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Abstract 
Qara Aqaj titanium potential is one of the two major known titanium resources 

in Iran. The main host rocks of the ore body are ultramafics including wehrlite and 
lherzolite with minor clinopyroxenite. Qara Aqaj intrusion is composed mainly of 
ultramafic-mafic rocks, layered gabbro, diorite, microdiorite and some monzonite 
and alkali syenite. This intrusion has intruded the basement complex (amphibolite 
schist and gneiss), and it is covered unconformably by upper Permian sandstone 
and limestone. Therefore the age of intrusion can possibly be pre upper Permian. 
Based on structural and geochemical characteristics, Qara Aqaj intrusion can be 
divided into basal and main zones. The basal zone is composed of fine grain 
gabbro with weak layering and alteration, probably originated from a primary 
tholeiitic magma. This zone is enriched in Si, Na, Mg and Cr and poor in Fe, Ti 
and P relative to the main zone. Due to low oxygen fugacity (ƒO2) Fe-Ti minerals 
are not crystallized in the basal zone. It seems that the main zone that forms the 
main body of the Qara Aqaj intrusion is injected into the tholeiitic magma. Based 
on the results from drilling four ore bearing wehrlite layers varying in thickness 
from 1.5 m to 22 m with 33.5 m maximum combined thickness are recognized. 
Gabbro layers that are in contact with ultramafic layers have no economic 
mineralization. Some uneconomic oxide minerals are found as inclusions in 
silicate minerals, or open space fillings. Ore minerals in the ultramafic rocks 
cropping out in the study area include (in average) 10.58% wt ilmenite, 9.21% wt 
Ti bearing magnetite, 6.09% wt magnetite and 3.46% wt apatite (fluorapatite). 
The ore minerals in core samples are as follows (in average): 8.93% wt ilmenite, 
8.27% wt Ti bearing magnetite, 5.52% wt magnetite and 4.25% wt apatite. The 
weight ratio of Fe-Ti oxide minerals to apatite varies from 4 to 30 (average 8). 
Qara Aqaj titanium potential can be considered as a large titanium bearing 
orebody. It is similar to the low grade apatite-ilmenite-magnetite deposit in the 
Kauhajarvi gabbro in western Finland. 
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Introduction 
Qara Aqaj titanium potential is located 37 km 

northwest of Urmia in the western Azarbaijan province, 
NW Iran (Fig. 1). This potential has an estimated 
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Figure 1.  Location map of the Qara Aqaj titanium potential, NW of Iran and its relation to the Khoy-Mahabad zone according to 
Nabavi [32] and Sanandaj-Sirjan zone according to Stocklin [48]. 

 
reserve of about 200 million tones of ore grading 9.32% 
wt TiO2 in average and 80 million tones of ore grading 
4% wt P2O5 [1]. The results of previous investigations 
reveals the possibility of TiO2 separation in the Qara 
Aqaj potential [13,18,29,30,39]. 

Methodology 

In this study 291 surface samples, 74 core hole 
samples, 69 thin and 35 thin polished sections were 
studied. 152 samples for major oxides including TiO2, 
Fe2O3, P2O5 and trace elements and 46 samples for the 
major elements were analysed by XRF. Also 30 samples 
were analysed for REE by ICP-MS method. The 
analyses were carried out in China (Wuhan university). 
Point counter (Basingstoke-James Swift& Son model) 
were used for volume percent estimation of opaque 
minerals, apatite (fluorapatite) and silicate minerals. 
Two G816 magnetomter of 0.1 nanotesla accuracy were 
used for lateral and depth estimation of the ore body. 
SEM-EDS analyses were also used to study ilmenite 
and Ti bearing magnetite. 

Geology and Stratigraphy 

Qara Aqaj intrusion is an ultramafic (non ophiolitic) 
Fe-Ti bearing ore body in Iran [39]. It is located in 
Khoy-Mahabad structural zone according to Nabavi 
[32] and placed in Sanandaj-Sirjan zone according to 
Stocklin [48] (Fig. 1). This intrusion is located in the 
extreme northwest of central Iran zone according to 
Haghipour et al. [10]. 

Based on the geological map of the studied area, 
scale 1/20000 (Fig. 2) the regional stratigraphy of the 
area are presumably as follows: 

1.  Late Neoproterozoic rocks including gneiss, 
amphibolite, schist and some marble. The gneiss is also 
believed to be mylonitized granite and the amphibolite 
is believed to be mylonitized gabbro and ultramafic 
rocks (M. Sabzei, written communication). 

2.  Cambrian sediments that crop out in small extent. 
3.  Permian sediments including sandstone, 

limestone, and dolomite in 2000 m (?) thickness, 
overlying unconformably the Cambrian and older 
formations [10]. 
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Figure 2.  Geological map of the Qara Aqaj titanium bearing intrusion, Urmia, NW Iran [37]. 

