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Summary

Fe-Ti-P-rich rocks (FTP) are unusual with respect to their mineralogy and bulk com-
position. Varieties of these rocks are mostly related to Proterozoic massif-type an-
orthosites and to a lesser extent to the upper parts of mafic-ultramafic intracratonic
layered complexes and other igneous rock suites. We present results on the geology,
mineralogy and geochemistry of a new occurrence of FTP, associated with mafic rocks
in the northwestern part of Iran. The Qareaghaj mafic-ultramafic intrusion (QMUI) is a
small igneous body situated between Palaeozoic sedimentary rocks and a Precambrian
low grade metamorphic complex. The QMUI is composed mainly of non-mineralized
mafic and apatite- and Fe-Ti oxide-rich ultramafic rocks. The mafic rocks, mainly
coarse-grained gabbro, microgabbro and amphibolite, have a simple mineral assem-
blage (plagioclaseþ clinopyroxeneþ ilmenite) and based on field observations, min-
eralogy and chemical composition are comagmatic. The ultramafic rocks with high
proportion of olivine (� 40–66 vol.%), apatite (� 0.1–16 vol.%), ilmenite (� 11–19 vol.%)
and magnetite (� 2–13 vol.%), have unusual bulk compositions (e.g., SiO2� 21–30 wt.%,
total iron expressed as Fe2O3

tot� 26–42 wt.%, TiO2� 5–11 wt.%, MgO� 9–20 wt.%,
P2O5 up to 5.1 wt.%, Cr� 40–160 ppm, Ni� 7–73 ppm). The FTP forms numerous
sill-like layers, ranging in thickness from �5 cm to few meters. These rocks, totally
enclosed in mafic rocks with sharp and concordant contacts, show a magmatic lami-
nation and follow the general NW–SE trend of QMUI. The apatite-rich ultramafic
rocks makes up 90–95% of the total ultramafic outcrops and contain Mg-poor olivine
(Mg# � 40–58) and low-Mg spinel (Mg# � 30–44) in contrast to apatite-poor ones
(�60–63 and �43–46, respectively). Field relationships, mineral compositions and
geochemical data suggested that the FTP are not related to the mafic host rocks. On
the contrary, they intruded latter into the gabbros during plastic, high temperature



deformation in local shear zones. Fractional crystallization of P-rich ferrobasaltic pa-
rental magma at depth, probably in an open magmatic system, not far from the QMUI
magma chamber, is considered as responsible for the formation of the evolved FTP
in QMUI.

Introduction

Although Fe-Ti-P-rich rocks (FTP) are generally volumetrically minor, they have a
considerable importance because of their (i) potential as Fe-Ti oxide and apatite
ores, (ii) unusual bulk composition and mineral assemblage compared to common
igneous rocks (Owens and Dymek, 1992) and (iii) petrogenetic constraint to various
magmatic host rocks.

These rocks are commonly found in the form of sills, dikes, sheets, pods, lens-
like and massive concordant or disconcordant bodies (e.g., Kolker, 1982; McLelland
et al., 1994; Owens and Dymek, 1992; Duchesne, 1999) and composed of various
proportions of Fe-Ti oxides, apatite, pyroxenes and olivine with=without accessory
phases such as sulfides, hercynitic spinel and biotite.

A wide variety of FTP has been reported in association with Proterozoic massif-
type anorthosites (e.g., Philpotts, 1967; Ashwal, 1993; Owens and Dymek, 1992;
Markl et al., 1998; Duchesne, 1999; Areb€aack and Stigh, 2000) and to a lesser extent
with alkaline igneous complexes (Force, 1991; Jiang et al., 2004), the upper parts
of layered mafic-ultramafic intrusions such as Bushveld (e.g., Reynolds, 1985a;
Von Gruenewaldt, 1993; Lee, 1996), Skaergaard (Larsen andBrooks, 1994;McBirney,
1996), Duluth complex (e.g., Severson, 1988; Rippley et al., 1998), and also in
small gabbroic layered intrusions in Finland (K€aarkk€aainen and Appelqvist, 1999;
K€aarkk€aainen and Bornhorst, 2003).

The FTP are known by many different names, based on mineralogy and com-
position, such as nelsonite (Watson and Taber, 1913; Philpotts, 1967), jotunite and
oxide-apatite gabbronorite (OAGN; Owens and Dymek, 1992), ferrogabbro, ferro-
diorite and oxide-rich ultramafic intrusions (OUI; Severson, 1988).

A variety of hypotheses has been proposed for the origin of FTP (e.g., Kolker,
1982; Reynolds, 1985b; Force, 1991; Owens and Dymek, 1992; Duchesne, 1999).
However, there is no consensus on the relationships among various FTP and their
petrogenesis (Dymek and Owens, 2001).

Qareaghaj mafic-ultramafic intrusion (QMUI) is one occurrence of FTP rocks
located in NW Iran and was discovered in 1993. This intrusion is relatively small
in size (� 8–10 km long and 1–1.7 km wide, Fig. 1). The geology, mineralization
and lab-scale mineral processing were studied when the QMUI was explored for
titanium and phosphorus (Emamalipour and Masoudi, 1996; Kavoshgaran, 1996).
The QMUI mainly consists of non-mineralized gabbro and amphibolite, and
apatite- and Fe-Ti oxide-rich ultramafic rocks.

In Iran, Kahnooj is the only known ilmenite deposit (placer type from gabbroic
rock source) which is located in southern Iran. On the other hand, there are many
large magnetite (�apatite) ore deposits (e.g., Gole Gohar, Bafg, Chogart and Sangan),
mainly situated in the Sanandaj-Sirjan and Central Iran structural zones. Most of
these ores, associated with ultramafic, calc-alkaline and other rock suites with
significant carbonate enrichment, have been considered as Kiruna-type deposits
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(Daliran and Amstutz, 1991; M€uucke and Younessi, 1994; F€oorster and Jafarzadeh,
1994). Hence, QMUI is the only ilmenite-bearing FTP occurrence in Iran, so far,
and its mineralogy and host rock relationships show some distinct differences from
the other FTP in the world.

In this paper we present, for the first time, the results of detailed geology, min-
eralogy and geochemical characteristics of the QMUI. Although, the paper is
focused on apatite- and Fe-Ti oxide-rich ultramafic parts of the intrusion, relation-
ships and features of the associated rock types are also discussed. In an attempt to
clarify the petrogenesis of the FTP, we discuss the nature and origin of the QMUI
and describe its similarities and differences with some of the known FTP from
igneous suites in the world.

Regional geology

The studied area is located in northwest Iran, 36 km NW from Urmia city, close to
the Iran-Turkey border (Fig. 1) and considered as a part of the Khoy-Mahabad
structural subzone. Indeed, this area can be considered as a junction of three
main structural zones including those of Alborz-Azerbaijan, Central Iran and
Sanandaj-Sirjan (Fig. 1). The geological development of these zones has pre-

Fig. 1. Location and generalized geological map of QMUI area (modified after Haghipour
and Aghanabati, 1973; Emamalipour and Masoudi, 1996)
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viously been reviewed by St€ooklin (1974), Davoudzadeh and Weber Diefenbach
(1986).

The QMUI is situated between Permian and Infracambrian-Cambrian se-
quences, composed mainly of sedimentary and low grade metamorphic rocks on
the north and Precambrian metamorphic complexes to the south and east (Fig. 1).
However a few Rb-Sr ages of 663 Ma and 1.56 Ga were reported for the metarhyo-
lite unit of Kahar formation (Crawford, 1977) and Selvana complexes (Haghipour
and Aghanabati, 1973), respectively, which are close to the study area. The Infra-
cambrian-Cambrian rocks include Barut and Zaigun Formations, Lalun sand-
stone, Mila dolomite and limestone, mainly located on the north of the QMUI.
Rocks of Ordovician age are restricted to small outcrops and rocks from Silurian
through Carboniferous are totally absent. The Permian, red quartzo-feldspathic
sandstone (Durud Formation), and limestone-dolomitic limestone (Ruthe For-
mation), have a fault contact with the northern margin of the QMUI (Fig. 1).
Triassic and Jurassic sequences are absent, while Cretaceous rocks include a thick
sequences of flysch and the Khoy ophiolitic complex (Hassanipak and Ghazi,
2000). The youngest, Quaternary, rocks and sediments are composed of andesi-
tic-basaltic lavas, travertine terraces and gravel fans, mainly located in the north-
west. Other intrusions, which are generally larger than QMUI, are also exposed
near the study area. These intrusions (e.g., Chir and Torshan; Fig. 1) are com-
monly composed of medium- to coarse-grained gabbro, metagabbro and amph-
ibolite. Petrography and field features of one of these intrusions (Chir) shows
some similarities to the mafic part of the QMUI, although FTP rocks were not
observed.

