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Fig. 1. Geological Map of the Mashhad- Fariman- Dareh Anjir, Based on compiling of aster satellite images, available
geological maps (Sheets of 1/100000 and 1/250000) and detailed field geology of this research.
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Fig. 2. A and B: Pillow lavas in a komatiite flow, C: Columnar jointing in a komatiite flow, and D: volcanic breccia at

the top of a komatiite flow in Mashhad- Virani complex
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Fig. 3. Field photos of the outcrops of the ultramafic- mafic rocks in west of Mashhad, A and B: The boundary of
komatiitic flow with an alternative of metamorphosed sediments, this boundary represents eruption of komatiitic lava
flow on the sediments, C: Contact metamorphism at the margin of gabbro-wherlite sills, and D: Chilled margin of

gabbros and contact metamorphism in their margins
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Fig. 4. A, B, C and D: Field photos of the unique and interesting harrisitic textures in wherlite- gabbro sills of the
Mashhad-Virani complex, this texture includes elongate and skeletal crystals of olivine.
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Fig. 5. Photomicrographs of sub-volcanic rocks from lower magmatic horizon of the Mashhad-Virani complex, A:
altered glass groundmass in the cumulative layer (PPL), B: Partially serpentinized cumulate komatiite; this view shows
fresh olivine cores with cracks and rims of serpentine (XPL), C: Photomicrograph of the alternative of adcumulate,
mesocumulate and orthocumulate textures (PPL), D: Photomicrograph of olivine with harrisite texture in the gabbro-
wherlite sills (PPL), E: Olivine cumulus crystals in the wherlite- gabbro sills (XPL), F: Clinopyroxene intercumulus
crystals in the wherlite- gabbro sills (PPL), G: Photomicrograph of clinopyroxenites at Mashhad-Virani complex
(XPL), H: Plagioclase and converting pyroxene crystals to amphibole in gabbroic part (XPL), and I: Brown amphibole
crystals as intercumulus phase in wherlitic unit (PPL). Abbreviation from Siivola and Schmid, 2007. (Ol: Olivine, Srp:
Serpentine, Px: Pyroxene, Cpx: Clinopyroxene, Pl: Plagioclase, Am: Amphibole)
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Fig. 6. Photomicrographs of komatiitic flows from the Mashhad- Virani complex: Aand B: Hopper pyroxene crystals in
the spinifex-textured komatiitic-basalt (XPL), C: Elongate and hopper pyroxene crystals in the komatiitic pillows
(PPL), D: Branching altered olivine grains (XPL), E: Clinopyroxene-plagioclase intergrowth in the doleritic part of
komatiitic-basalts (XPL), F and G: Skeletal olivine crystals (XPL), H and I: Skeletal olivine and clinopyroxene crystals
in the skeletal cumulate layer from Fariman complex (XPL, PPL). Abbreviation from Siivola and Schmid, 2007. (Ol:
Olivine, Srp: Serpentine, Cpx: Clinopyroxene, Pl: Plagioclase)
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Table 1. Representative microprobe analyses of fresh clinopyroxenes from gabbros of the Mashhad-Virani complex

PUN21 PUN21 PUN21 PUN21 PUN21 PUN21 ZKR3- ZKR3- ZKR3- ZKR3-

Point 1 -4 -15 26 H-86  H-98 10 20 22 31

Sio, 9235 5311 5180 9328 5248 5131 5303 5081 Ol76 515
TiO:» 0.22 0.28 0.43 0.16 0.25 0.45 0.34 029 0376 35
ALO; 239 2.19 2.50 1.96 2.17 2.45 2.10 2.45 2.12 2.27

Fe203 1.75 ) 2.42 1.81 2.10 3.02 2.14 3.92 1.58 1.61
FeO 2.10 1.93 3.45 1.99 1.93 4.04 j.gj 2.34 4.14 5.55

Mno 007 909 010 008 005 022 g5 014 0.1 0.13
Mgo 1763 1784 1709 1840 1782 1648 1696 1675 1667 16.82
CaO 2237 2289 2146 2212 2234 2131 5985 2153 2152 2118
Na0 0.1 0.13 016 014 013 018 016 022 014 015

