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Abstract
The mafic–ultramafic Fariman complex in northeastern Iran has been interpreted as a Paleo-Tethyan ophiolitic fragment with 
subduction- and plume-related characteristics as well as a basin deposit on an active continental margin. Contributing to this 
issue, we present geochemical, geochronological, and mineralogical data for transitional and tholeiitic basalts. Thermody-
namic modeling suggests picritic parental magmas with 16–21 wt% MgO formed at plume-like mantle potential temperatures 
of ca. 1460–1600 °C. Rare pyroxene spinifex textures and skeletal to feather-like clinopyroxene attest to crystallization from 
undercooled magma and high cooling rates. Chromium numbers and  TiO2 concentrations in spinel are similar to those in 
intraplate basalts. 40Ar–39Ar dating of magmatic hornblende yielded a plateau age of 276 ± 4 Ma (2σ). Transitional basalt 
with OIB-like trace element characteristics is the predominant rock-type; less frequent are tholeiitic basalts with mildly 
LREE depleted patterns and picrites with intermediate trace element characteristics. All samples show MORB-OIB like 
Pb/Ce, Th/La, and Th/Nb ratios which preclude subduction-modified mantle sources and felsic crustal material. Tholeiitic 
basalts and related olivine cumulate rocks show MORB-like initial εNd values of + 9.4 to + 6.2 which define a mixing line 
with the data for the transitional basalts (εNd ca. + 2.6). Initial 187Os/188Os ratios of 0.124–0.293 support mixed sources with 
a high proportion of recycled mafic crust in the transitional basalts. High concentrations of highly siderophile elements are 
in agreement with the high mantle potential temperatures and inferred high-melting degrees. It is argued that the Fariman 
complex originated by melting of a mantle plume component as represented by the OIB-like transitional basalt and entrained 
asthenosphere predominant in the MORB-like tholeiites. Two lines of evidence such as association of the Fariman complex 
with pelagic to neritic sedimentary rocks and the tectonic position at the boundary of two continental blocks defined by 
ophiolites and accretionary complexes of different ages suggest formation in an oceanic domain. Thus, we interpret it as a 
fragment of an oceanic plateau, which escaped subduction and was accreted as exotic block in the Paleo-Tethyan suture zone.
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Introduction

The Paleo-Tethyan suture zone (PTSZ) extends over a dis-
tance of ~ 10,000 km from Greece eastward through Iran 
and Afghanistan to the Andaman Sea west of Thailand. It 
includes accretionary complexes, seamounts, intra-oceanic 
island arcs and ophiolite fragments, often of uncertain 
geotectonic setting and age and unresolved relationships 
with the adjacent continental blocks (Alavi 1991; Alavi 
et al. 1997; Buchs et al. 2013; Topuz et al. 2014, 2018). 
The PTSZ is thought to have formed by collision of the 
southern ribbon-shaped Cimmeria continental block with 
Laurasia during the early Mesozoic, although the involve-
ment of Cimmeria has been questioned by some authors 
(Şengör 1978, 1984; Okay 2000; Stampfli and Borel 2002; 
Okay et al. 2011; Topuz et al. 2013). The well-exposed 

lithotectonic units of the suture zone near the towns of 
Mashhad and Fariman in NE Iran (Mashhad–Fariman 
complex, MFC; Fig. 1) have been studied over the last 
decades and interpreted as ophiolite fragments and accre-
tionary complexes (e.g. Alavi 1979, 1991; Şengör 1984, 
1990; Moghadam et al. 2015). Preliminary geochemical 
studies documented mafic to ultramafic rock compositions 
supporting the notion of ophiolite assemblages including 
high-Mg rocks interpreted by some authors as komatiites 
(e.g. Majidi 1981, 1983). Detailed geochemical studies 
and field work resulted in intricate petrogenetic models of 
melting of subduction-modified mantle and plume sources 
in an oceanic environment (Moghadam et al. 2015) as well 
as rock deposition in a back-arc/intra-arc basin (Zanchetta 
et al. 2013).

As a contribution to this debate, we present detailed 
geological field observations combined with petrographic 

Fig. 1  Geological sketch map showing the Mashhad–Fariman vol-
cano-sedimentary complex in the Paleo-Tehtyan suture zone of 
NE Iran (compiled from geological maps of Iran, scale 1:100,000, 
Binalud mountains after Alavi 1992). Rectangle shows the study area 
in the Fariman section near the town Sefid Sang. Inset shows the tec-

tonic division of Iran after Berberian (1983) and the position of the 
Mashhad–Fariman complex between the Turan block and the Central 
Iranian microcontinent. PTS Paleo-Tethyan suture, ZS Neo-Tethyan 
Zagros suture, SAS Sevan-Akera suture, MAC Makran accretionary 
complex, SS Sistan suture
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evidence and geochemical data for a suite of igneous rock 
samples collected along a traverse across the MFC near the 
town of Fariman. 40Ar–39Ar dating of magmatic hornblende 
undertaken in this study indicates formation at ca. 276 Ma. 
Geochemical data show transitional basalt to tholeiitic basalt 
compositions with picritic parental magmas and apparently 
plume-like mantle potential temperatures. We interpret the 
data as evidence for melting of a heterogeneous mantle 
plume leading to an oceanic plateau in the Paleo-Tethyan 
realm.

Geological overview and study area

The Middle Permian MFC igneous-sedimentary complex 
represents a prominent lithotectonic unit of the Paleo-
Tethyan suture zone SE of the town of Mashhad in NE 
Iran (Alavi 1991, 1992; Moghadam et al. 2015; Fig. 1, this 
study). It occurs as a fault-bounded rock unit of ~ 160 km 
length and ~ 10 km width between the Turan block of Lau-
rasia in the NE and the Central Iranian microcontinent in 
the southwest (Fig. 1, Inset). The suture zone includes other 
isolated outcrops of mafic to ultramafic rocks of different 
ages such as the Darreh Anjir and Torbet-e Heydarieh units 
(Fig. 1). The Darreh Anjir region exposes a dismembered 
ophiolite of Late Devonian age (380–383 Ma) and a very 
low-grade ~ 5 km by ~ 2 km accretionary complex under-
lying a Late Permian-Early Triassic basal conglomerate 

(Ruttner 1991; Eftekharnezhad and Behroozi 1991; Alavi 
et al. 1997; Zanchetta et al. 2013; Moghadam et al. 2015).

The MFC comprises the northern Mashhad section, 
which is separated from the Binalud Mountains by a left-
lateral strike slip fault (Fig.  1). This section comprises 
low-grade greenschist-facies mafic to ultramafic rocks and 
phyllite with local intercalations of marble and metasand-
stone (Majidi 1981, 1983; Alavi 1979, 1991, 1992; Mogh-
adam et al. 2015). Magmatic hornblende from two gabbro 
samples yielded 40Ar/39Ar plateau ages of ~ 280 Ma (Ghazi 
et al. 2001). The Fariman section in the southern portion 
of the MFC is located east of the town of Fariman (Figs. 1, 
2). Kozur and Mostler (1991) and Zanchetta et al. (2013) 
reported Early-Middle Permian conodont and radiolarian 
fauna in both non-metamorphic limestone and radiolarite 
consistent with the ~ 280 Ma 40Ar/39Ar age for hornblende 
samples from the Mashhad section (Ghazi et al. 2001). The 
volcano-sedimentary units of the MFC were intruded by 
Triassic granites with U–Pb zircon ages of 217–200 Ma 
(Karimpour et al. 2010; Mirnejad et al. 2013; Zanchetta et al. 
2013; Ghavi et al. 2018) and are unconformably overlain by 
Middle Jurassic clastic rocks (Taheri et al. 2009; Wilmsen 
et al. 2009; Zanchetta et al. 2013).

In previous studies, the MFC has been interpreted as a 
Paleo-Tethyan accretionary complex with abundant ophi-
olite (e.g., Stöcklin 1974; Berberian and King 1981; Şengör 
1990; Alavi 1991, 1992). Moghadam et al. (2015) concluded 
that the Permian lithologies of the MFC represent ophiolite 

Fig. 2  Simplified geological map of the Mashhad–Fariman complex in the Sefid Sang area. Localities of samples are indicated and their GPS 
coordinates and a brief sample description are given in Supplementary Table A1 (modified after Zanchetta et al. 2013)
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assemblages with boninitic and calc-alkaline rocks and that 
some of the Fariman basalts show Nb depletions whereas 
others have OIB-like and plume-related signatures. On the 
other hand, Zanchetta et al. (2013) interpreted the volcanic 
rocks as transitional basalts that were deposited in a back-
arc/intra-arc basin on the Turan block representing the active 
continental margin of the Laurasian continent (Fig. 1, inset). 
In their model, the Paleo-Tethyan suture would be located 
somewhere southwest of the town of Fariman, a situation 
that is different from that shown in Fig. 1.

Field relationships and rock samples

The volcano-sedimentary assemblage of the studied Fari-
man section (Fig. 2) comprises mafic to ultramafic volcanic 
rocks intercalated with limestone, metapelite, and radiolarite 
(Fig. 3a–f). The igneous rocks are typically grey to green, 
massive and devoid of any penetrative planar fabric. They 
represent different portions of lava flows such as pillows 
and flow tops, massive flow interiors, basal cumulate zones, 
and volcanoclastic deposits (Fig. 3a, b, e, f). Massive flows 
and pillow basalts occur throughout the section, whereas 
the volcanoclastic deposits predominate in middle section 
of the traverse. The volcanic rocks are locally intruded by 
up to 80 cm thick dikes/sills of diabase. The proportions 
of these rocks are highly variable along strike. In the study 
area, the volcano-sedimentary succession can be subdivided 
into three major lithotectonic units, probably representing 
fault-bounded thrust sheets, that dip steeply to the SW.

