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1. Introduction

Titanium (Ti) is found in the forms of ilmenite, titanomagnetite,

rutile, anatase, brookite, sphene, leucoxene, and Ti-bearing augite

ABSTRACT

The Mohammadabad titanium paleoplacer deposit is located in the Sabzevar subzone, NE Iran,
south of Sabzevar. This deposit occurs as a stratiform within the ore-bearing sandstone horizon of
Middle-Late Eocene marly- conglomerate- limestone- sandstone sequences. The sandstones are lithic
arkose and feldspathic litharenite, and were deposited in a medium- to high-energy depositional
environment. The lithofacies are including gravelly and coarse-grained (Gmm and Gem), sandy and
medium-grained (Sh and Sr), clay and fine-grained (F1). Oxide minerals form stratiform within the
sandstone unit, and observed as stratiform, lenses, and disseminated forms. The thickness of ore-
bearing horizons varies from a few mm, cm to beds exceeding 1 m thick. Oxide mineral assemblages
comprise titanomagnetite, ilmenite, magnetite, and hematite, with titanomagnetite being the most
abundant phase. Mineral chemistry of the oxide minerals yields TiO2 in the range of 12.87-20.75
wt.% and Fe203 from 39.99-64.68 wt.%, values, which similar to titanomagnetite composition, and
show that importance of Ti- and Fe mineralization in sandstones of southern Sabzevar. Comparison
of the geochemical patterns of minor and trace elements in Ti- and Fe-bearing Eocene sandstones
with the same patterns in the Late Cretaceous mafic-intermediate intrusions of the region, along with
the presence of significant amounts of titanomagnetite and magnetite in the mineral composition
of these igneous rocks, indicates that the Late Cretaceous monzogabbro, diorite, and monzodiorite
intrusions, aged 100 to 75 million years ago, are the probable source rocks of the oxide minerals in the
sandstones of southern Sabzevar. These intrusive rocks are outcropped in the form of stocks, dikes,
and sill (mostly sill) within the Late Cretaceous volcanic-sedimentary sequences in the southern
Sabzevar region. The Mohammadabad titanium deposit is a paleoplacer that originated from the
weathering and erosion of Late Cretaceous uplifted and outcropped rocks, and was deposited in
the shallow fluvial and coastal environments of the foreland of the Sabzevar ocean basin during the
Middle-Late Eocene.

in the rocks of the earth’s crust. Among, ilmenite and rutile are

economically valuable. The crustal abundance of Ti is 5600
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ppm, and titanium ores with a grade of more than 5 wt. % TiO,
are economically valuable. Titanium forms magmatic and placer
deposits. Its magmatic ore deposits are found with ultramafic-
mafic rocks such as peridotites, gabbro, anorthosite, basalt, and
diorite. Placer titanium deposits also include coastal, fluvial,
alluvial plains, and paleoplacer deposits (Ti-bearing sandstones
and conglomerates) (El-Khalloufi et al., 2021). The Kahnuj Ti
(S Kerman Province) and Qarah-Aghaj Ti deposits (NW Urmia)
are among the famous titanium ores in Iran (Ghorbani, 2008). In
addition, the Cretaceous and Cenozoic diorite, diorite-gabbroic, and
gabbroic rocks, Cenozoic sandstones (Alaminia and Golghandashti,
2011; Naeimi, 2018; Amini and Anketell, 2015) and Quaternary
alluvial deposits (Kowsari et al., 1987; Moghaddasi and Yazdi,
2016; Rahimsouri et al., 2017; Hajalilou et al., 2021) are potential
to titanium mineralization in most parts of Iran, especially in the
West Azerbaijan, East Azerbaijan, Kurdistan, Semnan, Sistan and
Baluchestan, Kerman, Yazd and Khorasan Razavi Provinces. The
Mohammadabad titanium deposit is located in NE Iran, 75 km south
of Sabzevar and adjacent to the Mohammadabad village (Figs. 1-a
and b). A review of previous studies shows that this works was
exploratory and not studied from an economic geology perspective.
In this study, the Mohammadabad deposit was studied from the
aspects of geology, petrology, mineralogy and geochemistry, and
based on the results obtained from these studies, a model for its
occurrence was presented. The achievements of this study will be
of great help for continuing exploration operations and optimizing
exploration, ore dressing, and mineral processing activities in this

area.

