Granite Granite Granite  

SiO2 45.2 68.94 67.57 64.99 71.03 69.44 70.2 67.18 48.7 67.1 

Al2O3 14.2 14.63 15.17 15.44 14.8 15.32 14.32 15.17 16.5 11.8 

P2O5 0.81 0.16 0.2 0.15 0.13 0.09 0.12 0.21 0.15 0.02 

K2O 3.15 5.69 5.61 6.65 8.14 2.71 0.8734 0.65 0.91 4.53 

CaO 2.39 0.48 1 0.92 1.48 2.29 0.64 2.57 1.76  
TiO2 1.17 0.55 0.71 0.66 0.07 0.69 0.5 0.86 1.12 0.05 

Fe2O3 23.8 4.6 5.12 6.07 0.84 2.55 3.13 4.03 11.4 6.89 

MgO 4.82 1.22 1.78 2.09 0.49 0.53 0.23 0.43 5.15 3.77 

Na2O 0.107 1.17 0.57 0.6 2.19 3.36 4.91 5.27 2.19 0.09 

MnO 0.1 0.01 0.02 0.02 0.01 0.0392 0.0098 0.0746 0.19 0.0979 

LOI 4.33 2.49 2.85 3.05 1.67 3.47 5.58 3.73 5.83 4.12 

Ag −0.05 −0.05 −0.05 0.05 −0.05 −0.05 −0.05 −0.05 1.7 −0.05 

Al 5.5 1.75 3.65 3.57 1.95 2.07 1.89 2.17 8.67 4.12 

Ba 570.6 603.8 786 690.8 660.4 161.2 55.4 50.6 375.2 488.2 

Ca 1.83 0.24 0.48 0.52 0.4 1.21 0.33 1.7 6.96 1.15 

Ce 220 14.1 26.1 21.2 24.3 7.72 2.51 46 37.8 33.7 

Co 22.7 21.3 12.4 14.1 32.7 34.4 34.6 28.8 54.7 21.9 

Cr 64.7 8.7 10.5 15.8 30.5 6.6 9 14.3 242 16.2 

Cs 0.97 0.54 0.78 0.69 0.47 0.89 0.19 0.47 3.61 0.9 

Cu 14.3 5.9 7.6 6.4 7.7 7.2 6.7 12.3 32.4 8.1 

Dy 20.3 3.83 8.21 8.27 1.25 1.86 0.46 3.51 4.95 3.16 

Er 10.9 2.11 4.5 5.01 1.04 1.66 0.57 2.59 2.78 1.75 

Eu 2.95 0.66 1.32 1.11 0.57 0.37 0.16 0.96 1.77 0.71 

Fe >15 2.91 3.73 3.86 0.42 1.82 1.68 2.45 7.7 4.16 

Ga 16.2 17 21.6 23 11.9 22 16.8 22.3 21 14.5 

Gd 24.1 2.68 6.74 6.16 2.12 1.64 0.53 5.19 5.89 3.98 

Hf 0.75 4.58 5.24 6.15 3.89 4.47 4.85 3.93 2.06 1.55 

Hg 2.25 5.06 4.45 2.34 10.04 7.78 9.46 18.18 7.1 6.4 

Ho 3.94 0.82 1.66 1.89 0.3 0.48 0.15 0.8 1.1 0.59 

In 0.08 −0.02 0.03 0.03 0.02 0.03 −0.02 −0.02 0.09 0.17 

K 5.21 3.88 6.58 5.63 3.53 2.6 0.31 0.55 0.64 3.56 

La 85.8 6.1 11 9.1 10.5 2.8 0.8 16.9 16.8 12.2 

Li 80.1 23.7 35.3 40.2 11.4 21.3 15.1 6.3 30.1 65.4 

Lu 0.88 0.22 0.53 0.59 0.31 0.41 0.15 0.5 0.29 0.31 

Mg 2.75 0.75 1.18 1.33 0.08 0.32 0.14 0.26 3.84 2.44 

Mn 798 112.6 198 195 114 302 75.8 587 1449.2 758 

Mo 0.98 0.89 1.1 0.85 0.45 1.49 0.73 0.96 0.96 1.87 

Na 0.08 0.99 0.42 0.45 0.11 3.14 4.34 5.14 2.11 0.07 

Nb 5.2 14.2 15.4 11.5 3.7 16.8 14.8 10.7 16.4 1.4 
Nd 97 7.71 13.4 12 9.96 4.93 1.9 24.5 18.6 17.3 
Ni 29.6 1.7 1.8 1.7 3.4 3.3 3.3 4.1 118 4.1 