Field relationships

The QMUI is a relatively small body (about 12 km2) that generally dips 50–65� N–
NE and extends NW–SE (Fig. 1). The hanging-wall country rocks, including a
Permian sedimentary sequence, have a fault contact with the intrusion. This contact
steeply dips N–NE and is interpreted as a thrust fault which is characterized by a
5–10 m thick mylonite-ultramylonite zone. The foot-wall country rocks include
Precambrian quartzo-feldspathic gneiss (mylonitic granite), metavolcanics and, in
places, Kahar low-grade metamorphic rocks, having transition contacts in most
places, but also fault contacts in others (Fig. 1).

Based on the petrography and mineralogy, QMUI is composed of two main
rock types: un-mineralized mafic, the most voluminous type, and ultramafic rocks.
Most of the latter are located within the intrusion and enclosed within the mafic
rocks. The mafic rocks are mainly gabbros that are deformed and metamorphosed
to metagabbro and amphibolite, in particular close to other country rocks. Foliation
is a common feature in the mafic part of the intrusion, which is identified by
alternating bands enriched in mafic minerals and plagioclase. The gabbros are
generally coarse-to medium-grained and locally show pegmatitic facies. Microgab-
bros, which are the second most voluminous mafic rocks, are characterized by high
clinopyroxene content giving them a dark-green color in the field. They appear to
crosscut the granular coarse-grained gabbros, whereas the relationships with the
ultramafic rocks are unclear. However, at the microscopic scale the contacts are
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Fig. 2. (A) Field photograph, showing sharp and parallel contacts between ultramafic rocks
(ub) and gabbros (gb) in the QMUI. (B) Apatite-poor dunite. A planar fabric is defined by
the elongation of the olivine and Fe-Ti oxides. Triple junctions are common between
olivine grains. (C) Apatite-oxide-rich wehrlite with large plagioclase xenocryst that is
rimmed by amphibole. (D) Net-textured apatite-oxide-rich dunite. (E) and (F) BSE images
of Fe-Ti oxide minerals. (B) and (D) were taken under transmitted light with crossed
polars; (C) under plane-polarized light. Ol Olivine; Amph amphibole; Plag plagioclase;
Ap apatite, Cpx clinopyroxene; Bt biotite; Ilm ilmenite; Mgt magnetite; Spl spinel; Hem
hematite, Po pyrrhotite
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mostly sharp. In the field, transitions from granular gabbro to foliated gabbro,
metagabbro and amphibolite are very irregular.

The ultramafic rocks are discontinuous sill-like and=or tabular layers that alter-
nate with mafic rocks (Figs. 1 and 2A) and follow the regional trend of the QMUI,
as well as the internal structure of the intrusion (e.g., foliation and layering in the
mafic rocks). According to field observations, the contacts between mafic and ultra-
mafic rocks are always sharp and concordant (Fig. 2A). Ultramafic apophyses
penetrating mafic host rocks are not seen in the field. On the other hand, ultramafic
microapophyses in gabbros as well as small gabbroic xenoliths, and plagioclase
(and rarely clinopyroxene) xenocrysts in ultramafic rocks are locally observed at
the microscopic scale, particularly close to contact zones (Fig. 2C). There are no
intermediate compositions between the two main rock types in the whole intrusion.
Based on field relationships, the ultramafic rocks are divided into two main zones
(MZI and MZII) and two subzones (SZI and SZII, Fig. 1). They are parallel to each
other and follow the general trend of the intrusion as well as the foliation in the
mafic rocks. The MZI has a total thickness of 30–50 m and contains �15 unmin-
eralized gabbroic layers (� 10 cm to 2 m thick). The MZII does not contain any
gabbroic layers and the total thickness is from 30 to 60 m. Furthermore, a 1.5 m
thick alkali feldspar granite occurs as a layer in the center of MZII and has semi-
parallel and sharp contacts. The two subzones are located in the upper and lower
part of the intrusion, and are composed of alternating layers of mafic and utramafic
rocks (� 5–50 cm thick) with parallel sharp contacts. Despite extensive alteration,
deformation and metamorphism of the mafic rocks, the ultramafic rocks are mostly
undeformed and fresh, except along local fractures and shear zones where oliv-
ine is mainly altered to serpentine. The ultramafic rocks are also partly altered to
iddingsite, and show a brownish color due to concentration of secondary iron
oxides and hydroxides at the surface levels. The ultramafic rocks have limited
extensions (� 3.5–4 km long) in the QMUI and are totally included in mafic rocks.
The QMUI is cut and dislocated by steeply dipping NW–SE and NE–SW faults.
Locally the mafic rocks are cut by highly-altered feldspathic dikes (up to 2 m
thick).

Sampling and analytical methods

Samples were collected systematically from outcrops as well as trenches through-
out the intrusion. Additional samples (BH code) were also selected from drill
cores acquired during previous exploration carried out by the Iranian Ministry of
Industries and Mines from 1994 to 1996. Modal abundances of mineral assemblages
were determined by point-counting a minimum of 1200 points per section (Table 1).
Whole rock major- and trace-element compositions, including REE, of 50 samples
were determined at ALS Chemex, Vancouver, Canada, by ICP-AES and ICP-MS,
respectively. Analytical precisions are estimated to be better than �5% for major
oxides and �10% for all of trace elements. Electron microprobe analyses were
performed on a CAMECA SX-100, at the Institute of Mineralogy and Petrology of
the University of Hamburg, Germany. Both natural and synthetic standards were
used for calibration. The beam current was 15 nA for plagioclase and apatite, 20 nA
for Fe-Ti oxides and other silicates with acceleration voltage of 15–20 kV. Beam
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size was 10 and 20 mm for plagioclase and apatite and typically 1 mm for other
minerals. In addition to the standard microprobe analyses of mineral phases,
selected REEs, including La, Ce and Nd in apatite were obtained using the same
microprobe. A beam current of 200 nA, an accelerating voltage of 30 kV and a
counting time of 240 seconds were used for trace elements. The bulk composition
of finely oxy-exsolved titanomagnetite and also ilmenite with hematite exsolutions
were measured with a defocused beam of 40 mm.

Petrography

A total of about 150 samples were examined in transmitted and reflected light. The
modal compositions of 13 representative samples are given in Table 1.

Ultramafic rocks

These rocks are mostly fine- to medium-grained and show cumulate texture with a
framework of olivine and clinopyroxene grains surrounded by interstitial Fe-Ti
oxides and apatite (Fig. 2B–D). The most frequent rocks are apatite- and Fe-Ti
oxide-rich dunite and wehrlite. However, apatite-poor dunite and clinopyroxenite
are also present. Olivine is the most abundant primary cumulus phase (� 40–
66 vol.%) and commonly accompanied by trace to 16 vol.% clinopyroxene. Apatite
content is high but variable, ranging from trace to 16 vol.%. Plagioclase commonly
is found in samples near to the contact of mafic rocks (up to 15 vol.%), but is mostly
between 1 and 5 vol.%. Ilmenite (� 11–19 vol.%) and Ti-magnetite (� 2–13 vol.%)
are the common oxides. Accessory minerals include brown hornblende (up to
10 vol.%) as reaction rims (up to 10 mm thick) around other silicates, biotite
(<1 vol.%), hercynitic spinel (<1.2 vol.%), sulfide minerals (mainly pyrrhotite
and minor chalcopyrite and pentlandite, <3 vol.%). Ilmenite is the dominant
Fe-Ti oxide in all of the samples, and apatite is found in about 90–95% of the
ultramafic rocks. Although all the samples of ultramafic rocks are apatite-rich,
some layers, partly, in MZI and subzones are apatite-poor. The transition from
apatite-poor to apatite-rich rocks is gradational to sharp (at the mm to cm scale)
which in some cases was recorded in a thin section. Olivine, apatite and clinopyr-
oxene, generally, define a relatively preferred orientation (mineral lamination,
Fig. 2B–D) and a weak small scale modal layering in some samples. Mineral
lamination, in particular in subzones, is parallel with the contacts of layers, the
foliation in the mafic rocks and also the general trend of the intrusion.