2. Research methodology
In this study, field works has been done for geological surveys and
sampling for petrological, mineralogy and geochemical studies on
Ti- and Fe-bearing rocks and their associated rocks in surface
outcrops and exploration trenches. The number of 20 thin, 25 thin-
polished, and 10 polished sections of rocks and ores were prepared and
microscopic petrographic and mineralogy studies were carried out on
these samples. Mineralogy was carried out using X-ray diffraction
(XRD) on 5 Ti- and Fe- rich ore samples at the Zarazma laboratory in
Tehran. Four samples of Ti- and Fe-bearing sandstones were analyzed
for major oxides, minor, trace, and rare earth elements using an
inductively coupled plasma-optical emission and mass spectrometers
(ICP-OES/MS) at the Zarazma laboratory in Tehran. Five thin-
section and polished samples of Ti- and Fe-bearing sandstones,
diorite and gabbro rocks were analyzed to study the chemistry of
oxide minerals (titanomagnetite, ilmenite, magnetite and hematite)
using an energy selective electron microanalysis (EPMA-EDS)
device manufactured by Zeiss, Germany, Sigma 300-HV model,
in the SEM laboratory of Shahrood University of Technology.

/ Hossien Ebrahimi et al./ G.S.J. 2026, 36 (3): 25-54

3. Results

3.1. Geology

In the Mohammadabad titanium area, Eocene sedimentary deposits
are important for their titanium and iron oxide minerals rich
horizons. Eocene rock units consist of thick layers of sandstone,
marl, conglomerate, and limestone. This units mostly have a
normal and continuous boundary, but in some places, local
unconformity surfaces are observed at their boundaries, indicating
the occurrences of later Alpine orogenic phases (Pyrenean and
Pasadenian). Sandstone horizons in the marly-conglomerate-
limestone-sandstone unit (Em,c,l,s) have economic concentrations
of iron-titanium minerals. The color of the sandstone horizons varies
from gray, greenish gray, dark gray to light gray. The sandstone
layers thickness in the sedimentary sequences varies from about
0.5 to more than 10 m. Field observations show that iron-titanium
minerals are mostly concentrated as stratiform in the sandstone
horizons. Within the sandstone layers, iron-titanium minerals are
observed in stratiform, lenticular, intergranular, and disseminated
forms (Fig. 7). The thickness of Ti and Fe rich horizons varies
from mm, cm, to layers more than 1 m thick. The length of the
lenses forms of oxide minerals also varies from about 10 cm to
50 cm. Also, intrusive rocks composed of diorite, monzodiorite to
monzogabbro of Late Cretaceous age are also present in the study
area, which have intruded as stocks, dikes, and sill forms (mostly sill)

among the early Late Cretaceous volcanic-sedimentary sequences
(Fig. 2).

3.2. Lithofacies

Classification and description of the lithofacies in the studied
sedimentary sequence was carried out based on the Miall method
(Miall, 1996). Based on this, and by examining factors such as
lithology, sedimentary structures, geometric form, bedding surfaces,
associated facies, paleocurrent patterns, and fossil remains, 3
groups of gravelly and coarse-grained (Gmm and Gem), sandy and
medium-grained (Sh and Sr), and mudstone and fine-grained (F1)

lithofacies were identified.

-Gravelly lithofacies set: The thickness of this complex in
the Eocene sedimentary sequences varies from about 0.5 m to a
maximum of 10 m and constitutes most of the upper parts of these
sedimentary sequences. The size of their components is gravel to
granule, which are located in a matrix of sand and silt. This set
includes Gmm and Gem lithofacies. The Gmm lithofacies is a coarse-
grained conglomerate with a matrix (sand and silt), very poorly
sorted, and lacking layering (massive) and sedimentary structures
(Figs. 8-a to ¢). The Gem lithofacies is a microconglomerate with a
matrix (sand and silt), poorly sorted, and lacking layering (massive)

and sedimentary structures (Figs. 8-a to d).
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-Sandy lithofacies set: This lithofacies is thicker than the gravelly
and coarse-grained lithofacies in the study area. Important factors
that play an important role in their formation include tensile and
alternating currents (Jain et al., 2005; Friend and Dade, 2005).
There are numerous sedimentary structures in this complex,
including normal stratification, diagonal stratification, diagonal
lamination, horizontal bedding, ripple marks, and cut-and-fill
structures. This complex includes the Sh and Sr lithofacies (Figs.
9-a and d). The Sh lithofacies is the most important sandy facies.
The size of its components is in the range of fine to coarse-grained
sands and sometimes has disseminated gravel. Their thickness
varies from about 0.5 m to layers more than 3 m thick. The size of
the components of the Sr lithofacies is in the range of fine-grained
sands with well sorting. Sandy facies, and especially the Sh facies,
contain horizons, lenses, and disseminated grains of Ti and Fe
minerals (Figs. 9-b to d). The thickness of Ti and Fe rich horizons

varies from mm, c¢m, to layers more than 1 m thick.

-Clay_and mudstone lithofacies set: This lithofacies is less

thick than gravelly and sandy types. This complex includes the
F1 lithofacies and is composed solely of horizontal lamination.
Overall, it is interbedded with fine to medium-grained sandstones,

and its thickness is several centimeters.