P 0.4 0.05 0.06 0.06 −0.01 0.04 0.03 0.07 0.09 −0.01 
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Continued 
Pb 3 6 7 5 5 3 3 4 173 6 

Pr 25.1 1.76 3.23 2.85 2.64 1 0.33 5.69 4.45 4.17 

Rb 65.9 69.1 105 95.4 84.5 49.5 2.4 5 20.3 56 

Sc 9 2.8 6 3.7 2.6 3.2 3.6 6.2 16.2 3.9 

Sm 21 2.35 4.45 3.83 2.1 1.58 0.38 5.34 4.98 4.08 

Sn 12.96 −3 3.43 3.04 4.07 3.73 3.64 6.15 −3 3.11 

Sr 50 31.6 39.9 35.8 15.4 15.4 16 15.9 404 23.9 

Y 84.4 17 37.4 40.2 7 10.8 3.1 16.6 22.5 12.4 

Ta 0.87 1.08 0.97 0.68 0.41 1.14 1.11 1.03 1.19 0.27 

Tb 3.54 0.54 1.2 1.14 0.21 0.25 0.09 0.66 0.93 0.5 

Th 4 3.6 9.1 9.5 13.8 4.5 1.6 5.9 1.8 14.9 

Ti 0.44 0.31 0.32 0.3 0.04 0.27 0.23 0.3 0.89 0.03 

Tm 1.26 0.27 0.59 0.65 0.2 0.28 0.09 0.39 0.3 0.26 

U 1.5 2 2.1 2.3 2.5 0.6 0.2 0.3 0.4 0.9 

V 169 7.9 8.7 8.6 1.9 1.3 2.4 6.3 208 12.5 

Yb 7.6 1.8 3.8 4.2 1.6 2.6 0.9 3 1.9 2.2 
Zn 56.3 34.4 44.3 42.5 24.4 15.4 14.3 15.7 443 42.8 
Zr 19.3 133 147 174 85.3 134 151 114 44.7 31.1 
Ba 570.6 603.8 786 690.8 660.4 161.2 55.4 50.6 375.2 488.2 

Ba/La 6.65 98.9 71.4 75.7 62.9 57.6 69.25 2.99 22.3 40.01 
Nb 5.2 14.2 15.4 11.5 3.7 16.8 14.8 10.7 16.4 1.4 
La 85.8 6.1 11 9.1 10.5 2.8 0.8 16.9 16.8 12.2 

 

 
Figure 6. (a) Trace element diagram after [22]; (b) Plot of Th/Yb vs. Ta/Yb [40] for igneous rocks from Shaytor; (c) In the 
Al2O3/Na2O + K2O (molar) vs. Al2O3/(CaO + K2O + Na2O) (molar) diagram [39]; (d) In the P2O5 vs. SiO2 diagram, the gra-
nitoid and volcanic rocks from Shaytor; (e) Rb vs. Y + Nb geotectonic discrimination diagram [23] for felsitic igneous rocks 
from Shaytor. 
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Figure 7. Chondrite-normalized rare earth element (left) and primitive mantle normalized trace element patterns (right) for 
the volcanic rocks ((a) (b)) and granitoid rocks. 

 
iron-apatite ores demonstrate depletion in Cr (less than 10 ppm), enrichment in V (1000 - 2000 ppm) and deple-
tion in Ti (100 - 1000 ppm occasionally up to 5000 ppm). Average content of Cr, V and Ti in the Shaytor mag-
netite-apatite samples are 30.3 ppm, 1142.7 ppm and 0.14 ppm, respectively. In this base, Shaytor magnetite- 
apatite mineralization can be classified as iron-apatite ores. Among the iron ores of the world, there is a specific 
group of occurrences composed of the magnetite-hematite-apatite assemblage (IOA deposits) which are consi-
dered as Kiruna-type magnetite-apatite deposits. Rare earth elements (REE) are characteristically elevated in 
Kiruna-type deposits [26]. Enrichment in REEs is one of the specialties of the Shaytor magnetite-apatite minera-
lization. REEs content of these samples are high and vary between 56.77- 1087 ppm. All of the samples from 
magnetite ore show a similar pattern with a LREE/HREE fractionation and negative Eu anomaly (Figure 4). 
These similar REE patterns indicate that these units have a common origin. Moderate LREE/HREE fractionation 
is a common characteristic of magmatic magnetite-apatite ores connected with calcalkaline rocks. The chon-
drite-normalized REE patterns (Figure 6(a)) show that the samples from the igneous rocks vary substantially in 
terms of  composition. These samples, except primary basalt, exhibit a weak enrichment of Light  REEs com-
pared to Heavy REEs and a relatively flat pattern (Figure 6(a) and Figure 6(c)). The magnetite samples from 
Shaytor revealed chondrite normalized REE patterns similar to those of the primary basaltic rocks with depleted 
Eu (Figure 4 and Figure 7(a)). So, it can be find that the Shaytor Fe deposit  were generated from basaltic 
magmas. 