Olivine is mostly euhedral to subhedral, nearly equigranular or elongated, rang-
ing in size from 0.2 to 3 mm, and usually includes other phases such as apatite,
droplets of oxides and sulfides, biotite (Fig. 2B–D) and rarely zircon. Olivine–
olivine grain boundaries usually exhibit a high degree of textural equilibration (polyg-
onal grain boundaries, Fig. 2B–D). In most samples olivine is fresh, although
replacement by serpentine (� talc� chlorite) has been observed at some small
localities. Optical zoning is absent in olivine as well as in other silicate minerals.

Clinopyroxene (diopside-augite) is usually subhedral to anhedral and ranges in
size from 0.5 to 5 mm. Furthermore, locally small (up to 5 cm thick) patches or thin
layers of clinopyroxenite, hosted by dunite or wehrlite are found, which probably
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segregated as a consequence of magma flow during emplacement. Clinopyroxene
is always free of orthopyroxene exsolution but contains frequent needle-shaped
ilmenites, oriented in two directions parallel to the prismatic cleavage, and also
apatite, oxides and biotite inclusions. Some olivine and clinopyroxene grains are
rimmed by brown hornblende (�biotite, Fig. 2B), suggesting reaction between a
hydrous melt and previously crystallized silicate minerals.

Apatite occurs as elongated prismatic euhedral to subhedral grains, 0.05–2 mm
in length. It is found in two generations (Fig. 2C–E), large interstitial grains, and
small inclusions in olivine, clinopyroxene and Fe-Ti oxides. The apatite=oxide
ratio in ultramafic rocks typically is 0.5–0.7.

Plagioclase is subhedral to irregular in shape and ranges in size from 3 to 6 mm
in length. Most of the plagioclase grains regarding size (Fig. 2C), shape, twining
and also composition (see mineralogy) are similar to plagioclase in gabbros. These
features and field observation indicate that most of them are xenocrysts and origi-
nated from the gabbros during ultramafic rock emplacement.

The Fe-Ti oxides, ilmenite and Ti-magnetite, are subdivided in three genera-
tions (Fig. 2B–F): small rounded to ellipsoidal inclusions in olivine and clinopy-
roxene, coarse interstitial crystals and late stage veinlets (up to 3 cm thick; mostly
pure magnetite� pyrrhotite). The latter cut silicates and also early crystallized oxides.
Ilmenite is the dominant oxide phase; the ilmenite=magnetite ratio generally is 2–4
(range from 1.5 to 8.5). The primary ilmenite grains (0.1–2 mm) commonly contain
hematite (titanian hematite) lenses (Fig. 2F), arranged in [0001] planes. Primary
Ti-magnetite contains ilmenite lamellae along the [111] planes and exhibits wide
variety of exsolution textures (Fig. 2E, F). Trellis-type (both coarse and fine) is
more common; however composite- and sandwich-types also occur. Based on micro-
texture, most of the composite grains probably are primary ilmenite-magnetite pairs.
In contrast to the requirement of the oxidation-exsolution model (Buddington and
Lindsley, 1964), the ilmenite lamellae often show a homogenous distribution and
are concentrated in the core of the magnetite host, as reported by M€uucke (2003).
Following the classification of textural stages (C1–C5) caused by subsolidus ex-
solution with increasing degree of oxidation (Haggerty, 1991), Ti-magnetites in
the ultramafic rocks of QMUI belong to stage C2–C3 without ulvite exsolution.
Ti-magnetite, in addition to ilmenite lamellae, mostly contains exsolutions of her-
cynitic spinel, and a spinelliferous rim along contacts with ilmenite is common
(Fig. 2E, F). The presence of spinel within ilmenite lamellae (Fig. 2E) indicates
that a certain amount of spinel was exolved simultaneously with ilmenite. Ti-mag-
netite often occurs as small grains at the ends of larger ilmenites and is therefore
later in the crystallization sequence.

Two main types of mineralization in the ultramafic rocks, disseminated and net-
textured (without any massive type), have been observed in QMUI (Fig. 2B–D).
According to K€aarkk€aainen et al. (1997) the QMUI is considered a low grade
(4–9 wt.% TiO2) titanium deposit.

Sulfide minerals (totally <3 vol.%), with pyrrhotite as the main mineral, occurs
in three generations; i.e. interstitial, inclusions (droplets) in other minerals, and late
stage veinlets often associated with magnetite. Based on textural features, olivine
and apatite crystallized early, followed by clinopyroxene, ilmenite, Ti-magnetite,
spinel and sulfides.
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Mafic rocks

The mafic rocks generally have a simple mineral assemblage (clinopyroxene,
plagioclase and ilmenite). Texturally these rocks include granular, coarse- to
medium-grained gabbro, microgabbro, foliated gabbro and amphibolite with irreg-
ular to gradational transitions. Amphibolites, based on field and petrographic obser-
vations, are derived from both coarse-grained and microgabbros in local shear
zones, and are mainly composed of plagioclase, hornblende and ilmenite-rich
bands (orthoamphibolite). Granular gabbros, the main mafic rocks, contain pla-
gioclase (42–78 vol.%), clinopyroxene (2–42 vol.%) and ilmenite (0.5–7.2 vol.%),
whereas microgabbros are usually richer in clinopyroxene (22–52 vol.%). Plagio-
clase is unzoned and clinopyroxene mostly contains exsolved ilmenite in two
crystallographic directions. All of the mafic rocks exclusively contain ilmenite as
the only Fe-Ti oxide. Magnetite, olivine and apatite, are not present, even in trace
amounts. Uralitization and saussuritization of clinopyroxene and plagioclase are
common.

Mineral compositions

Olivine

Average olivine core compositions vary between Fo63 and Fo42.5 (Table 2). The
apatite-poor, oxide-rich dunites have Mg-richer olivine (�Fo60–63) than apatite-rich
samples (�Fo40–58; Fig. 3A). However, rims are 2–6% richer in Fo when olivine is
in contact with oxides (Fig. 4A), what probably reflects re-equilibration rather than
the primary composition. The MnO content varies between 0.4 and 0.8 wt.% and is
negatively correlated with Mg#, which is probably related to fractional crystal-
lization processes. The CaO content is lower than 0.05 wt.% and not correlated
with other elements. There is a relatively systematic change in Fo from �47 to 62
and from �42 to 58 at the MZI and MZII, respectively. Al2O3, Cr2O3, NiO and TiO2

contents in olivine mostly are low or even below detection limits (<0.01 wt.%).

Clinopyroxene

Clinopyroxene core compositions in ultramafic and mafic rocks range from Wo41.58

En36.30 Fs12.16 to Wo47.94 En40.31 Fs21.86 (diopside to magnesium-rich augite,
according to Morimoto, 1989) and Mg# varies from �64 to 76 (Table 3). The
Al2O3 and MnO are 3.7–5.7 wt.% and 0.19–0.43 wt.%, respectively. The TiO2

content of clinopyroxene is relatively high, up to 1.47 wt.%. Most clinopyroxene
grains are unzoned (Fig. 4B). There are no major compositional differences or
any systematic variation in clinopyroxene from the gabbros and ultramafic rocks
(Fig. 5A).

Plagioclase

Average plagioclase core compositions in ultramafic rocks and coarse-grained gab-
bros are in the relatively limited range of An45 to An52 (Table 4). Plagioclase in
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microgabbro has the most An-rich composition (An57–60), without significant zon-
ing (Fig. 4C) and amphibolites derived from these rocks have plagioclase with
about 47% An. More than 90% of the plagioclases analyzed have An47–An50.