3.3. Sandstone petrography

Based on field observations and microscopic studies, the sandstones
of this region have fine-, medium-, and coarse-grained textures.
Several factors such as mineralogy, transport distance, morphology
of'the transport and sedimentation path, transport velocity and water
flow energy control the size of sedimentary particles (Figs. 10, 11
and 12). Based on petrographic studies, the main mineralogical
components of these sandstones include quartz (30 to 45%),
feldspar (15 to 30%), and rock fragments (15 to 45%). Pyroxene,
amphibole, chlorite, biotite, calcite, and opaque minerals are minor
minerals. The matrix amount in the sandstone samples is less than
5% and their cement is mostly composed of carbonate. In terms
of textural maturity, these sandstones are evaluated in the semi-
mature to relatively mature category. Folk’s triangular diagram
(Folk, 1974) has been used to classify and naming of sandstones,
which all samples are placed in the lithic arkose and feldspathic
litharenite groups based on the percentages of quartz, feldspar and
rock fragments (Fig. 13). Lithic arkose and feldspathic litharenite
sandstones are deposited in medium to high energy depositional

environments.

3.4. Ore deposit texture and mineralogy
Field geological observations and hand sample studies indicate that

the stratiform ore type is the dominant texture in the sandstones
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of south Sabzevar. This type of texture observes in layers parallel
to the bedding of sandstones. The color of the sandstone horizons
varies from light gray, gray, greenish gray, dark gray to dark. The
dark color of the sandstone horizons is due to the very high content
of oxide minerals (Figs. 3, 9, 14). The thickness of Ti and Fe oxides
rich layers usually varies from mm, cm, to layers more than 1 m
thick. Titanium and iron minerals are also present in the form of
lenses at the host sandstones. The lenses type ore texture is not as
extensive as stratiform type and is rarely observed in sandstones. The
maximum length of ore lenses reaches to 50 cm (Figs. 15-a and b).
Intergranular texture is another common texture in the studied
sandstones. In this type of texture, the space between quartz,
feldspar, and rock fragments is filled with oxide minerals (Figs. 16-a
and b). This feature indicates the concentration of minerals during
the deposition and settling of the sandstone components. Titanium
and iron-bearing minerals are also observed as disseminated
grains and somewhat uniform particles among the sandstone
components. Disseminated grain texture is easily recognizable in
microscopic samples. The mineral particles size ranges from 10 to
250 microns, with the majority of grains having an average size of
150 microns (Figs. 16-c to e). Mineralogical studies have identified
titanomagnetite, ilmenite, magnetite, hematite, and goethite in the
samples. In addition, quartz, plagioclase (albite), rock fragments,
and minor amounts of pyroxene, amphibole, biotite, chlorite,
epidote, calcite, and clay minerals also accompany the oxide
minerals in the sandstone composition. Titanomagnetite is the most
abundant oxide mineral in these samples. Titanomagnetite grains
range in size from about 10 to 300 microns, with grains of 100 to
150 microns are dominant. [lmenite and magnetite are also present
in small amount (Figs. 17-c and d). Titanomagnetite, magnetite and
ilmenite are gradually replaced by hematite, goethite and limonite
from the grain margins and along fractures under the weathering
and surface oxidation conditions and forming a replacement texture

(Figs. 17-c and d).

3.5. Geochemistry of Ti- and Fe-bearing sandstones

The concentrations of major and trace elements in 4 titanium and
iron rich sandstone samples are given in Table 2. The geochemical
data in Table (2) show that the TiO- values in these samples vary
from 12.87 to 20.75 wt.% (average 15.89 wt.%), which clearly
indicates that these sandstones are rich in titanium. The Fe.Os
value of the samples varies from 39.99 to 64.68 wt.%. The high
values of titanium and iron in these samples are due to the presence
of titanomagnetite, ilmenite, magnetite and hematite in their

composition.

3.6. Chemistry of oxide minerals

For study of oxide minerals chemistry, 5 polished and thin-
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polished sections were selected from the ore-bearing sandstones
and monzodiorite to gabbro rocks. Mineralogical study shows
that titanomagnetite constitutes a major part of this samples and
is accompanied by a very small amount of ilmenite, magnetite and
hematite. In this study, 20 points on the oxide minerals in SA-P-01
sample have been selected (Figs. 19-a and b) and at each of these
points the values of O, Ti, Fe, Mg, Al, Si, and V have been analyzed
(Table 3). Geochemical data shows that O, Ti, and Fe are the main
composition of the oxide minerals (Figs. 19-c and d). The oxygen,
titanium, and iron value vary from 24.01 to 41.29 wt.% (av. 36.56
wt.%), 13.94 to 17.87 wt.% (av. 15.41 wt.%), and 17.43 to 60.58
wt.% (av. 40.47%), respectively. To identify the oxide minerals
type based on mineral chemistry, the average element concentration
was compared with those of reference ilmenite, magnetite,
titanomagnetite, and hematite (Table 3). In figure 20, the average
composition of Mohammadabad oxide minerals is compared
with those of reference ilmenite, magnetite, titanomagnetite, and
hematite, and the composition of oxide minerals in the study area is

most similar to the titanomagnetite composition.