 
4.  Oligo-Miocene sediments including limestone, 

marl and sandstone, overlied unconformably the older 
formations. 

5.  Quaternary sediments including alluvium and 
young terraces with some travertine. 

Qara Aqaj intrusion intruded Precambrian rocks. 
This body is then overlain by upper Permian sandstone 

and limestone. Thus the Qara Aqaj intrusion appears to 
be pre upper Permian in age (M. Sabzei, written 
communication). The region has experienced many 
orogenic movements such as Baikalian, Hercynian, 
Variscan, Caledonian, Cimmerian, Laramian and 
Pyrenian [46]. 
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a) 

 
b) 

 
c) 

 

Figure 3.  Microphotographs of Fe-Ti oxides and apatite host 
rocks: a Wehrlite, b Lherzolite, and c Clinopyroxenite in 
transmitted light. Ol.: Olivine, Cpx.: Clinopyroxene, Opx.: 
Orthopyroxene, Sp.: Spinel, Ser.: Serpentine, Hem.: Hematite. 

Qara Aqaj Intrusion 

General Description 

The Qara Aqaj intrusion has 4.5 km length, 300 m to 
1100 m width. Three systems of faulting have been 
recognized and were measured in this intrusion: 1) NW-
SE trend (N120-140, 50-60 NE) that forms the major 
faulting system 2) NE-SW trend (N030-040, 65-75 SE) 
and 3) N-S trend (N160-170, 40-50 E). 

The main rock types of the intrusion include wehrlite 
and lherzolite with some clinopyroxenite. There are 4 
mineralized layers enriched in Fe-Ti oxides, ranging in 
thickness from 1.5 m to 22 m. Changes in thickness can 
be related to distance from the magma injection site or 
feeder zone [2,7]. Some of the ultramafic layers not 
enriched in Fe-Ti oxides, may indicate sporadic liquid 
immiscibility in magma [45,53]. Parallel layering 
resembles this potential to concordant type titanium 
deposits [9,35], that have usually low Fe-Ti oxides and 
apatite [6]. 

Wehrlite:  Wehrlitic rocks with subhedral granular 
and cumulate textures, composed of olivine (forsterite), 
35-50 vol% (0.15 mm to 1.2 mm), titanaugite and 
diopsidic augite, 20-35 vol% (0.03 mm to 1.4 mm), 
opaque minerals up to 18-25 vol%, fluorapatite, 2-9 
vol% (0.1 mm to 0.5 mm) and green spinel, 2-9 vol% 
(0.15 mm to 0.5 mm). Secondary minerals include 
serpentine, actinolite (±ferroactinolite), chlorite and 
some anthophyllite (Fig. 3a). 

Lherzolite:  This rock type with subhedral granular 
and cumulate texture, composed of olivine (forsterite), 
35-50 vol% (0.2 mm to 1 mm), augite and titanaugite 
15-25 vol% (0.5 mm to 1.2 mm), hypersthene, 10-15 
vol% (0.6 mm to 1 mm), opaque minerals, 20-25 vol%, 
fluorapatite, 1 vol% to 8 vol% and green spinel, less 
than 1 vol% associated with secondary minerals such as 
serpentine, tremolite, actinolite and some talc (Fig. 3b). 

Pyroxenite:  Clinopyroxenite in small outcrops is 
present as subhedral granular and cumulate textures, 
composed of diopside and titanaugite, 75 to 85 vol% 
and opaque minerals, 20-25 vol% associated with 
secondary minerals such as tremolite and chlorite with 
some hematite (Fig. 3c). 

Qara Aqaj titanium potential based on host rock 
petrography, faulting systems and ore grade variations is 
divided into 11 blocks. Blocks A, B, C and D mainly are 
hosted by wehrlite, blocks E, F, G, H, I, K and J are 
hosted by lhrezolite and clinopyroxenite is the host for 
block D and H (Fig. 4). 

Geophysical investigations (magnetometry) indicated 
the existence of some mineralized ultramafic rocks 
underlying the layered gabbro. From the results of this 
investigations and studying the core hole samples the 
following rock types are recognized: 1)  layered gabrro 
(from surface to 40 m depth), 2)  ultramafic-mafic rocks 
40 to 102 m depth (with 4 mineralized ultramafic 
layers), 3)  strongly altered gabbroic rocks from depth 
of 102 to 121.5 m and more (?). 

Based on the geochemical characteristics and struc-
tural and petrographical studies, Qara Aqaj titanium ore 
body is divided into main zone (from surface to depth of 
102 m) and basal zone (from 102 m down wards). 
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Figure 4.  Geological map and mineral blocks of Qara Aqaj titanium potential [37]. 