The structurally lowermost unit comprises up to 1 km of 
massive and often highly brecciated pillow basalt (Fig. 3a). 
Blocks of limestone are interspersed with the pillow basalts. 
Geochemical data presented in this paper show that the igne-
ous rocks of this unit are OIB-like transitional basalts (TB). 
The central unit is highly heterogeneous with up to 400 m 
of limestone, marl and pelite layers near the top. They are 
underlain by predominantly amygdaloidal basalt, volcano-
clastite, black and red radiolarite and a thick steeply dipping 
massive lava section (Fig. 3b–d). The limestone–mudstone 
beds and radiolarite interlayered with the volcanic rocks are 
up to 30 m thick. Clasts of the pyroclastic to volcanoclastic 
deposits range from two to 30 cm in diameter. The associa-
tion of limestone and radiolarite lenses with mafic lavas and 
pillow basalts suggest a submarine pelagic environment for 
these units. The structurally uppermost unit at the SW end 
of the traverse comprises predominantly mafic to ultramafic 
cumulate rocks with subordinate pillow basalts and lava 
flows (Fig. 3e, f). Geochemical data show olivine tholeiites, 
tholeiitic picrite, and related cumulate rocks as predominant 
rock types. OIB-like TB as in the structurally lowermost unit 
are missing. The unit is up to ca. 600 m thick, dips steeply 
SW and is structurally overlain by a thick limestone layer. 

The cumulate rocks are ubiquitous by their dark green-black 
color (Fig. 3e) and it is often not possible to distinguish them 
from massive basalts. When necessary, we checked the rock 
texture in thin section for reliable identification of lavas and 
cumulate rocks.

The majority of rock samples were collected along the 
road from Sefid Sang to Senjadak which is located about 
30 km east of the town of Fariman (Figs. 1, 2). Three sam-
ples were collected in a smaller region ca. 20 km to the west. 
Altogether about 50 igneous rock samples were collected 
during two field campaigns and screened in thin section for 
degree of alteration and suitability for geochemical analysis 
and hornblende separation. Twenty-two samples were cho-
sen for geochemical analyses. A brief sample description 
and GPS coordinates of the sample localities are listed in 
Supplementary Table A1.

Petrography and mineral compositions 
of predominant rock types

Transitional basalts (TB) from the lowermost unit

The TB from the structurally lowermost unit occur mostly 
as aphyric pillow lavas and comprise clinopyroxene, pla-
gioclase (albitized) ± olivine and Cr–l spinel. Clinopyroxene 
shows feather-like or skeletal outlines and is intergrown with 
plagioclase (Fig. 4a, b). The feather-like clinopyroxene is 
concentrated at the pillow margins; the olivine (completely 
serpentinized) shows euhedral outlines. Clinopyroxene 
shows a large compositional variation with  Mg2+/(Mg2+ + 
 Fe2+) ratios (Mg-numbers or Mg#) of 086–0.77, and have 
high-Al2O3 contents (10.37–11.42 wt%) (Supplementary 
Table A2). Cr–Al spinel has Mg# of 0.57–0.60, and Cr/
(Cr + Al) ratios (Cr#) of 0.45–0.43 and  TiO2 concentrations 
of 0.50–0.70 wt% (Supplementary Table A3).

Basalt samples from flow tops and interiors 
of the uppermost unit

These samples are fine- to medium-grained (grain size up to 
2 mm) and comprise skeletal to feather-like clinopyroxene, 
plagioclase (preserved as albite and pumpellyite), Cr–Al spi-
nel, and secondary minerals such as chlorite, titanite, albite, 
pumpellyite (Fig. 4d, f). Textural features such as feather-
like and skeletal minerals are commonly attributed to super-
saturation and quenching of magmas (e.g. Vernon 2004). In 
these samples olivine is rare and, when present, completely 
serpentinized. Clinopyroxene shows large variations in com-
position with  Mg2+/(Mg2+ + Fe2+) ratios (Mg-numbers or 
Mg#) of 0.84–0.71 and Mg-, Al- and Ti-rich cores (Sup-
plementary Table A2). Cr–Al spinel has Mg# of 0.44–0.54 
and Cr/(Cr + Al) ratios (Cr#) of 0.54–0.61 (Supplementary 
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Table A3) and occurs as inclusion in clinopyroxene and dis-
crete grains in the matrix.

Basalt samples from flow interiors show a medium-
grained dolerite texture with clinopyroxene, plagioclase 
altered to albite, Cr–Al spinel, and apatite. Clinopyroxene 
occurs in two varieties: (1) almost euhedral up to 4 cm long 
spinifex-like grains (Fig. 4e), and (2) elongated acicular 

grains in the interstices of plagioclase in the matrix (not 
shown). The elongated habitus of plagioclase and clino-
pyroxene indicates rapid mineral growth. Clinopyroxene 
shows large compositional variation (e.g. Mg# = 0.88–0.56, 
 Al2O3 = 2.4–6.2 wt%) with Si-, Al-, Mg-rich cores (Sup-
plementary Table A2).  TiO2 and  Na2O concentrations in 
clinopyroxene are less than 0.95 and 0.50 wt%, respectively. 

Fig. 3  Photographs of the three main units in the study area. a Pil-
lows alkali basalt comprising the structurally lowest unit, M.H. for 
scale. b Thirty-meter section of massive vertically tilted basalt flows 
in the central unit same unit. c Limestone and metapelite intercalated 
with basalt lavas, same unit; hammer for scale. d Thin layers of grey 

radiolarite, same unit; pencil for scale. e Ultramafic cumulate rocks 
exposed as black hummocks between light colored basaltic litholo-
gies in the structurally highest unit. f Highly fractured pillow basalt, 
same unit
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Cr–Al spinel has  TiO2 concentrations of 0.17–0.30 wt%, 
Mg# of 0.40–0.55 and Cr# of 0.50–0.58 (Supplementary 
Table A3).

Olivine cumulate rocks of the uppermost unit

The samples from the cumulate base of lava flows show a 
primary magmatic mineral assemblage of olivine, clinopy-
roxene ± orthopyroxene ± brown hornblende ± plagioclase 
and minor Cr–Al spinel and ilmenite (Fig. 4c). There are 

two predominant types of cumulate rocks: (1) plagioclase-
bearing wehrlite, and (2) hornblende-bearing lherzolite. Oli-
vine occurs as cumulus phase without compositional zoning 
 (Fo87 − 89, NiO = 0.29–0.43 wt%). Intercumulus minerals are 
clinopyroxene ± plagioclase ± orthopyroxene and ± brown 
hornblende. Clinopyroxene forms either large grains  (Cpx1) 
or spiky elongated crystals  (Cpx2) intergrown with elongated 
plagioclase  (An69 − 54). Locally developed elongated miner-
als in the intercumulus domains suggest rapid cooling of the 
interstitial melt. The Mg# of clinopyroxene range from 0.89 to 

Fig. 4  Thin section micrographs showing textural features of mafic to 
ultramafic rock samples from the Sefid Sang to Senjadak section. a 
Featherlike growth of clinopyroxene (Cpx) indicating undercooling 
of high-temperature magma (marginal domain of alkali pillow basalt 
sample M97). b Skeletal clinopyroxenes (Cpx) in the core domain of 
alkali pillow basalt sample M98. c Intercumulus olivine (Ol) and spi-
nel (Spl) inclusion in a large grain of poikilitic clinopyroxene (Cpx) 

in olivine cumulate sample M56. Brown magmatic hornblende (Hbl) 
as used for Ar–Ar dating occurs as overgrowth on Cpx. Ser: Serpen-
tine. d Porphyritic texture of picrite sample F1D showing euhedral 
olivine set in a groundmass of featherlike clinopyroxene. e Spinifex-
like clinopyroxene set in a greenish matrix of albite, pumpellyite, 
chlorite (basalt sample M67). f Skeletal clinopyroxene in basalt sam-
ple M57 with green groundmass of albite, pumpellyite and chlorite
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0.72 (Supplementary Table A2). Large grains are zoned and 
show increasing Ti, Al, and Fe concentrations towards the rim. 
The Ti, Al and Fe concentrations in spiky elongated minerals 
are similar to those in the rims of large grains. This observa-
tions suggests that the rims of large clinopyroxene and spiky 
clinopyroxene grains crystallized from a similar and chemi-
cally evolved magma. Orthopyroxene is subordinate to clino-
pyroxene and occurs in samples M56A, M65 and M66. It is 
characterized by (1) Mg# of 0.75–0.82, and (2)  Al2O3 and CaO 
concentrations of 0.76–1.6 and 0.42–1.6 wt%, respectively (not 
shown). Brown hornblende is Mg-hastingsite-edenite with Mg# 
of 0.73–0.86 (Supplementary Table A4). Biotite occurs as a 
late crystallizing mineral and has Mg# of 0.80–0.81, elevated 
 Na2O concentrations with Na/(K + Na) ratios of 0.21–0.23 
(Supplementary Table A4). Cr–Al spinel displays variable  TiO2 
concentrations of 0.60 to 2.0 wt%, Cr# of 0.57–0.68 (Fig. 5a) 
and Mg# of 0.27–0.69 (Supplementary Table A3). Ilmenite has 
elevated MnO concentrations of 3.0 to 4.2 wt%.