Fig. 4. Representative zoning profiles through olivine (A), clinopyroxene (B), plagioclase
(C) and spinel (D) grains from samples of the QMUI. Wo wollastonite; En enstatite; Fs
ferrosilite; An anorthite; Ab albite

Fig. 3. (A) Plot of apatite vol.% vs. olivine Mg-number; (B) Plot of olivine Mg-number
vs. spinel Mg-number in the FTP (apatite-poor samples, solid circles; apatite-rich samples,
solid diamonds) of the QMUI
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Apatite

All apatites are fluor-apatite (Table 5) and contain high F contents (� 2 wt.%) and
low Cl (�0.2 wt.%), which is consistent with a high-temperature magmatic origin.
Most of the apatites have relatively homogenous major element compositions.
P2O5 and CaO contents (in wt.%) vary from � 43 to 44 and � 54 to 55, respectively
and concentrations of Na2O, MnO, FeO and MgO are low (�0.1 wt.%). Molar Cl=F
ratios tend to be consistent with values of 0.02–0.04. REE (CeþLaþNd) con-
centrations in apatites are 1600–3200 ppm. The low Cl- and REE contents (Laþ
CeþNd) of apatites in QMUI are much closer to those of type B (magmatic crystal-
lization product) than type A (metasomatic product) mantle apatites (Fig. 5B). No
obvious compositional differences between apatite inclusions in silicate minerals
and large interstitial apatites were detected.

Ilmenite

Ilmenite in the mafic rocks (Table 6) is close to its end-member composition
(Xilm� 0.96–0.98) and shows only submicroscopic exsolutions. In these rocks,
ilmenite has low MgO (�0.20 wt.%) but high MnO (0.92–1.60 wt.%) contents.
Ilmenite in the ultramafic rocks shows thin hematite exsolutions (hemoilmenite),
and Xilm range from 0.82 to 0.91. They have high MgO and low MnO when com-
pared with ilmenite in the mafic rocks (Table 6). Apatite-poor ultramafic samples
usually contain ilmenite with relatively higher MgO than apatite-rich ones (Table 6).
Exsolved lamellae of ilmenite in Ti-magnetite are nearly pure ilmenite. Although

Fig. 5. (A) Compositional range of clinopyroxene and olivine in gabbros and FTP rocks
from QMUI. (B) Plot of Cl content versus REE (CeþLaþNd) abundances of apatite in
the QMUI (solid circles) and other localities. 1 Mantle apatite A (data from O’Reilly and
Griffin, 2000; Table 1); 2 Babbitt massive Cu–Ni mineralization (data from Ripley et al.,
1998); 3 mantle apatite B (data from O’Reilly and Griffin, 2000; Table 2); 4 Boulder lake
apatite-rich oxide ultramafic intrusions (data from Ripley et al., 1998); 5 oxide-apatite
gabbronorite (data from Dymek and Owens, 2001; Table 4)
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the variations in both Mg and Mn in ilmenite are not entirely systematic, the overall
trend appears to be real and may reflect control by fractional crystallization. There
is a small compositional difference between ilmenite droplets and large interstitial
ilmenite grains. Hematite lamellae in ilmenite show higher TiO2 and are Ti-hema-
tite in composition (Xilm� 0.26–0.30, Table 6).

Magnetite (Ti-magnetite)

Most magnetite grains contain intergrowths of both ilmenite and hercynitic spinel.
Bulk composition of these grains was determined by analysis with a defocused
beam of 40 mm size. Most magnetites have low Xusp component (0.03–0.13) and
therefore high Xmag component (0.79–0.93, Table 6). The MgO and MnO contents
vary from 0.58 to 1.38 wt.% and up to 0.08 wt.%, respectively. However, no sys-
tematic variation in magnetite composition has been observed with respect to the
stratigraphic level in the ultramafic rock sequence. The Cr2O3 concentrations are
low (�0.22 wt.%) but V2O5 contents are high (0.93–1.90 wt.%). Magnetite in the
late stage veinlets has end-member magnetite composition (Xmag� 0.998). Al2O3

content is high, but variable (1.21–3.53 wt.%) because of the inhomogeneous dis-
tribution of hercynitc spinel exsolutions.

Table 4. Representative microprobe analyses of plagioclase (average) in different rocks from QMUI, standard
deviation within brackets

Rock type ox-ub ap-ox-ub cgb mgb

Sample no. TM62 TM142 TM147 TM18 TM54 TM48 BH14
No. of
crystals

n¼ 5 n¼ 6 n¼ 4 n¼ 7 n¼ 5 n¼ 6 n¼ 8

SiO2 (wt.%) 54.43 (0.32) 55.48 (0.12) 55.38 (0.67) 54.77 (0.13) 55.25 (0.31) 55.81 (0.14) 53.61 (0.23)
Al2O3 28.67 (0.11) 28.81 (0.13) 27.97 (0.29) 28.45 (0.08) 28.38 (0.30) 28.03 (0.14) 29.79 (0.12)
FeO 0.06 (0.03) 0.07 (0.02) 0.05 (0.01) 0.09 (0.02) 0.11 (0.04) 0.08 (0.03) 0.07 (0.03)
CaO 10.58 (0.05) 9.25 (0.14) 9.18 (0.47) 10.24 (0.12) 9.80 (0.23) 9.48 (0.11) 11.36 (0.21)
Na2O 5.24 (0.11) 4.98 (0.36) 6.22 (0.12) 5.58 (0.11) 5.66 (0.13) 5.87 (0.09) 4.03 (0.15)
K2O 0.12 (0.01) 0.08 (0.01) 0.09 (0.02) 0.25 (0.04) 0.16 (0.04) 0.16 (0.09) 0.02 (0.01)

Total 99.10 (0.49) 98.66 (0.18) 98.90 (0.03) 99.38 (0.07) 99.35 (0.14) 99.43 (0.22) 98.88 (0.20)

Structural formula based on 8O
Si 2.47 2.51 2.51 2.52 2.50 2.52 2.44
Al 1.54 1.54 1.50 1.49 1.51 1.49 1.60
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.51 0.45 0.45 0.46 0.47 0.46 0.55
Na 0.46 0.44 0.55 0.52 0.50 0.51 0.35
K 0.01 0.00 0.01 0.01 0.01 0.01 0.00

� cations 4.97 4.94 5.01 5.00 5.00 4.99 4.94
An 0.52 (0.01) 0.50 (0.02) 0.45 (0.02) 0.47 (0.02) 0.48 (0.01) 0.47 (0.01) 0.61 (0.01)
Ab 0.47 (0.01) 0.49 (0.02) 0.55 (0.02) 0.52 (0.02) 0.51 (0.01) 0.52 (0.00) 0.39 (0.01)
Or 0.01 (0.00) 0.00 (0.00) 0.01 (0.00) 0.01 (0.00) 0.01 (0.00) 0.01 (0.01) 0.00 (0.00)
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Accessory minerals

The PROBE-AMBH program (Tindle and Webbe, 1994) was used for the classifica-
tion and calculation of site occupation of amphiboles. The amphiboles (as reaction
rims) in the ultramafic rocks and gabbros commonly are titanian-ferroan-pargasite and
titanian-magnesian-hastingsite with relatively high TiO2 contents (1.12–3.61 wt.%;
Table 3). Amphibole in amphibolite is magnesio-hornblende. Furthermore, second-
ary actinolite=actinolitic hornblende was detected in various rocks of QMUI and
probably formed during a later alteration stage.

All spinels in ultramafic rocks are hercynitic spinel, without significant zoning
(Fig. 4D), and the chemical composition (in wt.%) varies in the range 57–60 for
Al2O3, 7.0–11.3 for MgO, 28.7–32.3 for FeO with very low contents of Cr2O3

(�0.26 wt.%). There is a positive correlation between Mg content of olivine, spinel
and Fe-Ti oxides (Tables 2, 3 and 6). Spinel in apatite-poor ultramafic samples
shows high Mg-numbers (� 43–46) when compared with apatite-rich ones (� 30–
44; Table 3, Fig. 3B). The Cr-number always is very low (�0.003) and TiO2 content
is up to 0.15 wt.%.

Pyrrhotite is the main sulfide mineral in ultramafic rocks and microgabbros, and
usually encloses chalcopyrite and rarely pentlandite. Pyrrhotite has a low content
of Ni (<0.20 wt.%) and Co (<0.16 wt.%).