 
Basal Zone:  Basal zone is formed of fine grained 

clinopyroxene gabbro with albitized plagioclase and 
actinolitized clinopyroxene with some prehnite and 
calcite that filled the rock fissures. The size of the 
minerals varies from less than 0.1 mm to 0.4 mm. These 
rocks are altered to episyenite type rock due to 
hydrothermal alteration [37]. Opaque minerals include 
pyrrhotite and some Fe-Ti oxides, that filled mineral 
spaces. Chemical analysis indicated the amount of TiO2 
ranging from 0.68 wt% to 1.07 wt% of the rock. Rocks 
of the basal zone are subalkaline (Fig. 5a). 
 

Main Zone:  Rocks of the main zone are texturally 
and modally layered, and include 75 vol% of the whole 
Qara Aqaj intrusion. Four distinct layers from 1.5 m to 
22 m in thickness were recognized in this zone. Fe, Ti 
and P contents of the main zone are high compared to 
the basal zone, while Cr, Mg, Si and Na are relatively 
low. Based on AFM diagram, main zone rocks are 
mainly tholeiitic (Fig. 5b). Chemical analysis (Table 1), 
normative Ne-Q-Ol (Fig. 5a), AFM diagram (Fig. 5b) 
and CIPW normative composition (Fig. 5c) indicate a 
drastic variation between rock types of basal zone 
compared to the main zone. 
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Figure 5.  Geochemical classification of basal and main zone rock types, Qara Aqaj intrusion; a normative Ne-Q- Ol, b AFM 
diagram, c CIPW normative composition . a and b are according to Irvine and Baragar [14] and c in according to Rollinson [43]. 

 
Ore Mineralogy 

Qara Aqaj intrusion as mentioned earlier can be 
divided into two zones, and only the main zone contains 
economical titanium minerals (in ultramafic rocks). 
Mineralographic studies indicate some opaque minerals 
such as ilmenite, magnetite, Ti bearing magnetite with 
minor green spinel, hematite and sulfides including 
pyrrhotite with minor pyrite [38,40]. Fe-Ti oxide 
minerals appear in two forms: a) as inclusion with 
spheroidal texture, hosted by silicate minerals. b) as 
interstitial (filled the open spaces of intercumulus 
crystals) and exsolution texture in ilmenite or magnetite. 
Studied polished and thin polished sections indicated 
that opaque minerals are apparently formed in separate 
phases, therefore they bear different textures, grain size 
and other mineralogical characteristics. 

Ilmenite 

Three stages in the formation of ilmenite are 
recognized: 

1)  As fine inclusion with spheroidal texture [9] with 
dimensions less than 0.01 mm to 0.2 mm (Fig. 6a). 

2)  Exsolution texture [41] and lamella (less than 0.01 
mm to 0.04 mm) inside magnetite grains (Fig. 6b) that is 
called ilmenomagnetite [15] and titanomagnetite [41]. 
3)  As individual, anhedral to subhedral crystals (0.02 
mm to 0.8 mm) with granular texture [5], space filling 
[25] and boundary replacement texture [41] in silicate 
minerals (Fig. 6c and 6d). Ilmenite contains apatite 
(fluorapatite), silicates and sulfides as fine inclusions 
(0.01 mm to 0.06 mm). From economic perspective, the 
third stage of ilmenites is economic. 

Volume and weight percentage of third stage 
ilmenite were measured in 35 thin polished sections 
using a point counter based on methods used by Herz 
and Force [12] and Force [9] (Tables 2 and 3). 

Based on weight percentage of apatite and Fe-Ti 
oxides (Table 3), the ratio of apatite to Fe-Ti oxides in 
host rocks is between 1:12 to 1:2 in wehrlite, 1:20 to 2:5 
in lherzolite and 1:280 to 1:150 in clinopyroxenite. The 
scatter plots of apatite versus total Fe-Ti oxides do not 
indicate a nelsonitic trend (Fig. 7). 

Weight percentage of economical ilmenite (third 
stage) and associated minerals in various blocks of Qara 
Aqaj titanium potential are shown in Table 4. 
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Table 1.  Chemical analysis of basal and main zone rock types [18,37] 

Composition Basal zone Main zone 

 Gabbro-Episyenite Ultramafic rocks (mainly 
Wehrlite and Lherzolite) Olivin clinopyroxene gabbro Clinopyroxene gabbro 