In the field it was often not possible to distinguish cumu-
late rocks from basalt. This distinction was possible after 
inspection of the rock texture in thin section and we there-
fore suspect that many of the high-Mg samples described in 
the literature as komatiites, based on geochemical data alone, 
may represent olivine cumulate rocks. Among the high-Mg 
samples of our sample collection, we were able to find only 
one sample (F1D, Table 1) with a magmatic texture. The 
thin section of sample F1D shows former euhedral olivine 
phenocrysts (now altered to serpentine) set in a fine-grained 
matrix of feather-like clinopyroxene (Fig. 4d). The feather-
like clinopyroxene is characterized by Mg# of 0.74–0.86 and 
 Al2O3 concentrations of 8.3–9.9 wt%. The former olivine is of 
medium size and local embayment in the rim are evidence for 
melt corrosion. Accessory Cr–Al spinel occurs as octahedral 
grains with euhedral habitus within olivine and groundmass, 
and has Mg# of 0.59–0.68 and Cr# of 0.51–0.68, and  TiO2 
concentrations of 0.48–1.29 wt% (Supplementary Table A3). 
The textural features such as the euhedral habitus of olivine 
surrounded by groundmass with feather-like clinopyroxene 
strongly support the interpretation of sample F1D as a former 
magma rather than an olivine cumulate rock.

Basalts from the central unit

The widespread amygdaloidal basalts in the central unit (e.g., 
sample M58) contain clinopyroxene and Cr–Al spinel, sec-
ondary albite, chlorite and titanite. The amygdales are filled 
with calcite, albite, chlorite and, in some samples, pumpel-
lyite. They are up to 5 mm in diameter and can make up ~ 30 
vol.% of the sample. Diabase sample M52 from a late dike is 
medium-grained, and comprises microphenocrysts of clinopy-
roxene set in a matrix of fine-grained plagioclase, clinopyrox-
ene and ilmenite. Calcite and chlorite are secondary minerals 
in this sample. The dyke samples can be distinguished from 

basalts from central portions of lava flows by their relatively 
fresh plagioclase and absence of large elongated plagioclase 
coexisting with clinopyroxene.

Analytical methods

Electron microprobe

The electron microprobe analyses were carried out with a 
CAMECA SX-100 electron microprobe equipped with a 

Fig. 5  a Cr/(Cr + Al) ratio vs.  TiO2 concentration for Cr–Al spinel 
in cumulate rocks and basalt samples. Data fields from Arai (1992). 
b  Mg2+/(Mg2++Fe2+) ratio of olivine vs. Cr/(Cr + Al) ratio of coex-
isting Cr–Al spinel. Olivine-spinel mantle array (OSMA) after Arai 
(1992, 1994). Data fields for intraplate basalts of tholeiitic and alkali 
compositions are outlined
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Table 1  Major- and trace-element compositions of igneous and sedimentary rock samples from the Fariman complex

Sample FF1A M56A M67 M56B M57 M63 M96 M97 M98A M98B M58

Comment OlTh-Ft OlTh-Fi OlTh-Fi OlTh-Ft OlTh-Ft TB-pillow TB-pill TB-pill TB-pill TB-pill Ab
SiO2 47.97 42.56 49.51 47.64 49.12 48.00 46.20 47.96 47.81 48.10 45.94
TiO2 1.18 1.24 1.12 1.10 1.04 1.10 1.36 1.22 1.34 1.31 0.41
Al2O3 14.16 14.63 13.05 12.68 12.38 13.88 14.11 12.34 13.85 13.48 14.84
Fe2O3* 13.81 14.28 11.03 13.54 12.93 11.66 12.91 11.83 12.02 11.45 11.25
MnO 0.18 0.25 0.16 0.18 0.18 0.15 0.17 0.23 0.15 0.15 0.17
MgO 8.69 9.13 8.69 11.60 10.12 10.85 9.84 10.61 10.72 10.21 11.33
CaO 10.84 16.01 13.20 10.45 10.86 11.48 13.00 13.42 10.35 12.00 14.33
Na2O 3.08 1.65 3.14 2.74 3.31 2.66 2.12 1.84 1.88 2.33 1.65
K2O 0.08 0.01 0.09 0.06 0.07 0.19 0.10 0.36 1.72 0.78 0.08
P2O5 N.D 0.24 N.D N.D N.D 0.03 0.19 0.18 0.15 0.19 N.D
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
LOI 3.51 6.26 2.93 3.20 2.40 3.27 3.32 2.00 2.87 2.74 4.46
Mg# 58 58 63 65 63 67 63 66 66 66 69
Sc 38.0 36.2 42.2 44.6 41.7 41.9 41.9 39.1 44.7 40.9 45.3
V 373 372 340 334 318 262 289 265 294 270 244
Cr 108 74 376 660 663 487 538 461 392 330 680
Co 54 58 41 61 60 54 67 58 57 51 53
Ni 98 91 80 195 207 210 231 186 149 123 246
Rb 0.961 0.719 9.24 0.819 0.824 2.54 1.37 6.06 25.5 12.0 0.930
Sr 87.1 331 138 75.3 105 159 184 100 127 167 78.8
Y 19.4 19.5 16.6 16.9 16.3 18.4 16.6 14.9 16.2 16.1 12.8
Zr 73.9 67.1 58.7 65.9 65.2 93.3 116 103 112 110 29.3
Nb 3.32 3.35 2.63 2.91 2.84 15.6 26.8 23.2 25.2 24.6 3.46
Ba 43.0 42.5 57.3 33.6 25.0 159 87.9 59.8 112 57.0 68.4
Hf 1.66 1.69 1.51 1.63 1.55 2.03 2.53 2.26 2.46 2.40 0.562
Ta 0.169 0.182 0.143 0.156 0.154 0.842 1.49 1.30 1.41 1.38 0.160
Pb 0.164 0.420 0.524 0.186 0.284 0.743 2.28 1.08 0.830 1.04 0.325
Th 0.174 0.208 0.115 0.156 0.130 1.63 2.20 1.89 2.05 2.03 0.258
U 0.057 0.067 0.075 0.054 0.062 0.381 0.640 0.550 0.600 0.580 0.067
La 2.47 3.18 2.66 2.59 2.82 12.7 18.8 16.2 17.6 17.9 3.39
Ce 7.03 8.46 7.07 7.30 7.47 25.3 38.3 33.4 35.7 35.9 5.45
Pr 1.19 1.37 1.16 1.22 1.21 2.97 4.53 4.01 4.32 4.28 0.64
Nd 6.60 7.46 6.35 6.86 6.54 12.5 18. 5 16.4 17.7 17.5 2.8
Sm 2.40 2.54 2.17 2.40 2.26 2.83 3.87 3.47 3.64 3.66 0.903
Eu 0.879 0.987 0.891 0.867 0.795 0.915 1.23 1.08 1.24 1.24 0.451
Gd 3.13 3.30 2.86 2.99 2.73 3.12 3.54 3.21 3.71 3.41 1.51
Tb 0.533 0.556 0.477 0.510 0.458 0.504 0.570 0.510 0.550 0.530 0.287
Dy 3.54 3.59 3.06 3.29 2.94 3.32 3.57 3.21 3.41 3.32 2.13
Ho 0.719 0.712 0.611 0.636 0.588 0.676 0.670 0.630 0.680 0.670 0.486
Er 1.98 2.03 1.72 1.79 1.65 2.00 1.99 1.75 2.01 1.87 1.49
Tm 0.273 0.281 0.224 0.247 0.231 0.269 0.290 0.260 0.280 0.280 0.219
Yb 1.83 1.81 1.46 1.59 1.50 1.90 1.85 1.73 1.86 1.77 1.59
Lu 0.260 0.259 0.214 0.231 0.216 0.273 0.290 0.250 0.270 0.270 0.242
Th/Nb 0.052 0.062 0.044 0.054 0.046 0.10 0.082 0.081 0.081 0.082 0.074
Ce/Pb 43 20 13 39 26 34 17 31 43 35 17
Nb/U 57 50 35 54 46 41 42 42 42 42 52
Th/La 0.070 0.065 0.043 0.060 0.046 0.13 0.12 0.12 0.12 0.11 0.076
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Table 1  (continued)

Sample F1D FF2C FF1G M65 M66A FF1C M67B M89 M52 M91 M99
Comment Picrite Th-Fi Th-Fi Ol-c Ol-c Ol-c Ol-c As Dike Mp Mp