4. Discussions

4.1. Possible source rocks of Ti- and Fe-oxide minerals

To investigate the source rock of Ti- and Fe-oxide minerals, some
samples were taken from the Late Cretaceous intermediate-mafic
intrusive rocks in the study area. These intrusions are observed as
stocks, dikes and sill forms (mostly sill) within the Late Cretaceous
volcanic-sedimentary sequences (Figs. 6-c to e), and according
to their placement among the early Late Cretaceous sedimentary-
volcanic units (100 to 90 million years ago) and age dating, they
have end of Late Cretaceous age (Jafarian and Jalali, 2000; Kazemi
etal., 2019a,b; Ghasemi, 2018 and 2019). Based on the petrographic
studies, intrusive rocks are monzodiorite, diorite to monzogabbro.
Plagioclase, amphibole and clinopyroxene are the main minerals,
while chlorite, epidote, sericite, clay minerals and sometimes
carbonates are the alteration and secondary minerals. A prominent
mineralogical feature of these rocks is the presence of significant
amounts of opaque minerals in their composition (Figs. 21-a to c).
The opaque minerals in igneous rocks are mostly titanomagnetite and
magnetite. To study the geochemical similarity between ore-bearing
sandstones and diorite to monzogabbro rocks, the minor and trace
element concentrations in selected samples of these rocks (Table
4) were normalized to their values in the composition of primitive
mantle (McDonough and Sun, 1995) and chondrite (Boynton, 1984)
(Figs. 22-a and b). As is clear from these diagrams, the minor, trace,
and rare earth elements patterns between ore-bearing sandstones and
diorite- monzogabbro rocks are completely similar, indicating that
the sandstone components most likely originated from the erosion

and weathering of diorite- monzogabbro rocks.
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4.2. Genetic model

The Mohammadabad titanium deposit was deposited in the fluvial-
deltaic and shallow coastal environments of the intracontinental,
sedimentary-evaporitic, foreland basin with normal and strike-
slip faulting activity. Geological evidence suggests that this
shallow foreland basin is a remnant of the Sabzevar oceanic basin,
which was closed during the Cretaceous-Paleocene period with
the uplift of the Sabzevar ophiolite complex, the creation of the
Cretaceous-Paleocene metamorphic belt, and the formation of
the Late Cretaceous-Tertiary magmatic arc (Jafari and Ghasemi,
2023). The remnant of this sea existed as a shallow marine
foreland basin throughout the Tertiary (Paleocene-Miocene)
and deposited gypsiferous marl, bituminous shale, mudstone,
sandstone, and conglomerate (Fig. 23). Evaporite sequences
including gypsum, anhydrite, and halite are also widespread in
these environments, indicating a dry climate, high evaporation, and
a closed intracontinental environment suitable for the concentration
of salts and metallic elements. Field geology, mineralogy, and
geochemical observations indicate that the source rock of Ti- and
Fe-oxide minerals in the southern Sabzevar region is most likely
mafic-intermediate igneous rocks of the end Late Cretaceous with
a composition of monzogabbro, monzodiorite, and diorite, which
are exposed in the form of stocks, dykes and sill in the early Late
Cretaceous sedimentary-volcanic sequence (Figs. 6-c to e and
Figs. 21-a to 1). Following the Laramide orogenic phase and uplift
of Cretaceous rocks, especially the Sabzevar ophiolites and the
Late Cretaceous igneous sequence of Sabzevar as the source rock
of oxide minerals, these rocks have undergone weathering and
erosion, and their sediments have been deposited as conglomerate,
sandstone, and mudstone in the Eocene river and shallow coastal
environments. Resistant oxide minerals including titanomagnetite,
ilmenite, and magnetite have accumulated as heavy minerals in
the sandstone sediments and formed economic horizons (Figs.
23-a and b). The stratiform, lenses, and disseminated forms of
oxide minerals among the sedimentary layers indicate gradual
concentration and the influence of sedimentary conditions on their
formation. These alluvial placers have been folded as a result of the
last phases of Alpine orogeny (Pyrenean and Pasadenian) and are
now observed as folded shale-sandstone-marl-limestone sequences
with concentration of titanium and iron ores. In fact, the Sabzevar
titanium deposit is a stratabound paleoplacer deposit (only in the
sandstone unit) with a predominant stratiform texture and is of the

shallow fluvial-coastal paleoplacer type.