SiO2 % 43.17-49.73 22.84-31.13 36.14-41.02 39.89-49.51 
TiO2 1.79-2.07 6.40-11.86 3.17-5.88 0.5-2.62 
Al2O3 11.97-18.92 4.95-7.62 8.55-14.07 11.76-24.13 
FeO(tot) 8.23-11.02 32.02-37.54 18.02-22.43 12.97-17.11 
MnO 0.08-0.12 0.38-0.44 0.19-0.35 0.07-0.26 
MgO 14.11-18.63 12.04-16.08 8.14-11.07 2.38-7.54 
CaO 10.06-12.17 2.79-8.29 5.72-8.11 7.03-10.93 
Na2O 3.22-5.98 0.17-0.52 0.77-1.12 1.36-2.57 
K2O 0.57-0.74 0.23-0.36 0.56-0.71 0.73-1.02 
P2O5 0.62-0.86 0.57-5.05 2.31-4.89 0.20-0.81 
S (ppm) 100-1300 81-6849 1226-3006 2393-14118 
Ba 56-127 92-349 127-516 91-749 
Ni 287-305 62-236 46-112 4-89 
Cu 36-171 28-191 39-106 22-76 
V 215-402 138-1012 127-571 153-316 
Cr 205-392 42-286 56-217 30-177 
La 17-51 27-82 15-73 7-64 
Ce 10-55 8-65 17-376 12-574 
Nd 41-87 34-76 22-62 25-51 
Yb 2-3 5-8 3-6 1-6 

 
 a) b) 

   
 
 c) d) 

   

Figure 6.  Microphotographs of ilmenite stages of Qara Aqaj titanium potential in reflected light: a first stage, b second stage, c and 
d third stage. Ilm.: Ilmenite, Mag.: Magnetite, P.: Pyrrhotite. 
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Table 2.  Measured volume percent of third stage ilmenite and associated minerals in main zone and basal zone of Qara Aqaj 
titanium potential by Point counter 

Zone Sample 
number 

Lithology Ilmenite Ti bearing 
magnetite 

Magnetite Hematite Pyrrhotite Apatite Silicates

Main zone         

 A15-44 wehrlite 8.36 8.84 7.39 - 0.75 2.94 71.69 

 B6-55 wehrlite 3.89 12.46 8.30 - 0.26 7.93 67.12 

 B11-40 wehrlite 5.43 4.16 2.84 - 0.15 7.80 79.59 

 B14-37 wehrlite 7.69 5.91 3.97 - 0.35 4.11 77.94 

 B23-60 wehrlite 4.04 8.73 13.03 - 0.29 9.03 64.85 

 C19-47 wehrlite 10.53 5.35 1.78 - - 2.21 80.11 

 D3-35 wehrlite 9.86 4.41 3.55 - - 3.56 78.60 

 D6-39 clinopyroxenite 12.30 6.59 4.25 0.19 0.36 0.20 76.07 

 D17-36 clinopyroxenite 8.91 7.11 4.69 - - 0.24 79.04 

 E5-38 lherzolite 13.08 5.53 4.97 - 0.30 4.32 71.78 

 F15-59 lherzolite 11.42 6.51 2.18 - 0.34 1.37 78.15 

 F25-34 lherzolite 8.05 6.01 2.93 - 0.29 3.24 79.46 

 F16-49 lherzolite 9.18 4.86 3.32 - 0.34 2.15 80.13 

 G7-33 lherzolite 8.40 5.58 3.74 - 0.61 7.37 74.28 

 G12-42 olivine clinopyroxene gabbro 1.94 6.04 4.09 - 0.25 0.88 86.77 

 G30-41 lherzolite 8.14 6.66 4.24 - - 7.95 73.00 

 H6-62 clinopyroxenite 10.40 6.56 5.65 1.05 0.15 0.12 76.04 

 H16-66 lherzolite 4.58 10.79 5.35 - 0.90 4.22 74.14 

 H28-53 lherzolite 5.28 10.52 7.01 - 0.35 4.53 72.29 

 H35-61 clinopyroxenite 12.42 7.35 3.64 0.74 0.31 0.17 75.35 

 I1-43 lherzolite 4.33 6.90 4.01 - - 6.11 78.64 

 J12-51 lherzolite 5.23 4.20 2.81 - 0.54 7.92 79.27 

 K9-50 lherzolite 5.40 4.31 2.87 - - 3.54 83.86 

 BH1-48 wehrlite 8.16 8.46 6.13 - 0.19 3.60 73.44 

 BH2-54 wehrlite 9.83 5.23 3.54 - 2.59 3.43 75.37 

 BH3-52 olivine clinopyroxene gabbro 2.05 1.45 1.30 - 0.30 2.55 92.33 

 BH4-49 olivine clinopyroxene gabbro 2.61 0.50 0.40 - 1.71 2.30 92.46 

 BH6-58 wehrlite 5.54 8.06 5.31 - 0.93 4.37 75.77 

 BH7-65 wehrlite 5.31 2.70 1.99 - 0.33 8.13 81.51 

 BH8-57 wehrlite 5.08 4.63 2.16 - 1.05 3.96 85.68 

Basal zone         

 BH10-67 clinopyroxene gabbro 0.95 2.53 1.05 - 1.63 0.91 92.90 

 BH5-63 clinopyroxene gabbro 1.42 2.11 1.64 - 0.47 1.20 93.14 

 BH9-64 clinopyroxene gabbro 0.78 1.93 1.10 - 2.81 2.80 90.56 

 BH10-56 clinopyroxene gabbro 0.57 0.82 0.62 - 0.38 0.81 96.78 

 BH11-45 episyenite 1.04 0.62 0.19 - 4.05 0.52 93.56 
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Table 3.  Measured weight percent of probable economical ilmenite and associated minerals in main zone and basal zone of Qara 
Aqaj titanium potential 