SiO2 46.98 44.68 49.34 43.96 44.13 44.69 45.21 56.60 52.62 70.10 72.51
TiO2 0.94 3.54 1.78 0.77 0.82 0.68 0.81 0.14 0.89 0.77 0.66
Al2O3 6.83 16.70 12.86 5.00 5.43 6.01 6.50 1.26 13.70 14.07 13.10
Fe2O3* 12.20 12.13 12.12 13.87 14.27 13.24 13.01 5.95 10.86 6.08 6.58
MnO 0.17 0.14 0.18 0.18 0.19 0.17 0.18 0.13 0.19 0.10 0.09
MgO 26.62 5.66 11.21 31.19 29.91 29.14 27.49 22.46 9.40 2.48 2.33
CaO 5.75 13.58 8.89 4.86 5.09 5.74 6.44 12.20 7.62 1.47 0.76
Na2O 0.12 2.85 3.43 0.04 B. D 0.16 0.17 1.07 4.08 3.00 2.68
K2O 0.33 0.26 0.07 0.08 0.10 0.12 0.13 0.09 0.63 1.90 1.26
P2O5 0.06 0.45 0.11 0.04 0.05 0.04 0.06 0.08 N.D 0.04 0.01
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
LOI 9.89 4.36 3.70 7.87 8.49 7.35 7.65 2.74 2.79 3.50 2.39
Mg# 83 51 67 83 82 83 82 89 66 47 44
Sc 20.0 28.5 37.0 17.9 18.1 20.3 21.4 3.86 40.2 13.0 8.89
V 170 470 338 149 153 172 177 44 246 238 89
Cr N.D 25 N.D 2890 2610 2520 2400 193 464 93 58
Co 87 39 53 109 107 103 97 29 48 34 33
Ni 1378 104 100 1561 1461 1459 1383 151 202 43 40
Rb 19.1 2.17 1.50 3.92 8.31 6.47 5.82 0.090 15.6 65.8 44.7
Sr 53.0 209 191 26.5 51.4 55.8 58.0 42.1 156 63.2 52.2
Y 13.4 40.9 20.7 7.80 8.06 7.80 8.94 1.89 15.7 15.1 15.8
Zr 49.5 326 100 56.3 56.3 45.7 50.7 9.35 69.7 130 123
Nb 2.70 20.0 6.30 3.36 3.49 2.31 2.83 0.630 6.08 17.1 12.9
Ba 8.00 135 110 12.6 20.7 29.3 20.4 2.56 95.8 341 201
Hf 1.40 7.65 2.90 1.21 1.25 0.954 1.14 0.200 1.70 3.28 3.31
Ta 0.200 1.14 0.40 0.182 0.190 0.127 0.150 0.072 0.354 1.16 0.960
Pb 0.400 0.356 0.300 0.447 1.32 0.222 0.294 0.140 3.29 33.4 16.3
Th 0.300 1.69 0.700 0.212 0.251 0.066 0.126 0.051 1.88 9.77 8.60
U N.D 0.471 0.100 0.048 0.179 0.039 0.055 0.140 0.324 3.81 1.27
La 3.00 16.01 6.70 2.92 3.45 1.74 2.32 0.550 7.73 33.8 28.2
Ce 8.20 41.17 16.9 7.57 8.06 4.68 6.12 1.47 18.0 76.5 68.5
Pr 1.19 6.12 2.62 1.13 1.19 0.758 0.972 0.220 2.05 7.69 7.61
Nd 6.00 30.78 13.2 5.74 5.95 4.05 5.09 1.05 9.06 28.1 30.3
Sm 1.85 8.50 3.80 1.61 1.69 1.36 1.59 0.310 2.38 5.15 6.75
Eu 0.680 2.74 1.32 0.560 0.615 0.510 0.579 0.140 0.774 0.940 1.15
Gd 2.19 9.26 4.53 1.87 1.95 1.74 1.98 0.38 2.73 4.26 4.64
Tb 0.35 1.37 0.740 0.276 0.294 0.268 0.309 0.068 0.450 0.600 0.590
Dy 2.14 8.32 4.1 1.63 1.72 1.65 1.86 0.41 2.88 3.43 3.38
Ho 0.380 1.53 0.820 0.315 0.327 0.314 0.355 0.081 0.593 0.640 0.630
Er 1.03 4.10 2.17 0.822 0.896 0.860 0.959 0.230 1.73 1.92 1.93
Tm 0.150 0.528 0.300 0.108 0.114 0.111 0.126 0.030 0.244 0.290 0.300
Yb 0.780 3.45 1.74 0.678 0.705 0.677 0.808 0.180 1.61 1.96 1.83
Lu 0.120 0.471 0.250 0.102 0.103 0.100 0.111 0.030 0.243 0.310 0.270
Th/Nb 0.11 0.084 0.11 0.063 0.072 0.028 0.044 0.081 0.31 0.57 0.67
Ce/Pb 21 116 56 17 6.1 21 21 10 5.5 2.3 4.2
Nb/U – 42 63 70 19 59 51 4.5 19 4.5 10
Th/La 0.10 0.11 0.10 0.073 0.073 0.038 0.054 0.093 0.24 0.29 0.30

Major-element concentrations in wt% and those of trace elements in μg/g
bd below detection, Mg# molar ratio of  Mg2+/(Mg2+ + 0.9 x  Fe2+), nd not determined, OlTh olivine tholeiite, Th tholeiite, TB transitional basalt, 
Ft flow top, Fi flow interior, Ol-c Olivine cumulate, Ab Amygdaloidal basalt, As actinolite schist, Mp metapelite
*Total Fe as  Fe3+



 Contributions to Mineralogy and Petrology  (2018) 173:81 

1 3

 81  Page 10 of 23

 LaB6 cathode at Ludwig-Maximilians University (LMU). 
The instrument was operated with wavelength dispersive 
spectrometers and an accelerating voltage of 15 kV, a beam 
current of 40 nA, a beam diameter of 1 µm and counting 
times of 100 s for Ti, 30 s for Ni and 10 s for all other 
elements. Natural and synthetic reference materials were 
used for signal calibration. The raw data were processed 
with a PAP matrix (Pouchou and Pichoir 1984). Detection 
limits were < 400 ppm for Si, Ti, Al, Mg, Ca and K, and 
< 1000 ppm for Cr, Fe, Mn, Na and Ni. Mineral compo-
sitions of samples F1D and M97 were measured with a 
CAMECA SX-100 electron microprobe equipped with four 
wavelength-dispersive spectrometers at the Adnan Tekin 
Research Center (Istanbul Technical University). Operat-
ing conditions and calibrations were the same as outlined 
in Topuz et al. (2018).

X‑ray fluorescence spectrometry

Major-element analyses were carried out by X-ray fluores-
cence spectrometry using a MINIPAL4 fluorescence spec-
trometer at Würzburg University. Glass tablets were pre-
pared from a mixture of 0.6 g sample powder, 3.6 g Merck 
Spectromelt A12 (66:34 mixtures of dilithiumtetraborate and 
lithiummetaborate) and ca. 1.2 g ammonium nitrate as oxi-
dizing agent. The mixture was fused in a Pt-crucible heated 
at 1080 °C. The precision and accuracy of the major element 
oxide concentrations have been determined on 25 analyses 
of the reference basalt material BIR-1. The data precision is 
better than 1% (2SD) for the major-element oxide concentra-
tions, except for  Na2O at 7%. The accuracy has been checked 
against the preferred GeoReM values of BIR-1. It is ≤ 6% 
(2SD) for all major element oxides, except for  Na2O (~ 20%) 
and  P2O5 (~ 200%).

Trace‑element analysis

The trace- and rare-earth element (REE) concentrations were 
determined at the Institute of Geology of the Czech Acad-
emy of Sciences using the methods outlined in Žák et al. 
(2016). After sample decomposition, the analyses were car-
ried out on a sector-field inductively-coupled plasma mass 
spectrometer (ICP-MS) Element 2 (Thermo) operated at a 
low-resolution mode. Accuracy and precision of the analyses 
are typically < 10% and < 5%, respectively, as inferred from 
long-term analyses of the reference materials BCR-2 and 
AGV-2 (USGS).

Highly siderophile‑element analysis

The highly siderophile-element concentrations (HSE–Os, Ir, 
Ru, Pt, Pd and Re) and Re–Os isotope compositions were 
determined at the joint Re–Os geochronology laboratory of 

the Institute of Geology of the Czech Academy of Sciences 
and the Czech Geological Survey using the protocol outlined 
for example in Jonášová et al. (2016). The sample powder 
was weighed into a Carius tube, mixed with 185Re–190Os and 
191Ir–99Ru–194Pt–105Pd spikes, and decomposed in a mixure 
of 4 ml concentrated HCl and 5 ml concentrated  HNO3 at 
260 °C for 3 days (Shirey and Walker 1995). Osmium was 
extracted from reversed aqua regia by  CHCl3, followed back-
reduction to HBr (Cohen and Waters 1996), and the final 
Os fraction was purified by microdistillation (Birck et al. 
1997). Rhenium, Ir, Ru, Pt and Pd were separated by anion 
exchange chromatography using AG 1 × 8 Eichrom resin and 
their concentrations were determined on a ThermoElement 2 
sector-field ICP-MS at the Institute of Geology of the Czech 
Academy of Sciences. Using the isotopic dilution technique, 
the precision was always better than 0.5% (2SD). Osmium 
isotope abundance and concentration measurements were 
carried with the N-TIMS technique on a Finnigan MAT 262 
thermal ionization mass spectrometer housed at the Czech 
Geological Survey. Within-run precision of the analyses are 
better than ± 0.3% (2SE). The accuracy of the method was 
monitored with the BIR-1a reference material (USGS).

Sm–Nd isotope analysis

The sample powders were totally spiked with a 149Sm–150Nd 
tracer before digestion in HF-HClO4 at ~ 80 °C for 1 week. 
The light-rare earth elements (LREE) were separated on 
quartz columns with a 5 ml resin bed of AG50 × 12, 200–400 
mesh. Samarium was separated from Nd using quartz col-
umns filled with 1.9 ml in-house prepared HDEHP-coated 
Teflon powder (Hegner et al. 1995, 2010).