K:0 0 0 0.01 0 0 0 0 0.02 0 0
Cr:0; 024 0.17 0.05 0.21 0.20 0 0.06 0.20 0.12 0.06
Total 9924 1006 9952 100.14 9946  99.46 9947 9870 9857  98.27

Si 1.927 1929 1916 1939 1929 1912 1929 1906 1931 1976

Ti 0.006 0.008 0.012 0.004 0.007 0.013 0.010 0.008 0.011 0.002
AV 0.073 0.071 0.084 0.061 0.071 0.088 0.071 0.094 0.069 0.016
AV 0.030 0.023 0.025 0.023 0.023 0.019 0.022 0.015 0.025 0
Fe' 0.113 0.113 0.173 0.110 0.117 0.209 0.203 0.182 0.173 0.220
Mg 0.967 0.966 0.942 0.998 0.976 0.915 0.938 0.937 0.927 0.868
Ca 0.882 0.891 0.851 0.862 0.880 0.851 0.829 0.865 0.861 0.917
Na 0.008 0.009 0.012 0.010 0.009 0.013 0.012 0.032 0.011 0.005
Wo 44.92 45.15 43.19 43.72 44.56 42.93 41.98 43.50 43.81 45.58
En 49.24 48.97 47.85 50.60 49.44 46.18 47.51 47.11 47.20 43.12
Fs 5.85 5.88 8.96 5.68 6.00 10.90 10.51 9.39 8.99 11.30
Mg# 89.57 89.53 84.47 90.11 89.31 81.42 82.24 83.72 84.29 79.75

U VF o35 5 [Mg#=100Mg/(Mg+Fe?+Fe™)] T Jyone 5 sbas aeSin pl 53 35 30 S 5w 5dS” Sla ok
GLa S 5 5lS ool s el sl A s 4 Wt.%) aze ALO3 «(&+/VY-0¥/YA Wt.%) YL SiO2 !l
> Morimoto et al., 1988) Q-J ;15 5ad ;5 o)y 5 3550 b NaxO 5 (/Vo—+/8F Wt.%) sl TiO2 ((\/PA-Y/AF
Sased 53 AV JS8) 15,8 o 15 Ca-Mg-Fe o3 guous Sliie (L paS 5w gldST ol 53 i (/09— /YY W %)

53 == (Morimoto et al., 1988) Wo-En-Fs lsa. (e 2 e 5 (V0/11 1A/ wt.%) —.YL MgO
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Fig. 7. Classification of clinopyroxenes from gabbros of Mashhad-Virani complex, A: The Q-J diagram (Morimoto et
al., 1988), and B: The Wo-En-Fs triangular diagram (Morimoto et al., 1988)
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Fig. 8. Frequency Histograms of temperatures and pressures of clinopyroxene crystallization from gabbros of the
Mashhad-Virani complex using the Putirka method (Putirka, 2008)
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Fig. 9. A schematic model for magma emplacement and clinopyroxene crystallization in gabbroic sills of the Mashhad-
Virani complex based on barometric calculations
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Introduction

The Mashhad- Virani complex has been
sandwiched between the collided Lut block and
Turan plate. This complex is composed of the
following four units: 1) ultramafic-mafic rocks, 2)
metamorphosed sedimentary rocks, 3) pyroclastic
rocks and 4) Mashhad’s granitoids including
quartz-diorite,  tonalite,  granodiorite = and
monzogranite (interpreted as granitoids formed in
an arc regime during the subduction of the Paleo-
Tethys Ocean under the Turan Plate by
Karimpour et. al., 2011). The association rocks in
the Mashhad-Virani complex have experienced
varying degrees of hydrothermal alteration and
regional metamorphism. These rocks are typically
metamorphosed in lower to upper green-schist
facies, but rarely to pyroxene hornfels facies along
the contacts with the Mashhad granitoids.
Researchers have challenging ideas on the nature
of these rocks. Firstly, Majidi (1981) reported the
komatiitic nature of these rocks. However, most
of the geologists believed that these rocks are a
part of an ideal ophiolitic sequence (Alavi, 1979;
Fazel-Valipour, 2002). However, some geological
studies have provided strong evidence that
contradicts the ophiolite nature of these
ultramafic- mafic rocks. Detailed studies of this
research show that according to the petrological
issues, field relationships, textures and internal
stratigraphy, these rocks are not only an ophiolitic
sequence but are also an ultramafic- mafic
volcanics precisely named komatiite. In this
complex, although the contact of the ultramafic