Zone Sample 
number 

Lithology Ilmenite Ti bearing 
magnetite 

Magnetite Hematite Pyrrhotite Apatite Silicates

Main zone         
 A15-44 wehrlite 10.66 12.23 10.38 - 0.93 2.55 63.22 
 B6-55 wehrlite 4.94 17.19 11.63 - 0.32 6.86 59.03 
 B11-40 wehrlite 7.38 6.13 4.25 - 0.20 7.21 74.81 
 B14-37 wehrlite 10.18 8.49 5.79 - 0.45 3.70 71.37 
 B23-60 wehrlite 5.10 11.96 18.14 - 0.35 7.76 56.65 
 C19-47 wehrlite 14.00 7.72 2.60 - - 2.00 73.66 
 D3-35 wehrlite 13.08 6.35 5.19 - - 3.21 72.14 
 D6-39 clinopyroxenite 15.88 9.23 6.04 0.27 0.45 0.17 67.92 
 D17-36 clinopyroxenite 11.63 10.07 6.74 - - 0.21 71.33 
 E5-38 lherzolite 16.89 7.74 7.07 - 0.38 3.79 64.10 
 F15-59 lherzolite 14.98 9.27 3.15 - 0.43 1.22 70.92 
 F25-34 lherzolite 10.70 8.66 4.29 - 0.37 2.93 73.03 
 F16-49 lherzolite 12.18 7.00 4.85 - 0.44 1.94 73.56 
 G7-33 lherzolite 11.11 8.01 5.45 - 0.79 6.64 76.98 
 G12-42 olivine clinopyroxene gabbro 2.62 8.87 6.10 - 0.33 0.81 81.25 
 G30-41 lherzolite 10.72 9.52 6.15 - - 7.12 66.48 
 H6-62 clinopyroxenite 13.37 9.15 8.01 1.51 0.18 0.10 67.64 
 H16-66 lherzolite 5.93 15.16 7.63 - 1.14 3.72 66.40 
 H28-53 lherzolite 6.78 14.66 9.92 - 0.44 3.96 64.22 
 H35-61 clinopyroxenite 15.97 10.25 5.16 1.06 0.39 0.14 67.00 
 I1-43 lherzolite 5.79 10.01 5.91 - - 5.56 72.72 
 J12-51 lherzolite 7.10 6.19 4.20 - 0.71 7.32 74.45 
 K9-50 lherzolite 7.33 6.35 4.29 - - 3.27 78.74 
 BH1-48 wehrlite 10.52 11.84 8.71 - 0.24 3.16 65.51 
 BH2-54 wehrlite 12.86 7.42 5.10 - 3.31 3.05 68.22 
 BH3-52 olivine clinopyroxene gabbro 2.89 2.21 2.01 - 0.41 2.44 90.01 
 BH4-49 olivine clinopyroxene gabbro 3.68 0.76 0.62 - 2.36 2.21 90.34 
 BH6-58 wehrlite 7.25 11.44 7.65 - 1.19 3.89 68.56 
 BH7-65 wehrlite 7.30 4.03 3.01 - 0.44 7.61 77.57 
 BH8-57 wehrlite 6.73 6.65 3.15 - 1.36 3.57 78.52 

Basal zone         
 BH10-67 clinopyroxene gabbro 1.33 3.85 1.62 - 2.23 0.86 90.08 
 BH5-63 clinopyroxen gabbro 1.99 3.21 2.53 - 0.64 1.14 90.46 
 BH9-64 clinopyroxene gabbro 1.09 2.93 1.69 - 3.85 2.67 87.75 
 BH10-56 clinopyroxene gabbro 0.81 1.27 0.97 - 0.53 0.78 95.62 
 BH11-45 episyenite 1.46 0.95 0.29 - 5.58 0.50 91.20 

Note: The density of ilmenite, Ti bearing magnetite, magnetite, hematite, pyrrhotite, apatite and silicates (olivine, clinopyroxene and 
orthopyroxene ) are considered 4.07, 5.10, 5.18, 5.26, 4.60, 3.20, and 3.25 in order. 
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Table 4.  Measured weight percentage probable economical ilmenite (third stage), Ti bearing magnetite, magnetite and apatite in 
various blocks of Qara Aqaj titanium potential 

Block Surface area (m2) Host rock wt% ilmenite wt% Ti bearing magnetite wt% magnetite wt% apatite