Table 5. Representative microprobe analyses of apatite cores (average) in FTP from QMUI, standard deviation
within brackets

Rock type ap-ox-ub

Sample no. TM65 TM138 TM17 TM147 TM139 (core) TM139 (rim)
No. of
crystals

n¼ 7 n¼ 8 n¼ 6 n¼ 6

P2O5 (wt.%) 42.99 (0.48) 42.88 (0.16) 43.38 (0.12) 42.62 (0.18) 43.30 43.16
SiO2 0.12 (0.03) 0.09 (0.02) 0.10 (0.01) 0.10 (0.01) 0.10 0.11
FeO 0.11 (0.09) 0.12 (0.04) 0.00 (0.00) 0.10 (0.04) 0.00 0.00
CaO 54.48 (0.12) 54.07 (0.06) 54.37 (0.07) 53.56 (0.02) 55.28 55.19
MnO 0.03 (0.00) 0.03 (0.02) 0.02 (0.02) 0.03 (0.05) 0.01 0.04
MgO 0.04 (0.01) 0.06 (0.01) 0.01 (0.01) 0.03 (0.01) 0.05 0.03
SrO 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.01 (0.01) 0.00 0.00
Na2O 0.04 (0.02) 0.07 (0.01) 0.02 (0.00) 0.04 (0.02) 0.04 0.04
H2O 0.81 (0.00) 0.78 (0.02) 0.77 (0.01) 0.76 (0.02) 0.84 0.84
F 2.03 (0.04) 2.09 (0.04) 2.07 (0.02) 2.09 (0.06) 2.00 1.99
Cl 0.10 (0.02) 0.08 (0.01) 0.21 (0.01) 0.08 (0.01) 0.10 0.09

Total 100.74 100.28 100.95 99.42 101.7 101.49

O¼F, Cl 0.85 (0.01) 0.91 (0.02) 0.92 (0.01) 0.91 (0.02) 0.86 0.86
Total 99.89 99.37 100.30 98.51 100.84 100.63
La (ppm) 270 (130) 340 (95) 290 (100) 370 (130) n.d. n.d.
Ce 730 (330) 878 (233) 780 (260) 960 (340) n.d. n.d.
Nd 560 (210) 682 (139) 620 (180) 750 (230) n.d. n.d.

n.d. Not detected
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Estimates of crystallization conditions and post crystallization processes

Crystallization temperature estimates, using the clinopyroxene-ilmenite geother-
mometer (Bishop, 1980), yield subsolidus equilibration temperatures from 777 to
1028 �C for the ultramafic rocks. There is no suitable mineral phase or assemblage
for direct calculation of pressure; hence, a pressure of 2 kbar was assumed for the
calculations. The clinopyroxene geothermometer (Kretz, 1994), on the basis of core
compositions, yields 936–1004 �C for the ultramafic rocks and from 942 to 948 �C
for gabbros. The two oxide geothermobarometer (Andersen and Lindsley, 1985) in
the ILMAT program (Lepage, 2003) results in re-equilibration temperatures (450–
700 �C) and oxygen fugacities (around 10�19 fO2) for the ultramafic rocks. It is
assumed that magnetite re-equilibrates by intraoxide reaction (Buddington and
Lindsley, 1964) in which the ulv€oospinel component of magnetite-ulvöspinel solid
solution oxidizes and produces lamellae and granules of ilmenite within or around
magnetite at intermediate temperatures. Hence, in this study, bulk compositions of
thin ilmenite exsolution-bearing titanomagnetite and fine and submicroscopic hema-
tite bearing-ilmenite were obtained by using data obtained with a defocused beam of
40mm. In addition to Fe and Ti diffusion between oxides during cooling, post-mag-
matic Fe-Mg diffusion affecting olivine and clinopyroxene can result in Mg decrease
in both ilmenite and magnetite when they are in contact with these silicate phases
(Frost and Lindsley, 1992). This explains why the silicates, in particular olivine, that
are in contact with oxides show higher Mg contents in the rims (Fig. 4A).

Whole-rock geochemistry

Fifty samples of QMUI were analyzed for major and trace elements (including
REE) and results of 16 representative samples are listed in Table 7.

Major elements

In Bowen diagrams (Fig. 6) many oxides display good correlations with MgO,
except for phosphorus and CaO (not plotted) which scatter over the whole range
of MgO. Al2O3, total alkalis and SiO2 are negatively correlated with MgO while
MnO, Fe2O3

tot and TiO2 show positive correlation. In most diagrams (Fig. 6), the
ultramafic and mafic rocks form two separated clusters and there is a compositional
gap between them reflecting distinct differences in their modal compositions
(Table 1). Ultramafic rocks are enriched in Fe (Fe2O3

tot: 26–42 wt.%), TiO2

(5–11 wt.%), P2O5 (up to 5.1 wt.%) and XFe (Fe2O3
tot=Fe2O3

totþMgO: 0.68–0.78)
what reflects modal enrichment of ilmenite, magnetite and apatite (Table 1). These
rocks have very low SiO2 (� 21–30 wt.%) and K2O (0.01–0.49 wt.%) while MgO
contents are high (8.8–19.8 wt.%). Some hybrid ultramafic rocks, which show
mixing with xenocrysts=xenoliths of gabbros (e.g., BH34) commonly plot between
the ultramafic and mafic rocks (Fig. 6). The major-element compositions, except
for P2O5, of the ultramafic rocks from all zones are similar. Small variations in bulk
compositions mostly are due to variations in modal mineralogy (Table 1) and to a
lesser degree in mineral compositions (Tables 2–6). The difference in P2O5 content
is the most noticeable feature of the ultramafic part of QMUI. The high MgO and

88 M. Mirmohammadi et al.



Table 7. Representative whole-rock elemental analyses of different rock types from QMUI. Major oxides in wt.%
and trace elements and REE in ppm. Four FTP samples from other localities are included for comparison. 1 Duluth
complex, Boulder lake area, oxide-apatite dunite (Ripley et al., 1998; Table 2); 2 Bushveld complex, Upper Zone,
Villa Nora area, olivine-apatite-oxide rock (Von Gruenewaldt, 1993; Table 3); 3 Roseland anorthosite, Virginia,
oxide-apatite gabbronorite ‘‘OAGN’’ (Dymek and Owens, 2001; Table 2); 4 Kauhaj€aarvi gabbro, Finland, peridotite
(K€aarkka€aainen and Appelqvist, 1999; Table 1)

Rock type ox-ub ap-ox-ub

Sample no. TM16 TM62 TM17 TM27 TM46 TM61 TM65 TM134 TM138 TM140

SiO2 27.4 30.7 25.1 25.3 26 22.1 24 25.4 22.6 22.2
TiO2 10.55 11.1 7.7 8.29 7.87 8.52 8.78 8.16 7.82 7.45
Al2O3 2.11 5.96 1.89 1.47 1.85 1.04 1.3 1.59 1.1 1.51
Fe2O3

tot 39.1 31.1 37.7 38 35.5 40.4 38.8 38.3 40 39.9
MnO 0.42 0.34 0.42 0.49 0.46 0.43 0.42 0.46 0.46 0.43
MgO 18.45 13.5 14.75 13.05 13.15 13.85 15.1 13.3 15.6 14.45
CaO 1.33 5.34 8.21 8.45 9.89 6.98 6.86 8.4 6.27 7.95
Na2O 0.14 0.89 0.13 0.18 0.15 0.08 0.1 0.13 0.12 0.12
K2O 0.04 0.9 0.01 0.03 0.02 0.02 0.02 0.02 0.03 0.03
P2O5 0.07 0.09 3.97 4.05 4.25 4.6 3.81 3.94 3.93 4.89
Ba 18.3 37.6 20 27.8 11.7 11.6 8.6 12.2 10.6 10.4
Nb 27 28 14 27 18 24 21 18 24 23
Rb 0.7 0.7 0.3 0.7 0.3 0.7 0.5 0.4 0.5 0.6
Cs 0.1 <0.1 0.1 <0.1 0.1 <0.1 <0.1 0.1 0.1 0.1
Sr 22.3 154 85.4 85.7 85.6 92.1 74.7 77.6 73.4 99.4
Y 2.2 6.1 41.5 47.8 42.6 55 36.9 45.4 40.7 53.1
Zr 41.1 40.9 32.1 50.6 38.2 40.5 35.7 41.6 40.8 39.4
V 653 858 808 495 500 547 588 612 444 298
Cr 140 80 90 60 70 60 70 80 50 60
Ni 12 29 7 15 19 8 9 52 46 48
Co 93.1 89.2 81.9 71.5 61.7 75.6 83.8 65.5 100 97.3
Zn 281 241 268 249 244 271 242 269 231 231
Ga 10 12 13 10 12 10 10 12 8 10
Sn 1 1 1 1 <1 1 <1 1 <1 <1
Th <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
U <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hf 1 1 1 1 1 1 1 1 1 1
Ta 2.3 2.5 1.2 2.1 1.5 2.1 1.9 1.6 2 1.9
W <1 <1 1 1 1 1 <1 <1 <1 <1
La 5.5 3.8 41.2 40.7 29.4 52.9 30.3 39.1 22.9 40.4
Ce 2.5 4.8 82.4 93.3 74.6 117.5 72.1 89.1 81 107
Pr 0.3 0.7 12 13.4 11.4 16.7 10.6 12.7 12.3 16.6
Nd 1.7 3.8 62.7 68.6 59 82.6 54.1 65.2 60.4 80.5
Sm 0.4 1.2 14.8 16 14.2 19.2 13 15.9 13.8 18.3
Eu 0.2 0.5 3.1 3.5 3.2 4.2 2.9 3.5 3.3 4
Gd 0.5 1.2 13.6 15.2 13.6 18.8 12.4 15 14 18
Tb 0.1 0.2 1.8 2 1.8 2.5 1.6 2 1.9 2.5
Dy 0.4 1.2 8.3 9.8 8.6 11.6 7.9 9.6 8.7 11.2
Ho 0.1 0.2 1.6 1.8 1.6 2.1 1.4 1.8 1.5 2
Er 0.2 0.6 3.8 4.4 3.9 4.9 3.4 4.3 4 4.8