rocks with the adjacent sediments is not visible in
the majority of cases due to the coverage of
Quaternary sediments and tectonic processes.
However, this contact is partly preserved in the
Khurshid Park and Zuh peak where there is some
evidence of ultramafic lava eruption on the
sediments. In these places, sediments in the border
with komatiitic rocks has been clearly baked.
They also have very interesting skeletal,
microspinifex, and harrisite textures. These
observations suggest that the ultramafic rocks in
the Mashhad-Virani complex are ultramafic
volcanic flows.

Materials and Methods

Field studies have been carried out in more than
twenty cross sections in the southwest-northwest
of Mashhad. More than 400 thin and polished
sections were made from rock samples and
studied in the petrography laboratory of the
Faculty of Earth Sciences at the Shahrood
University of Technology. Moreover, after
detailed petrography studies, five samples with
the least alteration were selected for preparing
polished thin sections. Major element analyses on
selected minerals  (amphibole, plagioclase,
pyroxene and olivine) were performed on a JEOL
EPMA JXA-8900R electron microprobe at the
Institute of Earth Sciences, Academia Sinica,
Taiwan. Analytical conditions included an
accelerating voltage of 15 kV, a beam current
with 2um diameter of 12nA and counting times of
10s on peaks and 5s on the background. For
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calibration of all elements, a set of mineral and
synthetic standards has been used.

Discussion

The Mashhad-Virani complex includes an
assemblage of ultramafic-mafic rocks with
approximate length of 32km along the western
side of the city of Mashhad. This complex
consists of dunite, ortho- meso and crescumulate
(harrisite) wherlite, clinopyroxenite, cumulative
and noncumulative amphibole gabbro and
differentiated- undifferentiated komatiitic flows.
These komatiites have been shown with a wide
range of textures such as random acicular
pyroxene, hopper and chevron olivine, hopper
pyroxene, skeletal olivine, skeletal pyroxene,
micrographic intergrowth of plagioclase and
clinopyroxene, dendritic  pyroxene, olivine
harrisitic, olivine  orthocumulate, olivine
mesocumulate, and olivine adcumulate textures.
The rate of cooling and thermal gradient in the
volcanic rocks along with super-saturation,
exsolution of volatiles and magma mixing in the
sub-volcanic rocks are the most important
controlling factors in creation of these
disequilibrium textures.

Amphibole gabbro sills are one of the main
magmatic units of the upper parts of the lower
horizons in the Mashhad-Virani complex. After
detailed petrographical studies, five samples were
analyzed for mineral chemistry measurements. In
this study, only the composition of clinopyroxenes
has been used for thermobarometry studies. Based
on the obtained results, the clinopyroxenes are in
the range of Ca-Mg-Fe sub-types in the Q-J
diagram and in the diopside to augite fields on the
Wo-En-Fs ternary diagram (Morimoto et. al.,
1988). The results of the thermo-barometeric
calculations by single clinopyroxene method
indicate mean temperature of 1222°C and pressure
of 2.4 kb that are in concord with the dyke and sill
forms of gabbroic outcrops and also are very close
to the crystallization temperatures of these magma

types.

Results
Skeletal, spinifex and harrisite textures are the
first unequivocal evidences reported from

komatiitic sills and lava flows in the Mashhad-
Virani Complex. These rocks are a part of the
upper Paleozoic volcano-sedimentary sequence
with approximately 32km length with NW-SE
trend in the South and Southwest of Mashhad.
This complex consists of dunite, ortho- meso and
crescumulate (harrisite) wherlite, clinopyroxenite,
cumulative and noncumulative amphibole gabbro
and differentiated- undifferentiated komatiite
flows. Application of the thermobarometry
calculations on the single clinopyroxene from the
amphibole gabbros (average pressure of 2.4 kb
and average temperature of 1222 °C) are highly
acceptable and consistent with the field and
petrographic evidences.
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