A 33023.50 wehrlite 10.66 12.33 10.38 2.55 

B 37471.30 wehrlite 6.90 10.94 9.95 6.38 

C 34647.70 wehrlite 14.00 7.72 2.60 2.00 

D 18051.60 wehrlite 13.08 6.35 5.19 3.21 

D """""""" clinopyroxenite 13.75 9.65 6.39 0.19 

E 1909.90 lherzolite 16.89 7.74 7.07 3.79 

F 69992.30 lherzolite 12.62 8.31 4.09 2.03 

G 32419.40 lherzolite 10.91 8.76 5.80 6.88 

G """""""" olivine clinopyroxene gabbro 2.66 8.87 6.10 0.81 

H 3885.50 lherzolite 6.35 14.91 8.77 3.84 

H """"""" clinopyroxenite 14.67 9.70 6.58 0.12 

I 14530.70 lherzolite 5.79 10.01 5.91 5.56 

J 4388.60 lherzolite 7.10 6.19 4.20 7.32 

K 4050.60 lherzolite 7.33 6.35 4.29 3.27 

Note: The volume ratio of wehrlite to clinopyroxenite in block D and lherzolite to clinopyroxenite in block H is 3 to 1 and the 
volume ratio of lherzolite to olivine clinopyroxene gabbro in block G is 2 to 1. 

 

 

Figure 7.  Plot of apatite versus total Fe-Ti oxides; the 
reference line (apatite versus total oxides: 1:2) is from the 
ratio of these minerals in nelsonites [36]. Ilmenite,Ti bearing 
magnetite and magnetite includes separate grains without 
inclusions and lamella. 

 
The average weight percent of the third stage 

ilmenite (economical), Ti bearing magnetite, magnetite 
and apatite in ultramafic mineralized rocks are 10.58, 
9.21, 6.09 and 3.46 in surface and 8.93, 8.27, 5.52 and 
4.25 in depth ultramafic mineralized rocks respectively. 
For the Qara Aqaj titanium potential, the ilmenite 
concentrate contains typically 30 wt% TiO2, that can be 

recovered by conventional beneficiation [17] and 
titanomagnetite (second stage ilmenite) concentrate 
contains typically 4.5 to 6 wt% TiO2 that can be 
beneficiated by melting method in pilot scale [13]. Semi 
quantitative analysis of third stage ilmenite and Ti 
bearing magnetite by SEM-EDS are measured and 
shown in Table 5 [29,30]. 

Based on semi quantitative analysis of the third stage 
ilmenite (Table 5) and the average weight percent of 
economical ilmenite, TiO2 weight percent of Qara Aqaj 
titanium potential in surface and at depth are 5.08 and 
4.28 respectively. The average TiO2 weight percent 
mentioned in previous studies by Alipour asl [1] and 
Kavoshgaran [16] are 9.32 and 8.25, respectively. 

Magnetite 

Magnetite grains in Qara Aqaj titanium potential 
consist of 6.09 wt% in surface samples and 5.52 wt% at 
depth. Magnetite looks to have been formed in four 
stages: 1) Magnetite as round inclusions (0.05 mm - 0.2 
mm) with spheroidal texture inside silicate minerals 
(Fig. 8a). 2) Magnetite as lamella (less than 0.01 mm to 
0.05 mm) with exsolution texture inside the third stage 
ilmenite (Fig. 8b). 3) Magnetite with granular texture 
and occasionally replacement and skeletal texture (Fig. 
8c). 4) Magnetite showing vein and fracture filling 
textures [25] from 0.1 mm up to 0.25 mm (Fig. 8d). 
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Table 5.  Semi quantitative analysis of third stage ilmenite and Ti bearing magnetite in Qara Aqaj titanium ore [29,30] 

Ore mineral wt% TiO2 wt% Fe2O3 wt% SiO2 wt% Al2O3 wt% MnO wt% V2O5 wt% MgO 

Ilmenite 48.01 48.33 0.48 0.47 1.14 0.58 0.96 

Magnetite 1.23 91.08 1.85 - 0.55 1.46 - 

 
 a) b) 

   
 
 c) d) 

   

Figure 8.  Microphotographs of magnetite stages of Qara Aqaj titanium potential in reflected light: a first stage, b second stage, c 
third stage and d fourth stage. Ilm.: Ilmenite, Mag.: Magnetite, Apa.: Apatite. 

 
Ti Bearing Magnetite 

Ti bearing magnetite is formed in one stage with 
granular and skeletal texture and occasionally appears as 
veneer form (Fig. 9a, b). Ti bearing magnetite consists 
9.21 wt% in surface and 8.27 wt% at depth and the 
grain size varies from 0.15 mm to 0.7 mm in diameter. 
It looks to be the result of Ti replacement in magnetite 
lattice in solid solution state. 

Green Spinel 

Green spinel seems to have been formed in one stage 
and mainly has granular texture. Green spinel forms less 
than 1 wt% of the rocks and range in size from 0.1 mm 
up to 0.5 mm (Fig. 9c). 