5. Conclusion
The Fe-Ti-bearing sandstones of the Middle-Late Eocene
succession in southern Sabzevar represent a stratabound paleoplacer

deposit enriched in titanomagnetite, ilmenite, magnetite, and
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hematite. Petrographic and mineralogical investigations indicate
that titanomagnetite is the dominant oxide phase, and the sandstone
compositions correspond mainly to lithic arkose and feldspathic
litharenite. Geochemical similarities between the Fe-Ti-bearing
sandstones and Late Cretaceous intermediate—mafic intrusions
(diorite, monzodiorite, and monzogabbro) suggest these rocks as
the primary source of the ore minerals. The deposit formed in fluvial
to shallow-marine environments of the Eocene foreland basin and
was subsequently deformed during the final stages of the Alpine

orogeny. The Sabzevar Ti deposit therefore represents an ancient
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alluvial paleoplacer system containing economically significant

concentrations of Fe—Ti oxide minerals.
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Figure 1-a) The geographical location of Mohammad Abad titanium deposit in Iran and Khorasan Razavi

province. b) Access ways to the Mohammad Abad titanium deposit.
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Figure 2. Geologic map of the Mohammad Abad titanium deposit, south of Sabzevar (modified after Jafarian and Jalali, 2000).
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Figure 3. Field and microscopic photo of titanium- and iron-bearing sandstone. a) Ti- and Fe-riched sandstone horizone into the middle-late
Eocene marl-conglomerate-sandstone-limestone sequences (view to N). b) Hand sample photo of titanium-rich sandstone. ¢, d) Photomicrograph
of Ti- and Fe-rich sandstone on normal light (PPL) and cross polarized light (XPL) with plagioclase, quartz, rock fragments, and opaque
minerals. Pl: Plagioclase; Qz: Quartz; R.F.: Rock fragments; Opq: Opaque minerals. (Abbreviations for names of minerals from Whitney and

Evans (2010)).
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Figure 4- a) Field photograph of limston-marl-sandston unit located conformably on titanium- and iron-bearing sandstone (view
to W). b) hand-samle photograph of fossiliferous limestone and sandstone. ¢) Photomicrograph of fossiliferous sandy limestone
with Assilina (Assi.), Alveolina (Alve.), and Heterostegina (Hete.) fossil fragments, which is characteristics of the middle-late

Eocene age.
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Figure 5- a) Light green-colored marl unit into the Eocene sedimentary sequence. b) Interlayer of conglomerate into the marl-sandestone unit.

¢) Light green-colored marl unit is disconformably covered by the red-colored marl, sandstone, and micro-conglomerate sequences (view to S).
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Figure 6- a) Late Cretaceous granitic body intruded into the Early Late Cretaceous volcanic-sedimentary sequences.
b) Early Late Cretaceous volcanic-sedimentary sequences with Late Cretaceous diorite to monzo-gabbro sills in
adjacent with Late Cretaceous limestones and marls. ¢, d, ¢) Late Cretaceous diorite, monzodiorite, and monzogabbro
sills intruded into the Early Late Cretaceous volcanic-sedimentary sequences, and are probably the source rocks of

Ti- and Fe-bearing minerals.
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Table 1. Some isotopic age dating results on the Late Cretaceous igneous bodies in the Sabzevar area.

Rock type Age (Ma) Area Reference
Quartz diorite 928+ 1.3 Arghash area (NE Iran) Alaminia et al., 2013
Granite 101.1
Granite 100
Granite 98 South of Sabzevar Kazemi et al., 2019b
Diorite 75
Rhyolite 99.2
Diorite 88 -84 South of Sabzevar Baroz et al., 1984
Basalt 81-77 South of Sabzevar Lensch and Davoudzadeh, 1982
Plagi iti Its withi lit 107.2 i
ag?ogran% TC melts WT ?n granu 1 © Metamorphic rocks Rossetti et al., 2010
Plagiogranitic melts within granulite 105.2 (North of Sabzevar)
Gabbro 96.7+1
Plagiogranite 98+1 Sabzevar ophiolites Nasrabady et al., 2023
Gabbro—norite 94+1
Tonalite dike 99.9
Plagiogranite (Torbat-e Heydarieh 98.4 ioli
glog ( . . 4 ) Ophiolite Shafaii Moghadam et al., 2014
Plagiogranite 90.2 (North of Sabzevar)
Plagiogranite 77.8

35 meters

Miocene

Middle - Upper Eocene

Middle - Upper Eocene

Ec,m,s

Em,s,c

Em,l

ES™

E™s©

El,m,s

Em,c.l.s

E°*

Alternation of red and green gypsiferous marl with intercalation of

of sandstone and gypsum.

Alternation of conglomerate, green and red marl, calcareous sandstone.

Alternation of marl and sandstone with intercalations of limestone.

Green marl with intercalati of li sandy li
micro-conglomerte and sandstone.

litic i green marl, gray y d: and
rarely micro-conglomerte.
Sand with intercalati of green marl, micro-conglomerate,

limestone and sandy limestone. Sandstone horizen in this sequences
contains stratiform, lenticular and disseminated forms of Ti- and Fe-
bearing minerals such as titano-magnetite, ilmenite, magnetite and
hematite.Thickness of oxide minerals rich layers varies from several
milimeters to more than 1 meter.