6.3. Comparison with Kiruna-Type Deposit, Sweden 
Kiruna-type deposits contain variable quantities of magnetite-fluorapatite-actinolite ores in volcano-plutonic 
terrains that range in age from Proterozoic to Cenozoic. The best known, and one of the largest deposits is in the 
Kiruna region of northern Sweden ([27] [28]), in Missouri, U.S.A., in the Great Bear magmatic zone of Canada 
[29], in Ningwu basin in the eastern China [30], in the Avnik region of southeastern Turkey [31], and in the 
Circum-Pacific belt of Chile and Peru ([28]). Iron oxide-apatite deposits of the Shaytor region show some simi-
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larities to the Kiruna-type deposits including (1) according to mineral assemblages, fabric and structure of the 
iron ores, occurrence of the orebodies and wall rock alteration zones. For example, the iron ores are mainly 
composed of magnetite or hematite, diopside or actinolite and apatite. These deposits are interpreted as having 
formed in a rift or extensional environment and mineralization is associated with alkaline magmatism. (2) 
Geochronological data [9] and [20] show that the time interval between the magmatism and associated minera-
lization is very short. Alteration, especially albitization, is very pronounced in footwall rocks under the orebo-
dies. 

6.4. Implication of Metallogenic 
As mentioned before, the Shaytor apatite-rich iron deposit is similar to Kiruna-type iron deposits. The origin and 
enrichment mechanisms of apatite and magnetite in Kiruna-type iron deposits have long been debated, and 
models proposed include exhalative-sedimentary origin [32] and [26], magmatic origin due to liquid immiscibil-
ity [33], and hydrothermal origin [29] and [34]. Recent studies have excluded the exhalative-sedimentary origin 
hypothesis. The Kiruna-type iron deposits have been interpreted as the product of crystallization of iron oxide 
magmas derived through immiscible liquid segregation (rich in Ti, P, and Zr) [1] [4] [31] [35]-[38]. It has been 
hypothesized that silicate liquid immiscibility, caused by 1) crystal fractionation, 2) magma mixing, 3) an abrupt 
change in oxygen fugacity, and/or 4) an introduction of phosphorus, may lead to the release of an oxide melt 
from silicate magma [5]. This model has been proposed for some of the magnetite-apatite deposits in the Chi-
lean iron belt [1] and Kiruna [27]. The occurrence of large amounts of the apatite as a gangue mineral is conspi-
cuous in Kiruna-type deposits, such as Shaytor. Also, apatite has spatial association with the iron mineralization 
in Shaytor. This confirms for Shaytor the model involving immiscible magmatic liquids caused by the introduc-
tion of phosphorus. The Shaytor iron deposit was formed from Fe-rich melts (or fluids) that were derived from 
the mafic magma and channeled along major faults and fractures. The source of the Fe can ultimately be as-
cribed to the mafic magmas derived from the mantle wedge. 

7. Conclusion 
The Shaytor apatite-rich iron deposit, hosted in calc-alkaline felsic metamorphosed volcanic rocks, is a typical 
Kiruna-type magnetite deposit. The Shaytor deposit is similar to a Kiruna-type deposit in its mineral assemblag-
es (low-Ti magnetite-apatites with minor pyrite) and ore structure (massive, banded, and brecciated). The mag-
netite contains low concentrations of Ti. The magnetites, and host primary basaltic rock have similar REE and 
trace element normalized patterns. The occurrence of large amounts of the apatite as a gangue mineral is con-
spicuous in Kiruna-type deposits, such as Shaytor. This confirms for Shaytor the model involving immiscible 
magmatic liquids caused by the introduction of phosphorus. The Fe-rich melts (or fluids) that were derived from 
the mafic magma and channeled along major faults and fractures was responsible for Source of Fe in Shaytor.  
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