Neodymium and Sm isotope compositions were analyzed 
on a Triton thermal ionization mass spectrometer in static 
mass-collection mode at LMU. The 143Nd/144Nd ratios are 
normalized to 146Nd/144Nd = 0.7219 and Sm isotope ratios 
to 147Sm/152Sm = 0.56081 using an exponential mass-frac-
tionation law. Total procedure blanks for Nd and Sm were 
< 80 pg and not significant for the concentrations in the 
samples. Analyses of the reference material JNdi-1 yielded 
143Nd/144Nd = 0.512104 ± 5 (2SD, n = 9) during the course 
of this study.

Ar isotope analysis

The Argon isotope measurements were carried out at 
the Argon Laboratory at Freiberg University (ALF). The 
hornblende sample was handpicked from olivine cumu-
late rock sample M90 and washed in acetone, alcohol and 
deionized water. Sample irradiation was performed in Al 
discs in the rotational channel of the LVR-15 reactor of 
the Nuclear Research Institute in Řež (Czech Republic). 
The irradiation time was 3 h at a thermal neutron fluence 
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of ~ 8.1 × 1013 n/cm2s and at a thermal-to-fast neutron ratio 
of ~ 1.1. For Ar analysis, 10.8 mg of the irradiated sample 
was loaded in a Mo-crucible and step heated with a Createc 
HTC furnace system (Pfänder et al. 2014). Heating time 
was 10 min per step at ramping times of 2 min. The gas 
was purified for 7 min with two GP50 getter pumps, one 
operated at room temperature and the other at 400 °C. The 
argon isotope ratios were measured on a GV Instruments 
ARGUS noble gas-mass spectrometer in static mass-collec-
tion mode with 45 scans per heating step. Blank levels are 
typically at 2.5 × 10−16 mol of 40Ar and 8.1 × 10−18 mol of 
36Ar. Instrumental mass fractionation was corrected with 
a linear mass-fractionation law and using an atmospheric 
40Ar/36Ar ratio of 298.6 ± 0.3 (Lee et al. 2006). Time-zero 
intercept calculations and raw-data reduction were carried 
out with an in-house developed  Matlab® software (Pfänder 
et al. 2014). Mean-weighted average and inverse isochron 
ages and their 2σ errors were calculated with ISOPLOT 
3.70 (Ludwig 2008). The reported ages are anchored on 
the in-house DRF1 sanidine flux monitor with an age of 
25.682 ± 0.030 Ma. This monitor was calibrated against Fish 
Canyon Tuff sanidine adopting an age of 28.305 ± 0.036 Ma 
(Renne et al. 2010). Raw data, time-zero intercept, blank 
concentrations and interference correction factors are listed 
in Supplementary Table A5.

40Ar–39Ar dating of magmatic hornblende

A sample of brown magmatic hornblende from olivine 
cumulate sample M90, collected in the uppermost unit, was 
chosen for 40Ar–39Ar dating (sample location in Fig. 2). 
Sample M90 has a lherzolitic mineral assemblage compris-
ing cumulus olivine (locally serpentinized) and intercumu-
lus clinopyroxene, orthopyroxene, and brown hornblende. 
Clino- and orthopyroxene locally show an elongated habitus 
in the intercumulus domains, suggesting rapid crystalliza-
tion of the intercumulus melt. Brown hornblende formed as 
overgrowth on clinopyroxene and is the final mineral that 
has crystallized in sample M90 (Fig. 4c). The petrographic 
features of sample M90 strongly support an origin of the 
brown hornblende from interstitial melts in the final stage 
of magma crystallization.

Step-heating of the hornblende sample produced a wide 
(86% of released Ar) age plateau of 276 ± 4 Ma (2σ; Fig. 6a). 
The same age and error is provided by the inverse isochron 
diagram (Fig. 6b) indicating a trapped initial Ar component 
of 308 ± 11, somewhat higher than the atmospheric ratio of 
298.6 ± 0.3 (Lee et al. 2006). The initial Ar ratio suggests a 
small amount of excess argon which was included in the age 
calculation. We interpret the 40Ar/39Ar age of the hornblende 
sample as the time of magma crystallization and the age 
of the tholeiitic rocks of the uppermost thrust sheet. This 
interpretation is supported by the textural evidence in sample 

M90 for rapid magma cooling and the rather high closure 
temperature for Ar diffusion in hornblende of ~ 600 °C (Villa 
et al. 1996, 2000). It agrees well with the Early-Middle Per-
mian ages of conodonts and radiolaria in non-metamorphic 
limestone and radiolarite of the Fariman complex (Kozur 
and Mostler 1991; Zannchetta et al. 2013) and we accept 
it as a preliminary age for the other units of the Fariman 
complex. Finally, the similar 40Ar/39Ar hornblende ages for 
the Mashhad and Fariman sections (Fig. 1) support a genetic 
relationship.

Major‑ and trace‑element data

The major- and trace-element data of igneous and meta-
sedimentary samples are listed in Table 1 and plotted in 
Figs. 7, 8, and 9. The petrographic evidence for variable 

Fig. 6  a Ar relase spectrum and plateau age for magmatic brown 
hornblende from tholeiitic cumulate sample M90 collected in the 
structurally highest unit of the traverse. b Inverse isochron diagram 
with age and composition of trapped Ar component in hornblende 
sample M90
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sample alteration under sub-greenschist-facies conditions 
is reflected in variable and often high values for the loss-
on-ignition ranging from 2.0 to 8.5 wt%, with the highest 
values confined to the serpentinized olivine cumulate rocks. 
In order to facilitate sample comparison, the major element 
data are reported and plotted as anhydrous compositions. 
Due to the high mobility of the large-ion lithophile elements 
(LILE) the interpretation of the data will focus on the little 
mobile rare-earth elements (REE) and high-field strength 
elements (HFSE).

In the Nb/Y vs. Zr/Ti diagram of Pearce (1996; Fig. 7a 
this study), the basalt samples (cumulate rocks and the late 
dike sample M52 are not included) plot in the fields of sub-
alkalic basalt and alkali basalt. In the TAS diagram of Cox 
et al. (1979; Supplementary Figure A1 this study), how-
ever, the alkali basalt samples of this study do not show 
the expected enrichment in  Na2O and  K2O relative to the 
subalkalic basalt samples at similar loss on ignition values 
but show overlapping concentrations instead. As there is no 
obvious reason to invoke preferential loss of potassium and/
or sodium in the alkali basalts, the geochemical similarity 
with the other basalts suggests a transitional basalt (TB) 
composition. The CIPW normative mineralogy of subalka-
line and inferred transitional basalt samples (Supplementary 
Table A6) shows minor amounts of nepheline in some of the 
samples irrespective of their classification as subalkaline or 
transitional. Noteworthy is the dominance of a normative 
olivine-diopside-plagioclase assemblage in both transitional 
and subalkaline basalts and presence of hyperthene in the 
subalkaline picrite and related rocks. Taken together, the 
geochemical evidence suggests a variety of basalt types 
including olivine tholeiites, transitional basalts, and tholei-
ites (Table 1).

For comparison, we have plotted data of Zanchetta et al. 
(2013) and Moghadam et al. (2015) in Fig. 7a. We are not 
aware to which extent these data include cumulate rocks, 
as this issue has not been treated in detail. In any case, the 
published data and ours suggest predominantly transitional 
basalt and subordinate tholeiite in the Fariman complex. 
Due to the large variations in the abundance of different 
rock types along strike of the Fariman–Mashhad complex, 
the actual proportions of tholeiitic and transitional basalts 
remain to be constrained.

The MgO vs. Ni concentrations in the basalt and olivine 
cumulate rocks (Fig. 7b) show a bimodal grouping with 
high MgO concentrations around 30 wt% (Mg# ~83) and 
ca. 1500 µg/g Ni in the cumulate rocks and the picrite 
sample F1D (Table 1). Transitional and tholeiitic basalts 
show indistinguishable compositions at MgO concentra-
tions of 8–12 wt% and Ni concentrations around 200 µg/g 
or less (Table 1; Fig. 7b). Their Mg# of 58–67 reflect little 
to moderately fractionated magma compositions. In the 
Nb/Yb vs. Th/Yb diagram of Pearce (2008; Fig. 7c, this 

Fig. 7  a Nb/Y vs. Zr/Ti classification diagram (Pearce 1996) show-
ing subalkaline and alkali basalt affinities of samples (cumulate rocks 
not plotted) from the studied Fariman section. Literature data of other 
basaltic samples from the MFC are plotted for comparison. b MgO 
vs. Ni concentrations for olivine tholeiites, picrite-related samples, 
transitional basalt, and cumulate rocks. c Data plotted in the Nb/Yb 
vs. Th/Yb diagram (Pearce 2008)
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study), the tholeiitic basalts show MORB-like composi-
tions and transitional basalts those of OIB. These general 
features are also reproduced by the literature data.