Alternation of thick-bedded, well sorted, purple to red conglomerate
and red calcareous sandstone with intercalations of green marl.
This unit contains rarely stratiform, lenticular and disseminated
forms of Ti and Fe-bearing minerals such as titano-magnetite,
ilmenite, magnetite and hematite.
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Figure 7. Stratigraphic column of middle-late Eocene rock
units and existence of Ti- and Fe- bearing minerals into
the conglomerate-sandstone (E®*) and marl-conglomerate-

limestone-sandstone (E™<) units.
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Figure 8. Photograhs of gravel and coarse-graind lithofacieses in the study area. a) Intercalations

of conglomeratic (Gmm) and microconglomeratic (Gem) lithofacieses. b, ¢) Close photograph

from Gmm lithofacies with very poorly sorting. d) Close photograph from Gem lithofacies with

poorly sorting.
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Figure 9- a) Photograh of stratigraphic location of gravel and sandy lithofacies in the study area. b, ¢, d) Succession

of Sh and Sr sandy lithofacies, and Ti- and Fe-oxides rich horizons.
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Figure 10- a) Hand sample photograh of fine-grained sandstone. b, ¢) Photomicrographs of fine grain sandstone under XPL and PPL lights,
which quartz, plagioclase, and rock fragments form the major components of this sample, and matrix content is less than 5 percent. Cal: Calcite;

Chl: Chlorite; Opq: Opaque mineral; Pl: Plagioclase; Qz: Quartz; R.F.: Rock fragment. (Abbreviations for names of minerals from Whitney

and Evans (2010)).
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Figure 11- a) Hand sample photograh of medium-grained sandstone. b, ¢) Photomicrographs of medium grain sandstone under XPL and PPL
lights, which quartz, plagioclase, and rock fragments form the major components of this sample, and matrix content is less than 5 percent.
Cal: Calcite; Chl: Chlorite; Ep: Epidote; Opq: Opaque mineral; P1: Plagioclase; Px: Pyroxene; Qz: Quartz; R.F.: Rock fragment. (Abbreviations

for names of minerals from Whitney and Evans (2010)).
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Figure 12- a) Hand sample photograh of coarse-grained sandstone. b, ¢) Photomicrographs of coarse grain sandstone under XPL and PPL
lights, which quartz, plagioclase, and rock fragments form the major components of this sample, and matrix content is less than 5 percent. Cal:
Calcite; Chl: Chlorite; Ep: Epidote; Opq: Opaque mineral; Pl: Plagioclase; Px: Pyroxene; Qz: Quartz; R.F.: Rock fragment. (Abbreviations for
names of minerals from Whitney and Evans (2010)).
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Figure 13. Classification of sandstones based on the Folk ternary

diagram (Folk, 1974), which all samples located within lithic

arkose and feldspathic litharenite area.
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Figure 14. Photomicrograph of stratiform texture contain successions of sandstone and Ti-
and Fe-rich horizons. a, b) Photomicrographs of thin sections show that opaque minerals-
rich horizons. ¢, d) Photomicrographs of polished-sections show that Ti and Fe oxides-rich

horizons.
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Figure 15- a) Field photograph of lenticular texture of Ti- and Fe-bearing minerals into the
sandstone horizon. b) Photomicrograph of polished-section from lenticular texture show that

massive concentration of Ti and Fe oxides (mostly titano-magnetite).
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Figure 16- a, b) Photomicrograph of inter-granular texture of Ti and Fe oxides (mostly titano-magnetite) between quartz, plagioclase, and

rock fragments in thin and polished sections. ¢) Hand sample photograph from disseminated texture of opaque minerals in sandstone.

d, e) Photomicrograph of thin section show that disseminated texture of opaque minerals (Ti and Fe oxides). Opq: Opaque mineral;

PI: Plagioclase; Px: Pyroxene; Qz: Quartz; R.F.: Rock fragment; Ti-mag: Titanomagnetite. (Abbreviations for names of minerals from Whitney

and Evans (2010)).
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Figure 17- a) Photomicrograph of stratiform texture which contain successions of sandstone and titanomagnetite horizons. b) Titanomagntit

crystals and exsolution of hematite needles in ilmenite. ¢) Titanomagntit crystals and exsolution of ilmenite needles in titanomagnetite.

d) Massive titanomagnetite with less magnetite, and titanomagnetite grain replaced by hematite, goethite, and limonite. X-ray diffractometry

graph of Ti-bearing ore sample. Gth: Goethite; Hem: Hematite; Ilm: Ilmenite; Lm: Limonite; Mag: Magnetite; Ti-mag: Titanomagnetite.

(Abbreviations for names of minerals from Whitney and Evans (2010)).
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Table 2. Concentration of whole-rock major oxides (wt. %), minor, trace and rare earth elements (ppm) in 4 Ti- and Fe-bearing sandstone

samples in the Sabzevar titanium area.