Hematite 

This mineral with lamellar texture, forms 0.27% wt 
to 1.51% wt of the rock and is produced by oxidation of 
magnetite. The size of grains ranges from 0.01 mm up 
to 0.03 mm and is usually seen in clinopyroxenite host 
rocks (Fig. 9d). 

Sulfide Minerals 

Sulfide minerals mainly consist of pyrrhotite and 
minor pyrite, forming 0.18 wt% to 0.93 wt% in surface 
and 0.24 wt% to 3.31 wt% in depth of the ultramafic 
rocks. Rocks in basal zone contain 0.53 wt% to 5.58 
wt% sulfide minerals and their sulfide contents are 
much higher than rocks in the main zone. 
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Mineralization of pyrrhotite is presumably occurred in 4 
stages: 1)  Inclusion inside silicate minerals with 
spheroidal texture (less than 0.01 mm to 0.04 mm), (Fig. 
10a). 2)  Zonal texture (0.15 mm to 0.25 mm), (Fig. 
10b). 3)  Minerals with cataclastic texture [25] (0.01 
mm up to 0.2 mm), (Fig. 10c). 4)  Vein and fracture 
replacement texture (0.4 mm up to 1.2 mm), (Fig. 10d). 

Petrographic Discrimination of Basal  
and Main Zone by REE 

By applying the method used by Karkkainen and 
Appelqvist [15] for separating the basal zone from main 
zone of mineralization, in turned out that the average 
ratio of La/Yb in Qara Aqaj ore body is 12.58 (ranging 
from 8.5 to 16.66) in the basal zone and 8.03 (ranging 
from 5.40-10.66) in the main zone. The drastic 
difference of about 50% in La/Yb ratios can help 
separating these two zones. This difference also 
indicates that the main zone can not be differentiated 
from the residual magma of the basal zone [15]. 

Discussion and Conclusion 

Variations in the amount of ore minerals (Tables 2 
and 3), chemical compositions (Table 1), geochemical 
classification (Fig. 5) and the La/Yb ratio, all are 
indicative of different magma sources in forming of the 
basal and main zones. 

Slight variation in Fe/Mg ratio in the main zone, high 
apatite (fluorapatite) and Fe-Ti oxides in this zone 
indicate that the magma became enriched in Fe, Ti and 
P, therefore it can be inferred that Qara Aqaj intrusions 
formed by crystal-liquid fractionation from two 
magmas. 

Due to the abundance of Fe-Ti oxides relative to 
apatite, a complete nelsonitic trend is not seen but 
transition from nelsonite to ilmenite-magnetite and 
apatite rich ultramafic rocks are more visible that has 
previously been found in other parts of the world [9,22]. 

The origin of high Fe-Ti bearing anorthosites are 
explained either by liquid immiscibility [9,12,20,21, 
24,34,36,42], or extensive crystallization of plagioclase 
[28,31,47]. In his studies Watson (1976) showed that in 
a two melt bimodal system, P and Ti can be enriched. 
High phosphorous concentrations will increase the 
titanium solubility in tholeiitic magma [44,49] which 
finally result to Fe-Ti oxides enrichment in mafic and 
ultramafic rocks. Therefore it is possible that in Qara 
Aqaj intrusion the same process has increased Fe and Ti 
level in these rocks. Fluorine as fluorapatite in the Qara 
Aqaj tholeiitic magma would probably indicate a crustal 
origin for these rocks [52]. 

a) 

 
b) 

 
c) 

 
d) 

 

Figure 9.  Microphotographs of a, b Ti bearing magnetite, c 
green spinel and d hematite in reflected light, Qara Aqaj 
titanium potential. Mag.: Magnetite, Ti Mag.: Ti bearing 
magnetite, Sp.: Spinel, Hem.: Hematite. 
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a) 

 
 

b) 

 
 

c) 

 
 

d) 

 

Figure 10.  Microphotographs of pyrrhotite stages of Qara 
Aqaj titanium potential in reflected light: a first stage, b 
second stage, c third stage and d fourth stage. Ilm: ilmenite, P: 
pyrrhotite. 

The basal zone in Kauhajarvi mafic magma (western 
Finland) is assumed to be relatively non-contaminated 
mafic magma while the main zone in the Qara Aqaj area 
indicated to be a contaminated magma [8,15]. This 
situation can also be the case for Qara Aqaj basal and 
main zones. 