The bulk-silicate earth-normalized REE patterns com-
bined with Nb and Th concentrations of the samples are 

depicted in Fig. 8. The tholeiitic basalts in Fig. 8a show 
a minor depletion of light-rare earth elements (LREE) 
and heavy-rare earth elements (HREE) and distinct posi-
tive Nb anomalies relative to La and Th. When compared 
with the pattern of average mid-ocean ridge basalt (Average 

Fig. 8  Bulk-silicate earth-normalized REE and Nb and Th concen-
trations for igneous and sedimentary rock samples from the studied 
Fariman section (normalizing values from Palme and O´Neill 2014). 
a Olivine tholeiitic samples from structurally lowest unit (Average 
MORB = ALL NORMAL MORB from Gale et  al. 2013). b Transi-
tional basalt samples from the structurally uppermost pillow basalt 
section. For comparison, a typical HIMU-type OIB without any recy-

cled sediments (St. Helena picrite sample H13 from Willbold and 
Stracke 2006), is shown. c Tholeiitic picrite and related samples from 
the lowermost unit compared to other basalt of this study. d Olivine 
cumulate rocks related to olivine tholeiites (Fig. 8a). e Metapelite and 
late dike samples from the central lithological unit. f Published data 
of the Fariman complex for comparison
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MORB = ALL NORMAL MORB from Gale et al. 2013), 
they have overall lower REE concentrations and are more 
depleted in the HREE. The latter feature suggests melt evo-
lution under minor garnet control implying greater average 
melting depth than for MORB. The transitional basalts show 
LREE enriched patterns with a moderate depletion of the 
HREE and a distinct positive Nb anomaly (Fig. 8b). When 

comparing the patterns of Fariman transitional basalts with 
those of typical OIB (e.g. Willbold and Stracke 2006; White 
2010), the former show less depletion in the HREE and by 
inference, melt equilibration at shallower depths, e.g. transi-
tion of garnet to spinel-peridotite stability fields.

The REE patterns for picrite sample F1D and related 
tholeiitic basalts in Fig. 8c show subparallel patterns at 

Fig. 9  Bulk-silicate earth-normalized trace-element patterns for igne-
ous and sedimentary rock samples (normalizing values from Palme 
and O´Neill 2014). The samples show typical OIB-MORB like char-
acteristics such as low Th concentrations, positive Nb and Ti and 

negative Pb anomalies, all precluding subduction-modified mantle 
sources and/or input of significant amounts of felsic crustal mate-
rial. Note the typical subduction and crustal features in the patterns of 
metapelite and a late dike sample in Fig. 9e
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different MgO concentrations, which suggests a relationship 
primarily by olivine fractionation. The LREE are moder-
ately enriched and the degree of enrichment is intermediate 
between those of transitional basalt and olivine tholeiite. 
The picrite and related samples show strongly fractionated 
HREE patterns as seen in typical OIB patterns. The samples 
also show distinct positive Nb anomalies.

The REE patterns of the olivine cumulate rock samples 
(Fig. 8d) reflect primarily different proportions of clinopy-
roxene, the main REE hosting mineral besides occasional 
hornblende and ilmenite in these samples. The cumulate 
rocks represent the basal sections of the olivine tholeiite 
lava flows and show somewhat similar patterns (Fig. 8a). As 
a corollary, the REE patterns of Fariman high-Mg tholeiites 
and cumulate rocks alone are not reliable to distinguish both 
rock types.

For comparison published REE patterns are shown in 
Fig. 8f and it can be seen that the features of our sample 
suite are well reproduced. There are some samples from the 
literature showing a negative Nb anomaly and we suspect 
that they are dike samples of possibly Late Cretaceous age 
and similar to our late dike sample M58 (Fig. 8e). The ele-
ment patterns of the picrite and related samples are missing 
among the published data and this rock type apparently is 
not so frequent. To which extent the spectrum of rock com-
positions reflects the actual proportions of the different rock 
types in the Fariman complex needs to be further explored.

The extended REE patterns of tholeiitic basalt, transi-
tional basalt, picrite and related samples, and cumulate rocks 
(Fig. 9a–d) show negative Th and Pb anomalies and share 
these features with the samples from the literature (Fig. 9f). 
The transitional basalts and most of the tholeiites show nega-
tive Sr anomalies which are not accompanied by noticeable 
Eu anomalies. This relationship suggests only minor frac-
tionation of plagioclase in the basalts (also suggested in thin 
section) which partitions Sr much more efficiently than Eu 
(e.g., Bindemann and Davis 2000). The patterns show low 
Th/La, Th/Nb and high Pb/Ce and Nb/U ratios (values in 
Table 1) which all are clear evidence for absence of subduc-
tion-modified mantle sources and felsic crustal material. A 
similar result is shown in the Nb/Yb vs. Th/Yb relationship 
in Fig. 7c where the samples plot on the oceanic array and 
nowhere near that of volcanic arcs. Subduction processes 
and crustal material are well developed in the patterns of the 
metapelites and a late dike sample (Fig. 9e) showing positive 
Th and Pb, and negative Nb anomalies.

Sm–Nd isotope compositions

The initial εNd values of the mafic to ultramafic rocks of 
tholeiitic affinity are MORB-like and range from + 6.2 to 
+ 9.4 (Fig. 10; Table 2). The highest values are similar to 
the model composition for the Depleted MORB Mantle 

(DMM) at 276 Ma. There is a well-defined co-variation of 
initial εNd with the Sm/Nd ratio in the tholeiitic basalts and 
related cumulate rocks samples and picrites. Their data array 
coincides with the isotope compositions of the transitional 
basalts with low εNd values of ca. + 2.6. Such linear iso-
tope trends for oceanic basalts have been termed mantle-
isochrons (e.g. Brooks et al. 1976). The slope of the Sm–Nd 
pseudo isochron for Fariman samples suggests an “age” of 
~ 1.7 Ga similar to those obtained from Rb–Sr and Pb–Pb 
isotopes for oceanic basalts (Brooks et al. 1976; Chase 
1981). Mantle “isochrons” have been interpreted as due to 
mixing and melting of anciently formed and isolated man-
tle components (Brooks et al. 1976; Chase 1981) or simply 
reflecting the melting history of a convecting mantle (e.g., 
Rudge 2006). The age significance of the Sm–Nd correlation 
in Fig. 10 in the context of mantle evolution is beyond the 
scope of this study. We interpret it as evidence for melting 
of mixed mantle material comprising isotopically distinct 
MORB- and OIB-like mantle sources (see “Discussion”). 
Moreover, the mutual data trend for tholeiites and transi-
tional basalts is evidence for a genetic relationship between 
these basalt types that occur in separate lithological units in 
the field. The data points for a picrite and a related basalt 
sample have an intermediate isotope composition.

The low initial εNd values of − 8 to − 9 for the metapelite 
samples indicate ancient crustal provenances of the material 
with average residence times  (NdTDM) of ca. 1.5 Ga. The 
highly altered amygdaloidal basalt sample M58 has a low 
initial εNd values of + 4.4 (Table 2) suggesting that sam-
ple alteration has increased its Sm/Nd ratio by preferential 
removal of the LREE. Finally, the low initial εNd value of 

Fig. 10  Sm/Nd ratios vs. initial εNd values, for an age of 276 Ma, for 
tholeiites and related cumulate rocks, picrites and transitional basalts. 
The linear data array suggests binary mixing of asthenosphere (DMM 
depleted MORB mantle) and plume material at various proportions. 
Radiogenic shallow MORB mantle represents a major source for 
tholeiitic basalts whereas transitional basalts apparently were derived 
from less radiogenic OIB-type mantle. Nd isotopic compositions for 
DMM and BSE from White (2013)
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+ 0.7 in the late dike sample supports the trace-element evi-
dence for subduction-modified sources and an older recycled 
crustal component in this sample.

Highly siderophile‑element concentrations and Re–
Os isotope data

The highly siderophile element concentrations and Re–Os 
isotopic data for mafic to ultramafic rocks are listed in 
Table 3 and shown in Fig. 11. The primitive-upper mantle 
(PUM) normalized element concentration patterns for the 
samples (Fig. 11a) show overall higher HSE concentrations 
than in typical OIB and MORB, notably in terms of Pd and 
Pt, and a greater variation in Re concentrations of ~ 0.06 to 
1.4 ppb. The HSE patterns partially overlap that for komati-
ite formed by high-degree mantle melting (e.g., Arndt et al. 
2008, and references therein). The samples show overall 
enrichment of P-PGEs (Pd, Pt, Rh) over I-PGEs (Ir, Os, Ru) 

with  PdN/IrN ratios ranging from 6.2 to 24. Tholeiitic basalts 
display similar HSE distributions and the chemically frac-
tionated and picrite-related basalt FF2C (Mg# = 51) exhibits 
a remarkable depletion in HSE (notably Ir and Ru), except 
for Os. In contrast, the olivine cumulate rock (hbl-lherzolite 
sample M66A) has similar HSE concentrations as in primi-
tive mantle (Becker et al. 2006) except for its very high Re 
concentration of ~ 1.4 ppb.