(continued)
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Table 7 (continued)

Rock type ox-ub ap-ox-ub

Sample no. TM16 TM62 TM17 TM27 TM46 TM61 TM65 TM134 TM138 TM140

Tm <0.1 0.1 0.4 0.5 0.4 0.5 0.3 0.4 0.4 0.5
Yb 0.3 0.6 2.1 2.6 2.1 2.8 1.8 2.4 2.2 2.6
Lu <0.1 0.1 0.3 0.3 0.2 0.4 0.2 0.3 0.3 0.4
Eu=Eu� 1.37 1.27 0.67 0.69 0.7 0.68 0.7 0.69 0.73 0.67
(La)N=(Sm)N 8.89 2.04 1.8 1.64 1.34 1.78 1.5 1.59 1.07 1.43
(La)N=(Yb)N 13.19 4.54 14.08 11.23 10.04 13.55 12.07 11.68 7.47 11.15
XFe 0.68 0.7 0.72 0.74 0.73 0.74 0.72 0.74 0.72 0.73

Rock type ap-ox-ub hyb mgb cgb mgr 1 2 3 4

Sample no. TM147 BH2-34 BH1-14 TM18 TM35 TM78

SiO2 23.1 33.5 44.9 47.4 49.2 61 24.85 14.04 39.78 32.69
TiO2 7.65 5.25 2.13 3.14 2.41 1.2 10.8 9.96 7.86 5.13
Al2O3 2.16 9.73 15 20.2 20.2 15.4 1.41 1.62 8.78 7.47
Fe2O3

tot 37.9 26 13.15 10.2 7.7 8.06 37.05 55.68 21.72 31.01
MnO 0.46 0.36 0.15 0.11 0.09 0.11 0.52 0.55 0.24 0.35
MgO 13.55 8.8 8.05 4.21 4.2 2.38 13.5 3.39 7.77 9.5
CaO 8.16 9.87 12.25 9.4 10.3 4.83 6.24 10.61 8.37 7.79
Na2O 0.32 1.87 2.74 3.78 3.88 3.29 0.15 1.63 0.96
K2O 0.05 0.24 0.18 0.28 0.43 0.97 0.24 0.11 0.55 0.49
P2O5 4.54 3.88 0.02 0.06 0.07 0.16 2.79 7.16 3.52 2.31
Ba 19.6 113 46.5 169 198 813 8 350 260
Nb 29 22 2 8 6 12 11.5 40
Rb 0.6 1.6 1.7 2.2 5.3 22.8 1.4
Cs 0.1 0.2 1.1 1.1 0.2 0.7 <0.4
Sr 129.5 375 293 754 730 380 38 494
Y 54.7 48.4 21.3 5.6 7.3 25.8 57 54.6
Zr 51.9 33.5 25.5 21.5 21.3 193.5 74.3
V 495 301 368 300 224 215 573 329 594
Cr 70 40 340 70 40 20 116 12
Ni 41 27 114 41 26 5 41.1
Co 92.7 59 47.2 38.2 24.8 20.4
Zn 249 185 94 74 60 85 225 251
Ga 11 15 17 20 19 20 18.7
Sn <1 1 1 1 <1 1 <7.2
Th <1 <1 <1 <1 <1 8 <0.16
U <0.5 <0.5 <0.5 <0.5 <0.5 0.8 <0.7
Hf 1 1 1 1 1 5 2.61
Ta 2.3 1.6 <0.5 0.7 0.5 0.7 0.88
W <1 1 1 1 1 <1 <8
La 43.6 45.6 8.9 7.3 6.7 72.2 42.5 24.7
Ce 108.5 103 6.1 7.5 7.3 143.5 110.2 61.7
Pr 17 14.6 1.2 1 1.1 14.5 9
Nd 81.1 71.4 7.7 4.6 5.4 51 86 43.6
Sm 18.2 16.4 2.7 1.2 1.5 8.6 18.9 9.04
Eu 4.5 4.3 1.1 1 1.1 1.7 3.5 2.8

(continued)

90 M. Mirmohammadi et al.



low P2O5 (e.g., TM62 and TM16) contents of the samples, generally located in SZI
and in the lower part of MZI suggest less fractionated magmas. In the Fe2O3-TiO2

diagram (Fig. 7A) the ultramafic rocks show a roughly linear trend and plot along
an array subparallel to the Fe=Ti¼ 4 line, suggesting similar ilmenite=magnetite
proportions in most of the samples. Al2O3 and Na2O concentrations are low in most
of the ultramfic rocks (Table 7), due to the low content of feldspar, while samples
enriched in Al and Na (e.g., BH34) are consistent with the presence of plagioclase as
xenocrysts. The linear variation within the mafic rocks is mainly controlled by the
plagioclase-clinopyroxene distribution. In most diagrams (Fig. 6) various mafic rocks
(e.g., coarse-grained gabbro, microgabbro) do not plot in distinct fields. Mafic rocks
are richer in SiO2 (43–52 wt.%), Al2O3 (15.0–24.5 wt.%), Na2O (1.6–4.7 wt.%) and
CaO (9.5–16.0 wt.%) and poorer in Fe2O3

tot (4.5–17.0 wt.%), TiO2 (0.5–4.0 wt.%),
MgO (2.0–8.0 wt.%) and P2O5 (0.01–0.40 wt.%) with respect to ultramafic rocks
(Table 7) that reflect conspicuously low content of Fe-Ti oxides, olivine and
apatite.

Trace and rare earth elements

The Cr and Ni contents are generally low in QMUI. In ultramafic rocks Cr
(40–160 ppm) and Ni (7–73 ppm) are lower than those of the mafic rocks
(Cr: 10–340 ppm and Ni: 11–114 ppm). The V content of the ultramafic rocks
(298–858 ppm) is higher than in mafic rocks (62–198 ppm) and correlates well
with TiO2. Indeed it is the only trace element that fully discriminates mafic rocks
from ultramafics. The Ti=V ratio in ultramafic and mafic rocks of QMUI is 57–150
and�91, respectively. Owens et al. (1993) referred to Ti=V ratios of �100 as char-
acteristic of massif-type anorthosites. Rb (0.2–1.6 ppm) and Sr (7.8–186 ppm) of the
ultramafic rocks are much lower than in the mafic ones (1.7–9.3 and 226–899 ppm,
respectively). The high Sr in the mafic rocks is due to its substitution for Ca in
plagioclase. In most samples Hf, Cs, W, Sn, Th and U concentrations are below
detection limits (<0.5–1 ppm). Ga does not correlate with Al2O3, a feature that

Table 7 (continued)