Element Sio, AlLO, CaO Fe,O, K,0 MgO MnO Na,O PO, TiO, L.O.I
SA-0G-01 23.1 5.29 4.62 45.94 0.2 1.42 0.11 1.3 0.11 15.11 2.44
SA-0G-02 28.18 6.32 5.63 39.99 0.25 1.28 0.1 1.65 0.09 12.87 3.36
SA-0OG-03 8.04 2.28 1.77 64.68 0.09 1.29 0.14 0.47 0.14 20.75 -0.14
SA-0G-04 19.32 5.04 6.77 46.41 0.17 1.34 0.11 1.21 0.11 14.84 4.34
Element Ag Ba Be Co Cr Cs Cu Li Nb Ni Rb
SA-0G-01 0.4 103 0.5 37.3 408 0.7 24 7 4.5 67 6
SA-0G-02 0.4 62 0.5 29.8 356 0.7 10 6 7.3 56 6
SA-0G-03 1.1 22 0.5 39.9 495 0.7 6 0.75 16.5 75 5
SA-OG-04 0.4 47 0.6 34.8 408 0.7 34 6 14.2 65 5
Element Sc Sn Sr Ta Th Tl U v Y Zn Zr
SA-0G-01 15.4 0.9 303.5 0.3 1.1 0.1 0.7 320 3.4 85 45
SA-0G-02 13.6 0.9 365.3 0.2 1.1 0.2 0.5 289 3 90 31
SA-0G-03 16.5 0.9 105.5 0.7 1 0.1 0.5 380 2.1 108 44
SA-0G-04 14.5 1 310.3 0.3 0.9 0.1 0.4 427 3 119 46
Element La Ce Pr Nd Sm Eu Gd Tb Dy Er Tm
SA-0OG-01 7 10 0.92 4.5 0.3 0.075 1.25 0.3 1.9 0.6 0.075
SA-0G-02 6 9 0.81 3.7 0.2 0.075 1.21 0.2 1.7 0.5 0.075
SA-0OG-03 5 0.67 3.7 0.2 0.075 1.15 0.2 1.6 0.4 0.075
SA-0G-04 6 8 0.73 4.3 0.3 0.075 1.23 0.2 1.8 0.5 0.075
Element Yb Lu
SA-0OG-01 0.44 0.075
SA-0G-02 0.35 0.075
SA-0G-03 0.32 0.075
SA-OG-04 0.38 0.075

Dendrogram Using Average Linkage (Between Groups)

Rescaled Distance Cluster Combine
5 10 15 20 25
1 1 1 1 1
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Figure 18. Cluster diagram based on normalized geochemical data in
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sandstones of Sabzevar titanium area.
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Figure 19- a and b) Backscattered scanning electron microscope images of SA-P-01 sample and location of selected electron microprobe point

analyses. C and d) Element concentration diagram in point analyses (spectrums) 9 and 20.
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Table 3. Selected point electron microprobe analyses (wt. %) of upon oxide minerals in the Sabzevar titanium area,

and chemical composition of reference titanomagnetite, ilmenite, magnetite, and hematite (webmin.mindat.org).

HFe HO ET

v

Spectrum o Ti Fe Mg Al Si v Total
1 35.75 15.31 48.34 0.6 100
2 35.62 14.13 50.24 0.1 100
3 31.04 17.87 49.41 0.83 0.38 0.47 100
4 37.6 15.73 45.2 0.66 0.3 0.51 100
5 37.52 15.34 47.14 100
6 24.01 16.48 58.6 0.4 0.51 100
7 38.27 15.03 46.17 0.39 0.14 100
8 38.19 15.73 46.07 100
9 38.04 14.77 46.6 0.59 100
10 34.55 15.69 49.04 0.73 100
11 41.29 13.94 44.77 100
12 36.6 16.11 46.35 0.94 100
13 37.05 15.96 46 0.76 0.23 100
14 40.82 14.32 44.86 100
15 39.47 14.4 44.69 0.48 0.29 0.66 100
16 41.01 15.15 43.17 0.67 100
17 29.07 17.84 51.91 0.93 0.25 100
18 38.74 14.73 46.09 0.45 100
19 36.94 14.52 48.54 100
20 39.58 15.2 44.85 0.36 100
Average 36.55 15.41 47.4 0.75 0.32 0.14 0.47 100
Titanomagnetite 28.50 4.25 67.25 100
gz Imenite 363 3156 3681 100
§ ’é Magnetite 27.64 - 72.36 100
Hematite 30.06 - 69.94 100
80
70
60
50 me b o 55 03 gulomn (Gl a1 (S ST (S8 SIS gand o gia 4l =Y+ JSs
; 40 sob L g0 87 ((webmin.mindat.org) oSSl s IS TCII | ICHE R 5
30 el o Sl S 5 605 S
20 Figure 20. Comparison of chemistry of oxide mineral from the Sabzevar
10 titanium area with the reference titanomagnetite, ilmenite, magnetite,
0 . and hematite (webmin.mindat.org), which the average minerals
lmenite  Magnefite  Hematite _anc-  Sabzevar N . . .
magnetite  (Average) chemistry is close to titanomagnetite composition.
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Figure 21. Petrography and mineralogy of late Cretaceous intrusive igneous rocks in the south of Sabzevar which

contain disseminated grains of opaque minerals (Ti-Fe oxides). a, d) Hand-sample photographs of monzogabbro.