The initial 187Os/188Os ratios range from 0.1240 to 0.2928 
corresponding to γOs(i) values of − 0.93 in the hbl-lherzo-
lite sample M66A to as high as + 134 in transitional basalt 
M63 (Fig. 11b). The tholeiitic basalts have rather homo-
geneous, slightly suprachondritic initial 187Os/188Os ratios 
of 0.1489 to 0.1691 corresponding to γOs (1) values of 
+ 19 to + 35. The low mantle-like Os isotope compositions 
and high Os concentrations suggest no or only negligible 
crustal magma contamination as it would result in a low Os 
abundance and high 187Os/188Os ratio up to values of ~ 1.0 

Table 2  Sm–Nd isotope data 
for igneous and sedimentary 
rock samples from the Fariman 
complex (NE Iran)

143 Nd/144Nd ratios (m. measured) normalized to 146Nd/144Nd = 0.7219. Two measurements of reference 
material JNdi-1 during the period of this study yielded 143Nd/144Nd = 0.512104 ± 5 (2SE) and 0.512105 ± 5 
(2SE). εNd calculated with today’s chondrite-uniform reservoir composition (CHUR): 143Nd/144Nd = 
0.512630; 147Sm/144Nd = 0.1960 (Bouvier et al. 2008)

Sample Comment Sm [µg/g] Nd [µg/g] 147Sm/144Nd 143Nd/144Nd (m.) εNd (276 Ma)

Alkali basalt
M63 Pillow basalt 2.90 13.20 0.1330 0.512651 ± 5 2.6
M96 Pillow basalt 3.91 19.16 0.1234 0.512630 ± 6 2.5
M97 Pillow basalt 3.46 16.88 0.1240 0.512634 ± 8 2.6
M98A Pillow basalt 3.88 19.08 0.1230 0.512632 ± 7 2.6
M98B Pillow basalt 3.81 18.61 0.1238 0.512633 ± 4 2.6
Tholeiitic basalt
FF1A Flow interior 2.46 6.876 0.2163 0.513150 ± 5 9.4
M56A Flow interior 2.46 7.429 0.2005 0.513105 ± 5 9.1
M56B Flow top 2.49 7.314 0.2059 0.513111 ± 5 9.0
M57 Flow top 2.30 6.481 0.2142 0.513073 ± 5 8.0
M67 Flow interior 2.28 6.839 0.2016 0.513099 ± 5 8.9
M58 Amygdaloidal bas 1.01 3.164 0.1925 0.512851 ± 5 4.4
M89 Actinolite schist 0.317 1.058 0.1813 0.512967 ± 16 7.1
FF2C Picrite-related 8.67 31.32 0.1673 0.512935 ± 5 6.9
F1D Picrite 1.90 6.361 0.1807 0.512938 ± 5 6.5
Olivine cumulate rocks
FF1C Pl wehrlite 1.34 4.122 0.1972 0.513063 ± 5 8.4
M67B Pl wehrlite 1.59 5.100 0.1888 0.513016 ± 5 7.8
M65 Hbl lherzolite 1.68 5.961 0.1700 0.512932 ± 5 6.8
M66A Hbl lherzolite 1.73 6.192 0.1689 0.512898 ± 5 6.2
Late Dike
M52 Diabase 2.51 9.740 0.1559 0.512596 ± 5 0.7
Metasedimentary rocks
M91 Metapelite 5.30 29.03 0.1103 0.512059 ± 5 − 8.1
M99 Metapelite 6.80 31.85 0.1291 0.512042 ± 5 − 9.1
USGS Columbia River Basalt reference material
BCR-1 Floodbasalt 6.56 28.70 0.1382 0.512624 ± 5 –
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(Peucker-Ehrenbrink and Jahn 2001). The negative correla-
tions of the melt fractionation indices MgO and Ni with Ir, 
Ru, Pd and Pt abundances (not shown) indicate that olivine 
crystallization is controlling the HSE in the samples (not 
shown). This finding is in agreement with the high Ir, Ru, 
Pd and Pt concentrations in the olivine-rich cumulate sample 
M66A.

The low, subchondritic γOs value in the hbl-lherzolite 
sample M66A is similar to those for mantle residues (e.g. 
summary of data in Carlson 2005; Gannoun et al. 2016). Its 
high Os concentration and cumulate character suggest assim-
ilation of mantle sulfide inclusions in olivine xenocrysts 
(e.g., Alard et al. 2002). The γOs(i) value of + 134 in the 
transitional basalt sample M63 is much higher than those 
in MORB glasses (0.126–0.148), tholeiitic to alkaline OIB 
(0.123–0.240), and arc lavas (0.128–3.150), and similar 
to those in some intraplate volcanic rocks (e.g., summary 
of data in Carlson 2005; Day 2013; Gannoun et al. 2016). 
Its highly radiogenic γOs value of + 134 and much lower 
I-PGE concentrations suggest a magma source with very 
high proportion of recycled mafic crust, such as pyroxenite 
and eclogite (e.g., Day et al. 2009). Additional Os isotope 
analyses of the transitional basalts are required for a bet-
ter understanding of the Os isotope characteristics of the 
sources of the transitional basalts.

Discussion

Mantle source temperature and pressure conditions

Mantle potential temperatures and primary melt compo-
sitions were calculated with the major element composi-
tions and the thermobarometer of Lee et al. (2009) and 
the PRIMELTS3 MEGA.XLSM algorithm of Herzberg 
and Asimow (2015). The calculation of P and T condi-
tions of magma generation is based on rock compositions 

Table 3  Highly siderophile element concentrations and Re–Os isotope data for mafic to ultramafic rock samples from the Fariman complex

187 Os/188Osi and γOs values calculated for 276 Ma and using the chondritic values of Shirey and Walker (1998)

Sample Rock type Re [ng/g] Os [ng/g] Ir [ng/g] Ru [ng/g] Pt [ng/g] Pd [ng/g] 187Re/188Os 187Os/188Os(2σ) 187Os/188Osi γOs

Olivine cumulate rock
M66A Hbl lherzolite 1.44 4.43 1.97 4.07 11.4 7.39 1.56 0.1312 ± 2 0.1240 – 0.932
Tholeiitic basalt
FF1A Flow interior 0.17 0.71 0.83 1.17 23.9 12.1 1.16 0.1744 ± 2 0.1691 + 35.1
M56A Flow interior 1.42 0.39 0.54 0.55 24.3 14.5 17.8 0.2363 ± 8 0.1542 + 23.2
M56B Flow top 0.37 0.70 1.22 2.42 32.4 16.2 2.53 0.1641 ± 4 0.1524 + 21.8
M67 Flow interior 0.10 0.41 0.83 1.39 22.5 10.5 1.17 0.1543 ± 4 0.1489 + 19.0
FF2C Picrite-related 0.057 0.49 0.05 0.14 2.65 2.42 0.567 0.1638 ± 1 0.1612 + 28.8
Transitional basalt
M63 Flow interior 0.44 0.19 0.38 0.55 16.7 13.9 11.4 0.3455 ± 5 0.2928 + 134

Fig. 11  a Primitive-upper-mantle (PUM)-normalized highly sidero-
phile element concentration patterns of Fariman samples (PUM val-
ues from Becker et al. 2006). b Osmium concentrations vs. intial γOs 
diagram and hypothetical isotope evolution trends (M63 = transitional 
basalt; M66A = hbl-lherzolite cumulate rock)
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in chemical equilibrium with mantle peridotite. Sample 
compositions in disequilibrium with mantle perdotite due 
to olivine fractionation or its accumulation are restored. 
As noted by Niu et al. (2011), variations in lithospheric 
thickness affect the basalt composition and the outcome of 
such calculations. The results are listed in Supplementary 
Table A7 and it can be seen that not all sample compositions 
yielded model solutions for P and T. The thermobarometer 
of Lee et al. (2009), based on the Si and Mg concentrations 
of the samples, yielded ambient mantle temperatures of ca. 
1520–1560 °C at pressures of ca. 2.6–3.2 GPa for the olivine 
tholeiites. The picrite sample F1D and related sample FF1G 
yielded variable P–T conditions of ca. 1590 and 1480 °C at 
ca. 2.6 and 2.3 GPa, respectively. The transitional basalts 
yielded ca. 1460–1480 °C at ca. 2.2–2.6 GPa. The mantle 
potential temperatures for tholeiitic and transitional basalts, 
calculated with the PRIMELTS3 MEGA.XLS algorithm 
(Herzberg and Asimow 2015), are indistinguishable and 
range from ca. 1480–1520 °C (Supplementary Table A7).

The mantle potential temperatures for the Fariman basalts 
derived from PRIMELTS3 and the ambient temperatures in 
the magma source as derived from the thermobarometer of 
Lee et al. (2009) are much higher than the generally assumed 
mantle potential temperatures of 1300–1400 °C for MORB 
(Lee et al. 2009; Herzberg and Gazel 2009) and overlap the 
temperature range assumed for oceanic plume-related “hot-
spots” (> 1400 °C, Lee et al. 2009; 1450–1600 °C, Herzberg 
and Asimow 2008). We conclude that these data strongly 
support melting of deep mantle plume material as underly-
ing process of the origin of the Fariman basalts.

Both algorithms also provide estimates for the MgO con-
centration of the primary mantle-derived magma in chemi-
cal equilibrium with mantle peridotite (see Herzberg and 
O’Hara 2002; Herzberg et al. 2007; Herzberg and Asimow 
2015). The algorithms reject magmas from a pyroxenite 
source and those which have undergone clinopyroxene frac-
tionation in addition to olivine. It needs to be mentioned 
that transitional basalt sample M63 for which Os isotopes 
suggest a high proportion of pyroxenite or eclogite in the 
source was not rejected by the programs. For our samples, 
PRIMELTS3 yielded MgO concentrations of 17–18 wt% 
for the primary mantle-derived parental magmas assum-
ing “fractional mantle melting and accumulated melts” as 
magma-forming process. On the other hand, the Lee et al. 
(2009) algorithm yielded primary mantle-derived magmas 
with 16–19 wt% MgO. Picrite sample F1D with measured 
26 wt% MgO yielded a primary MgO content of 21 wt% 
(Lee algorithm, no solution with PRIMELT3) suggesting 
accumulated olivine in this sample, which could not be 
detected in thin section. We conclude that the modeled pic-
ritic parental magma compositions in combination with the 
modeled P and T conditions of magma formation are all 
consistent with mantle-plume conditions.