Rock type ap-ox-ub hyb mgb cgb mgr 1 2 3 4

Sample no. TM147 BH2-34 BH1-14 TM18 TM35 TM78

Gd 18.7 15.8 3.4 1.2 1.6 7.4 8.88
Tb 2.7 2.1 0.7 0.2 0.3 1 2.18 1.19
Dy 11.8 10.2 3.7 1 1.4 5.2 6.03
Ho 2.1 1.8 0.8 0.2 0.3 1 1.04
Er 5.4 4.6 2.2 0.7 0.7 3 2.75
Tm 0.6 0.4 0.3 0.1 0.1 0.4 0.37
Yb 3 2.5 1.9 0.4 0.6 2.5 3.12 2.09
Lu 0.4 0.3 0.3 0.1 0.1 0.4 0.42 0.3
Eu=Eu� 0.75 0.82 1.11 2.55 2.17 0.65
(La)N=(Sm)N 1.55 1.8 2.13 3.93 2.88 5.42
(La)N=(Yb)N 10.42 13.08 3.36 13.11 8.01 20.71
XFe 0.74 0.75 0.62 0.71 0.65 0.77 0.73 0.94 0.74 0.77
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appears to characterize all rocks of the massif-type anorthosite suite (Dymek,
1990). Y ranges from 1.5 to 58 ppm and 2.8 to 21.3 ppm in ultramafic and mafic rocks,
respectively and positively correlates with P2O5 in the ultramafic rocks. Zr=Hf and
Nb=Ta ratios range from 29 to 57 and 11 to 14.8 for ultramafic and from 14 to 38 and
4 to 14 in the mafic rocks, respectively. The Zr=Nb ratio in the ultramafic rocks is
1.4–2.5 and in mafic rocks is 1.4–13. The contents of Y, Zr, Nb and Ta are high
both in ultramafic and mafic rocks, and correlate fairly well with TiO2 and Fe2O3

tot,
suggesting that they are incorporated primarily in Fe-Ti oxides. Generally, micro-
gabbros have relatively high concentration of Mg, Cr, Ni, and V when compared
with the coarse-grained gabbros, indicating that clinopyroxene largely controls
these elements in mafic rocks. The chondrite-normalized REE patterns of QMUI
rocks are shown in Fig. 8A and B. REE patterns of aptite-rich ultramafic samples
exhibit LREE enrichment (LaN=SmN¼ 1.2–1.9 and LaN=YbN¼ 10–14), and a con-

Fig. 6. Bowen diagrams for rocks of the QMUI (with all data in weight percent)
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cave-down shape, relatively high REE abundances (REE¼ 212–340 ppm) and nega-
tive Eu anomalies (Eu=Eu� � 0.7). In most of these samples, LREEs are fractionated
from Nd through Lu, although La to Nd displays low and variable slope. However,

Fig. 8. Chondrite-normalized REE patterns for FTP (A) and various other rock types (B) of
QMUI. Primitive mantle normalized trace element diagrams of apatite-oxide-rich
ultramafic rocks (C). Symbols as in Fig. 6

Fig. 7. (A) TiO2 vs. Fe2O3
tot (total iron) and (B) P2O5 vs. �REE (total REE) plots

for various rocks of the QMUI (with REE in ppm and other data in wt.%). Symbols as
in Fig. 6
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some samples (e.g., TM138) show no or less fractionation or show a peculiar kink
from La to Nd. The apatite-poor ultramafic samples (e.g., TM16), commonly have
low REE abundances (REE¼ 10–48 ppm), show flatter patterns with weak or no Eu
anomalies (Eu=Eu� ¼ 0.8–1.3) and are parallel to apatite-rich ones (Fig. 8A).
Hybrid ultramafic samples show intermediate patterns between the apatite-rich rocks
and mafic rocks with weak or no Eu anomalies. Apatite-poor samples have the
lowest REE concentrations (Fig. 8A) and HREE abundances are close to chondrite
values. Figure 8B shows the chondrite-normalized REE patterns for various rock
types of QMUI, occurring in different parts of the stratigraphic sequence.

Despite minor differences mafic rocks show similar REE patterns (Fig. 8B).
Most show flatter REE patterns (LaN=YbN¼ 2.6–13) with positive Eu anomalies
(Eu=Eu� ¼ 1.2–3.7) and low abundances of REE (total REE¼ 19–57 ppm) when
compared with apatite-rich ultramafic rocks. Mylonitic granite=quartzo-feldspathic
gneiss (e.g., TM68) displays convex upwards patterns with negative Eu anomaly
(Eu=Eu� � 0.6), high LREE=MREE ratio (LaN=SmN� 5.5). In the ultramafic rocks
apatite is the predominant reservoir for the REE (Fig. 7B) while small differences
in abundances and shape of REE patterns in the mafic rocks are controlled largely
by clinopyroxene content. Primitive mantle-normalized trace elements abundances
are illustrated in Fig. 8C.

Discussion and conclusions

The Qareaghaj mafic-ultramafic intrusion (QMUI) is a relatively small igneous
body when compared to other intracratonic mafic layered complexes or massif-
type anorthosites. The mafic rocks of the intrusion have simple mineral assem-
blages (plagioclaseþ clinopyroxeneþ ilmenite) and are locally metamorphosed to
amphibolite and foliated gabbro. Based on field relationships, petrography and bulk
composition (Tables 1, 7), the various mafic rocks, including coarse-grained gab-
bro, microgabbro and amphibolite, are co-magmatic and the variation in their bulk
composition can easily been explained by modal variations in plagioclase and clino-
pyroxene. The microgabbros which are characterized by higher Cr, Ni, Mg (Table 7)
and An-richer plagioclase (Table 4) than the coarse gabbros and amphibolites can be
considered as representative of the parent magma for the mafic rocks of QMUI. On
the basis of the Eu=Eu� values (Markl, 2001), microgabbros (Eu=Eu� 	 1) represent
frozen melt whereas coarse-grained gabbros (Eu=Eu�>1) are cumulates.

In contrast, the ultramafic rocks of the QMUI clearly have unusual mineral
assemblage (Table 1) and bulk composition (Table 7); they are classified as Fe-
Ti-P-rich rocks (FTP). Considering (1) the very close spatial association of the FTP
and the gabbros (Fig. 2A) (2) the enrichment of all plagioclase-incompatible ele-
ments and negative Eu-anomaly in FTP (Fig. 8A and B), (3) the sub parallel REE
patterns of FTP and gabbros (Fig. 8B) and (4) similar clinopyroxene composition
in both rock types (Fig. 5A) we hypothesize that FTP of QMUI, represent residual
melts derived from a gabbroic parental magma by extreme fractionation of plagio-
clase. The FTP melt as a late stage product of gabbro crystallization was able to
intrude partially or completely consolidated gabbros. The presence of gabbro xeno-
liths and plagioclase xenocrysts in the FTP (Fig. 2C) also supports the intrusive
nature of FTP.
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However, when considered in detail, a direct link between FTP and their gab-
broic hosts seems to be problematic. The reasons include: (1) a very different min-
eral assemblage, in particular the absence of olivine, apatite and magnetite even in
trace amounts in the gabbros, and primary plagioclase in FTP (Table 1), (2) pres-
ence of two Fe-Ti oxides (ilmeniteþmagnetite) in FTP rocks but ilmenite as the
only oxide phase in the gabbros, (3) low concentrations of REE and weak or lacking
Eu-anomalies in apatite-poor ultramafic rocks compared to the gabbros (Fig. 8A).
If we assume that the mafic and ultramafic rocks are indeed comagmatic, these
differences must be explained. Owens and Dymek (1992) discussed the following
models to explain the changes from an ilmenite to an ilmeniteþmagnetite assem-
blage in the Labrieville pluton, Quebec, and in related FTP rocks (OAGN): (i) an
increase of Fe=Ti ratio at relatively constant fO2, (ii) a decrease in fO2 at constant
Fe=Ti ratio during differentiation and (iii) reactions involving ilmenite, orthopy-
roxene, quartz and ulv€oospinel without change in fO2. They concluded that crystal-
lization of ilmenite (Fe	Ti) and pyroxene (Fe�Ti) seems to result in a decrease of
Fe=Ti and also a decrease in fO2 at constant Fe=Ti ratio should produce abundant
Fe-rich silicates in FTP instead of magnetite. In QMUI, the absence of quartz,
orthopyroxene and the low modal content of ilmenite in gabbros (Table 1) suggest
that such reaction processes have not taken place. Moreover, based on ilmenite
composition only (higher Mg and lower Mn in FTP than gabbros, Table 6), the FTP
seem to be more primitive than the gabbros. Hence, magmatic fractionation cannot
explain the observed differences among the main rock types at QMUI.