b, ¢, e, f) Photomicrographs of monzogabbro (XPL and PPL). g) Hand-sample photograph of monzodiorite.

i, h) Photomicrographs of monzodiorite (XPL and PPL).
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Table 4. Concentration of whole-rock major oxides (wt. %), minor, trace and rare earth elements (ppm) in mean of Ti-rich sandstones and 2

selected samples of intrusive rocks (diorite and monzogabbro) in the south of Sabzevar.

Element Lithology Sio, ALO, CaO Fe,0, K,0 MgO MnO Na,O PO, TiO,
SA-OG-1-4 Mean of Ti-rich sandstone 20.34 4.89 4.87 50.59 0.18 1.37 0.12 1.20 0.12 16.32
SA-RG-01 Diorite 54.92 16.36 8.65 8.58 0.55 4.19 0.14 577 0.12 0.70
SA-RG-02 Monzogabbro 48.43 12.66 30.58 2.59 0.53 1.44 0.16 3.16 0.05 0.40

Element Lithology Ag Ba Be Co Cr Cs Cu Li Nb Ni
SA-OG-1-4 Mean of Ti rich sandstone 0.58 58.50 0.53 35.45 416.75 0.70 18.50 4.94 10.63 65.75
SA-RG-01 Diorite 0.4 90 0.7 15.3 43 1 58 3 11.8 15
SA-RG-02 Monzogabbro 0.075 87 0.7 9 19 0.8 14 4 4.7 19
Element Lithology Rb Sc Sn Sr Ta Th Tl U \% Y
SA-OG-1-4 Mean of Ti rich sandstone 5.50 15.00 0.93 271.15 0.38 1.03 0.13 0.53 354.00 2.88
SA-RG-01 Diorite 15 414 1.2 225.4 0.4 1.8 0.2 0.2 295 12.7
SA-RG-02 Monzogabbro 9 4.8 0.9 676.4 0.3 1 0.3 0.3 58 6
Element Lithology Zn Zr La Ce Pr Nd Sm Eu Gd Tb
SA-OG-1-4 Mean of Ti rich sandstone 100.50  41.50 6.00 8.75 0.78 4.05 0.25 0.08 1.21 0.23
SA-RG-01 Diorite 60 27 4 7 0.73 4.7 1 0.26 2.05 0.4
SA-RG-02 Monzogabbro 3 12 7 10 0.78 4.5 0.5 0.14 1.45 0.3
Element Lithology Dy Er Tm Yb Lu
SA-OG-1-4 Mean of Ti rich sandstone 1.75 0.50 0.08 0.37 0.08
SA-RG-01 Diorite 3.4 1.5 0.3 1.49 0.3
SA-RG-02 Monzogabbro 2.3 0.8 0.1 0.58 0.1

Spider plot — Primitive mantle (McDonough and Sun 1995) Spider plot - REE chondrite (Boynton 1984)
v (_a) : -(b) Average Ti-bearing
e . r Monzodiorite to bb

é ] \'/w . 'A \ % :. et oS5 alie SYY K
; e “’?\':\/“ ¥ | ) g \ 5 bl bl L g
n:g .l SN \/‘/ % V‘\ - — \‘: . ﬁ;&:dju)w @ s s
§ F—— Average T::I:e:zring sandstone | & | \. J \'/ i S 5 a oS 5 o ule
de v v v e v w8 v oo e v \T\y' L B e i il 0
o s o s S S G e ks (S

Figure 22. Comparison of chemical composition of mean Ti-rich sandstones and diorite and monzogabbro rocks in south of Sabzevar.

a) Primitive mantle-normalized minor and trace elements contents. b) Chondrite-normalized rare earth elements contents.
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Figure 23. Schematic model for formation of stratabound paleoplacer titanium deposit
of Mohammad Abad in the south of Sabzevar. a) Subduction of Sabzevar Neo-Tethys
oceanic slab beneath the eastern Alborz continental plate and creation of ophiolite
zone and forming of active continental margin volcanic arc during late Cretaceous.
b) Weathering and erosion of the Sabzevar ophiolitic complex, surrounding rocks,
and particularly titanomagnetite-bearing diorite, monzodiorite, and gabbro intrusions,
transport and concentration of heavy minerals (especially titanomagnetite, ilmenite, and
magnetite) into the river and beach environments of middle-late Eocene shallow sea

and formation of Mohammad Abad Titanium-rich sandstones in the south of Sabzevar.
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