Usually the high oxygen fugacity (ƒO2) and low 
titanium contents help forming titanomagnetite 
[3,4,11,19,23,26]. In the main zone of Qara Aqaj 
ilmenite belongs to the first phase of Ti mineralization 
(Fig. 6c and 6d) and titanomagnetite is formed in later 
times (Fig. 6b). Two factors controlling the paragenesis 
of ilmenite and titanomagnetite (ilmenomagnetite) are 
high titanium and high phosphorus (more than 1% 
P2O5) in Fe-Ti rich magma that suppress the 
crystallization of magnetite relative to ilmenite [50]. In 
the main zone of Qara Aqaj as Kauhajarvi deposit it 
seems that apatite was the first mineral to crystallize. 
This indicates a phosphorus rich magma in Qara Aqaj 
region, so the high phosphorus concentration caused the 
crystallization of ilmenite with titanomagnetite 
(ilmenomagnetite) throughout the main zone [15]. For 
economic concentrations of Ti and P, the parental 
magma should have been enriched in these elements 
[27]. To generate a high grade Ti and P resource by 
crystal-liquid fractionation, relatively low ƒO2 is 
required to initially hinder crystallization of Fe-Ti 
oxides [15,27,33]. In turn, this allows enrichment of 
titanium relative to iron in the residual magma (as in the 
basal zone of Kauhajarvi deposit and Qara Aqaj 
potential) because the ferrous iron is incorporated 
within olivine and pyroxene minerals [15]. Whereas the 
conditions of low ƒO2 in the basal zone would favor 
concentration of titanium in the evolving parent magma, 
the overall low abundance of titanium in the magma 
hindered formation of significant mineralized zones in 
the basal zone as Kauhajarvi deposit. By contrast, the 
parental magma for the main zone was highly enriched 
in Ti and P, but the relatively high ƒO2 of this second 
magma restricted Fe, Ti and P solubility in the 
crystallizing magma [15]. On the other hand the magma 
which has produced the main zone had higher ƒO2 and 
has resulted the formation of 4 low grade layer of 
titanium mineralization in Qara Aqaj as Kauhajarvi 
deposit, rather than a single zone of massive Ti and P 
bearing ore body. 

Ore mineral textures, petrographical studies and field 
relations indicated that the type of titanium 
mineralization in Qara Aqaj intrusion is magmatic 
ilmenite and ferrogabbroic facies [9]. According to a 
model suggesting by Force [9], magmatic ilmenite 
deposits (based on immiscibility hypothesis) are formed 
in three stages: 1) Appearance of Fe-Ti oxide droplets 
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Table 6.  Chemical analyses of Ultramafic-mafic rocks in Qara Aqaj potential and Kauhajarvi deposit [15,37] 

Mineral resource  Qara Aqaj titanium potential (Urmia-NW Iran)  Kauhajarvi deposit (Western Finland) 
Lithology  Peridotite (host rocks) Gabbro  Peridotite (host rocks) Gabbro 
SiO2 %  22.84-31.13 39.89-49.51  29.90-33.21 38.39-49.98 
TiO2  6.40-11.86 0.5-5.88  5.13-8.24 1.96-4.89 
Al2O3  1.95-3.54 11.76-24.13  7.47-8.60 14.20-19.15 
Fe2O3  32.02-37.54 5.16-20.71  31.01-35.50 11.99-21.29 
MnO  0.38-0.44 0.07-0.26  0.32-0.35 0.17-0.26 
MgO  12.04-16.08 2.38-7.54  6.54-9.50 2.42-5.16 
CaO  2.79-8.29 7.03-10.93  7.79-8.37 7.41-9.06 
Na2O  0.17-0.52 1.36-4.69  0.96-1.35 2.57-4.17 
K2O  0.03-0.06 0.23-0.88  0.33-0.49 0.65-1.67 
P2O5  <1-5.05 <1-4.89  1.29-2.31 0.63-2.09 
S (ppm)  81-6849 2393-14118  1800-4900 100-400 
Ba  92-349 91-749  260-340 530-1060 
Ni  2-236 4-89  40-67 10-46 
Cu  28-191 22-76  70-124 10-48 
V  138-1012 153-316  594-830 103-749 
Cr  42-286 30-177  12-38 13-76 
La  11-78 1-51  13.4-24 .7 9.95-15.0 
Ce  2-200 1-124  35.8-61.7 25.1-37.5 
Nd  84-104 25-51  26.3-43.6 17.3-26.2 
Yb  5-8 1-6  1.85-2.09 1.26-2.11 

 
and precipitation of the droplets to the bottom of 
cumula. In the study area this stage is texturally 
represented by spherical inclusions in silicate phases 
(Fig. 6a and 8a). 2) Formation of concordant cumulate 
layering in ferrodiorite and related rocks. In Qara Aqaj 
potential oxides (with or without apatite) are interstitial 
to cumulate phases and poikilitically enclose them 
(Figs. 3a-c, 6b, 8b and 9a). 3) Formation of magmatic 
ilmenite deposits in the form of discordant bodies. The 
third stage of the model has not been identified yet in 
Qara Aqaj titanium potential. 

On the basis of the host rocks, accompanying rocks, 
ore mineralogy, structural morphology and chemical 
composition, one can conclude that the Qara Aqaj 
titanium potential has several similarities with a low 
grade apatite-ilmenite-magnetite deposit in the Kauhaja-
rvi gabbro in western Finland, as shown in the Table 6. 
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