Different conditions of crystallization and evolution seem to be necessary to
explain the observed differences between FTP and gabbros, involving different
magmas with different ranges of fO2. It is likely that the magma responsible for
the formation of FTP was derived from an external source without a genetic link to
gabbros. The structural arrangement of FTP as sill-like bodies and layers with
sharp and concordant contact to gabbroic host rocks may be due to injection of
FTP fractionated melt into previously crystallized gabbros during plastic, high
temperature deformation in local shear zones.

The FTP in QMUI consists of many parallel sill-like bodies and sheets. In these
rocks most of the Fe-Ti oxides and apatite appear interstitial to other minerals and
can be considered as late stage minerals. However, Duchesne (1999) noted that the
interstitial appearance does not necessarily mean that they are late stage phases;
subsolidus grain boundary readjustment can also explain this feature. Moreover
oxide and sulfide droplets found in some FTP, classically interpreted as result
of immiscibility (e.g., Force, 1991), can also be explained by such subsolidus read-
justments (Vernon, 1976; Duchesne, 1999). However, the presence of oxide and
sulfide droplets in early crystallized silicates (Fig. 2B–D) at least reveals that these
constituents were present early in the evolution of the magmatic system.

In FTP of QMUI dominant ilmenite (mostly as discrete grains) indicates that fO2

was relatively low. Beside high Ti and fO2, the phosphorus content of the magma is
a further significant factor controlling paragenesis of ilmenite and Ti-magnetite.
High P2O5 in FTP magma is found to suppress the crystallization of magnetite in
favor of ilmenite (Toplis, 1994; McBirney, 1996; Zhou et al., 2005). However, this is
not confirmed by the high ilmenite=magnetite ratio in the apatite-poor rocks of
QMUI (Table 1). On the other hand phosphorus can enhance the solubility of oxide
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components in silicate liquids and thus prohibit saturation in Fe and Ti and result in
formation of high grade deposits (Duchesne, 1999; K€aarkk€aainen and Appelqvist,
1999). With regard to FTP in QMUI where only disseminated and net-texture
mineralization are found, we suggest that beside enrichment in Fe, Ti and P in
the magma and a relatively high fO2, other concentration mechanisms such as
liquid immiscibility, filter pressing and=or deformation are necessary for the for-
mation of a high grade deposit.

Most FTP in QMUI show planar fabrics (Fig. 2B and C), which may have
various origins such as deformation, compaction and magmatic flow (e.g., Reynolds,
1985a; Nicolas, 1992; Hunter, 1987; McBirney and Nicolas, 1997). A reasonable
explanation for the planar fabric in FTP of QMUI is magmatic flow of a crystal
mush combined with deformation in shear zones during emplacement of the FTP.
In contrast with gabbros, evidence for deformation, such as dislocation or bending
in crystals, has not been seen in FTP, since most of the strain is taken up by the
liquid matrix (cf., Nicolas, 1992).

Most FTP of QMUI appear to be apatite-rich. Rare apatite-poor rocks (� 5–10%
of the ultramafic outcrops) conspicuously show higher Mg# of olivine and spinel
(Table 2 and Fig. 3) than apatite-rich ones and in some samples (e.g., TM16) MREE
and HREE concentrations are close to chondrite values. Thus we think that apatite-
poor rocks could be more primitive (less evolved) than apatite-rich ones. Because of
the very close field relationships, overall similarity in REE pattern (Fig. 8A) and
similarity in bulk composition (except in P2O5) derivation of apatite-poor and apa-
tite-rich rocks from different batches from a single magmatic source is reasonable.

The FTP of QMUI show peculiar differences as well as similarities with FTP
from other localities. The Mg-rich olivine, high bulk MgO, high ilmenite=magnetite
ratio, normal gabbroic host, parallel sill-like bodies and layers, mineral lamination,
absence of orthopyroxene and primary plagioclase, and close occurrence of apatite-
poor and apatite-rich rocks are some distinct differences. Based on the mineral
assemblage, texture and bulk composition (Table 7), FTP of QMUI show similar-
ities with apatite-rich oxide ultramafic rocks of Boulder Lake, Duluth (Ripley et al.,
1998), net-texture type ilmenite-apatite rich olivine cumulate of the Upper Zone of
the Bushveld complex (Von Gruenewaldt, 1993), and ferrodiorite of the Rattle-
snake body, San Gabriel anorthosite (Force, 1991). Apatite-oxide-rich ultramafic
rocks of Boulder Lake show most similarities with FTP of QMUI. For nelsonites
Ripley et al. (1998) proposed immiscibility of Fe-Ti-P-rich liquid but they noted
that the origin of spatially associated apatite-oxide-rich rock types is problematic.
These may themselves be products of liquid immiscibility, reflecting a continuum
in composition with nelsonite as an end member. In contrast to the Duluth complex
and other FTP suites, in the QUMI area layered gabbros, ferrogabbro, ferrodiorite,
nelsonite, jotunite and anorthosite are not found.

Different hypotheses for the origin and concentration mechanisms of Fe-Ti
oxides (�apatite) have been proposed, e.g. late stage differentiates of anorthosites,
coeval mangerite or jotunite (e.g., Herz and Force, 1978; Goldberg, 1984; Ashwal,
1993; McLelland et al., 1994); immiscible liquids, crystal accumulation, subsolidus
recrystallization, and late differentiates of mafic layered intrusions (Philpotts,
1967; Kolker, 1982; Morse, 1982; Wilmart et al., 1989; Von Groenewaldt, 1993;
McBirney, 1996; Ripley et al., 1998; Duchesne, 1999; Åreb€aack and Stigh, 2000;
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Markl, 2001; Clark and Kontak, 2004). Although liquid immiscibility is an attrac-
tive and popular mechanism, it is unsatisfactory in detail. Residual enrichment
processes with accompanying immiscibility may explain pure oxide or oxide-apa-
tite deposits (Duchesne, 1999). However, the existence of titanium-oxide-rich
immiscible melts is not supported by experimental studies (Lindsley, 2001). Frac-
tional crystallization of mafic magma along an iron enrichment trend has been
suggested to explain the enrichment of Ti and P in layered mafic intrusions (Morse,
1980, 1990; Lee, 1996).

As noted by Zhou et al. (2005), the enrichment of Fe, Ti and P in magmas may
be a primary feature of parental magmas attributable either to the mantle source
composition or the process of partial melting; alternatively the more likely mecha-
nism is that FTP magmas formed through fractionation and thus are highly evolved
mantle melts. The low Ni and Cr contents in olivine and in the bulk rocks (Tables 2, 7)
are consistent with the parental magma of FTP being highly evolved melts.

We suggest that a P-rich ferrobasaltic magma parental to FTP may have formed
by crystal fractionation at depth in an open system, not far from the QMUI magma
chamber. Further fractionation developed a stratified magma chamber with the
early crystallization of olivine cumulate on the floor and apatite-rich melt on its
top. The variation in apatite abundance as well as mineral composition (olivine and
spinel) are interpreted as a result of the breakdown of the stratified magma chamber
and multiple injections of FTP magma into an early gabbroic host during plastic,
high temperature deformation (amphibolite). The positive Ti and Nb, and negative
Zr anomaly (Fig. 8C) as well as the low contents of U, Th and Hf in FTP of QUMI
(Table 7) can not be explained by upper crustal contamination because Zr, U, Th
and Hf are typically enriched, and Nb and Ti are depleted in the upper crust (Taylor
and McLennan, 1985). Furthermore, the close similarity between QMUI- and Type
B mantle apatite (see Fig. 5B) does not indicate any contamination or metasomatic
processes. Further studies about Fe-Ti-P-rich liquid separation and also the effect
of phosphorus in the fractionation of ferrobasaltic melts are required to explain
whether the FTP in QMUI are linked to an immiscible liquid or represent extreme
differentiates of a ferrobasaltic parent magma. Some questions such as contribution
of mantle and crustal material to the parental magma, effects of contamination and
magma mixing processes can only be adequately addressed in the future when data
on the isotopic composition of various rock types of QMUI will be available.
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