Regarding previous reports on komatiites (Majidi 1981, 
1983; Moghadam et al. 2015) in the MFC, we would like 
to point out that we have not found any samples that would 
fulfill a classification as komatiite (see criteria in Arndt et al. 
2008). We noticed a high abundance of olivine cumulate 
rocks probably representing the basal portions of lava flows. 
In hand specimen, it was often not possible to distinguish 
cumulate from non-cumulate rocks. Study of thin sections 
finally showed that high-Mg samples were in almost all 
cases olivine cumulate rocks. Among ca. fifty mafic rock 
samples that were inspected in thin section, only sample 
F1D apparently represents a high-Mg magma. Its texture 
(Fig. 4d) and modelled primary MgO concentration of ca. 21 
wt% (measured MgO of 27 wt%) are consistent with a clas-
sification as picrite. We suspect therefore that many of the 
high-Mg rocks described as komatiite in the literature actu-
ally represent cumulate rocks and to a lesser extent picrites.

Geodynamic interpretation of the Fariman complex

In recent publications, the Mashhad–Fariman complex has 
been compared to ophiolites and related to melting of sub-
duction-modified mantle as well as mantle plumes (Mogh-
adam et al. 2015). It has also been suggested (Zanchetta 
et al. 2013) that the volcano-sedimentary assemblage was 
deposited in a rifted-arc or back-arc basin on lithosphere 
of the overriding Turan block of Laurasia. The data of this 
study shed some light on these diverse interpretations. We 
note that there is clear evidence for MORB-OIB like mantle 
sources without subduction-overprinted mantle and input 
of felsic crustal material. Noteworthy are the typically 
low and oceanic Th/La ratios (< 0.13, Table 1) precluding 
a significant sedimentary component in the source of the 
basalts. (e.g. Planck 2005; Rudnick and Gao 2003). This 
inference is corroborated by the high and OIB-MORB like 
Ce/Pb ratios, delivering distinct negative Pb anomalies to 
the trace-element patterns of the basalts (our Fig. 9; e.g. Sun 
1980; Hofmann et al. 1986). High Nb/U ratios > 35 (Supple-
mentary Table A5) are typical for OIB and MORB devoid 
of a sedimentary component (e.g., Hofmann et al. 1986). 
Furthermore, the positive Nb anomaly in our samples, and 
by inference absence of any subduction-related process in 
their source, is reinforced by the low MORB-OIB like Th/
Nb ratios ≤ 0.1 (Table 1, this study; e.g. Planck 2005, and 
references therein). All of these clues for typical MORB-
OIB-like magma sources are reiterated in the Pearce (2008) 
diagram in Fig. 7c. In summary, the trace-element data pre-
clude a tectonic setting of origin for the basalts of Fariman 
complex near supra-subduction zones as well as intra-arc or 
back-arc continental settings. Independent information on a 
tectonic setting is provided by the compositions of clinopy-
roxene and Cr–Al spinel which resemble those in intraplate 
tholeiitic to alkaline basalts (Fig. 5).
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Modeling of the mantle potential temperatures and 
MgO concentrations of primary parental magmas suggest 
conditions of magma generation in a plume environment 
(see Mantle source temperature and pressure conditions). 
Mantle melting gave rise to at least three distinct magma 
types: Olivine tholeiites with convex REE patterns and ini-
tial εNd values up to 9.4 that reflect a ubiquitous DMM-like 
component in the plume (Fig. 10). The 187Os/188Os ratios of 
0.1489–0.1691 suggest admixture of a subordinate amount 
of a radiogenic plume component. These olivine tholeiites 
are different from “normal” MORB in that they show overall 
lower REE abundances, probably due to a higher melting 
degree. There is a small depletion in HREE (Fig. 9a) sug-
gesting that melting started in the garnet-peridotite stability 
field and deeper than for normal MORB. The latter infer-
ence is supported by the modeled pressures of 2.6–3.2 GPa, 
clearly exceeding pressures of 1.5 ± 0.5 GPa for typical 
MORB (e.g. Albarède 1992, and references therein). The 
tholeiitic picrite and related samples probably represent 
large melting degrees of the hottest plume domains. Their 
declining HREE abundances indicate melting in the garnet 
peridotite stability field. Their Sm–Nd isotope compositions 
plot between the isotope compositions of olivine tholeiites 
and transitional basalts which suggests melting of similar 
proportions of their source material. Transitional basalts rep-
resent a major rock type in the study area and are predomi-
nant in the published data base (Fig. 9f). They show OIB-
like enriched incompatible elements abundances (Fig. 9b), 
yet lack the strong garnet signature of typical OIB (e.g. 
Willbold and Stracke 2006; White 2010). Their initial εNd 
values of ca. + 3 plot on the data array of tholeiitic picrites 
and olivine tholeiites. This relationship supports a petroge-
netic model of mixing and melting of an enriched plume and 
depleted asthenospheric mantle component (Fig. 10).

Geochemical studies of mantle plume-related ocean 
islands (e.g. Galapagos, Iceland and Hawaii), oceanic pla-
teaus (e.g. Kerguelen, Caribbean) and continental flood 
basalts (e.g. Deccan and Karoo) have revealed both mid-
ocean ridge basalt-like compositions (MORB-like basalts) 
and more enriched ocean-island basalts (OIB) in different 
amounts (e.g. Campbell 2005; Campbell and Griffiths 1990, 
and references therein; Kerr 2014, and references therein; 
Gautier et al. 1990; Salters et al. 1992; Doucet et al. 2002; 
Regelous et al. 2002). This is also reflected in the scatter 
in isotopic data defining a mixing line between two mantle 
sources. The association of MORB-like basalts with more 
enriched ocean-island basalts has been ascribed either to 
the interaction between mid-ocean ridge and plume, or to 
the entrainment of depleted mantle into the rising plume: 
The Galapagos, Iceland and Hawaii plumes are or were 
situated close to an oceanic spreading center. For the Ker-
guelen (eg, Gautier et al. 1990; Salters et al. 1992; Doucet 
et al. 2002) and the Hawaiian plumes (Regelous et al. 2002), 

ridge migration over the plume site has been proposed for 
the occurrence of MORB-like basalts, whereby the associ-
ated OIB-like basalts were explained with plume melting 
under thick lithosphere and at greater depths in intraplate 
settings. At the Galapagos archipelago (e.g. Baitis and 
Swanson 1976; White and Hofmann 1978; White et al. 
1993; Hoernle et al. 2000) and Iceland (e.g. Kerr et al. 1995; 
Chauvel and Hemond 2000; Hanan et al. 2000; Fitton et al. 
2003; Stracke et al. 2003; Thirlwall et al. 2004), MORB- 
and OIB-like basalts were, however, erupted contempora-
neously, thus requiring the operation of different processes. 
For the Galapagos archipelago, White (2010) suggested 
entrainment of asthenosphere into the central plume and at 
Iceland, MORB-like material has also been interpreted as a 
deep mantle plume component (e.g. Kerr et al. 1995). It is 
difficult to explain the geochemical evidence for the Fari-
man complex in the context of any of these modern plumes 
due to the presently small geochemical and geochronological 
data base. In the plume model involving a migrating ridge, 
the Fariman picrites and olivine tholeiites would represent 
large degree-melting of asthenosphere and plume material 
when the ridge coincided with the plume site. The OIB-like 
transitional basalts would be products of smaller degrees 
of melting of mostly plume material at greater depth and 
under thick lithosphere in an off-ridge plume setting. How-
ever, the modeled pressures of the OIB-like transitional 
Fariman basalts of 2.3–2.5 GPa are mostly lower than the 
2.3–3.2 GPa derived for the tholeiites which is not consist-
ent with this model. For Galapagos, White (2010) invoked 
a sheared mantle plume with entrained asthenosphere 
to explain the occurrence of MORB-like tholeiites in the 
center of the archipelago. In this region polybaric mantle 
melting of the hot plume would begin in the garnet stabil-
ity field and commence into the spinel peridotite stability 
field. The more enriched OIB-like basalts at Galapagos were 
explained by shallower and lower degrees of melting of the 
original (“pure”) plume material in the margin of the sheared 
plume (see model cartoon “Fig. 16”, White et al. 1993). 
Using this plume model as analogue for the Fariman com-
plex, polybaric melting of entrained depleted asthenosphere 
in the center of the plume could explain the compositions 
of the Fariman MORB-like olivine tholeiites and high-Mg 
picritic basalts. Fariman OIB-like transitional basalts would 
represent magmas from the cooler plume periphery with 
the original plume composition melted at shallower depths 
(garnet-spinel peridotite facies transition zone) and lower 
degrees. Such a geometric arrangement agrees with modeled 
pressures of magma formation of the Fariman OIB-like tran-
sitional basalts and their HREE patterns showing less garnet 
control than in the picrites form the central plume region.

The Mashhad–Fariman complex formed most probably in 
an oceanic domain, as inferred from the presence of pelagic 
to neritic sedimentary rocks, and its geological position at 
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the boundary of two continental blocks, marked by ophi-
olites and oceanic accretionary complexes of different ages. 
Formation in an oceanic domain is also in line with the 
absence of any crustal contamination which is well devel-
oped in continental flood basalts (e.g. for the Deccan traps 
and Karoo flood basalts see Campbell and Griffiths 1990, 
and the references therein). Thus, the FMC likely represents 
the accreted part of a seamount/oceanic island, aseismic 
ridge or oceanic plateau. Accreted seamounts and aseismic 
ridges are recognized mainly by their OIB geochemistry and 
thin-skinned units comprising radiolarian chert, limestone, 
serpentinized peridotite and layered gabbro and alkali basalt 
(e.g. Geldmacher et al. 2008; Buchs et al. 2009; Tetreault 
and Buiter 2014, and the references therein). Oceanic pla-
teaus comprise mainly tholeiitic basalts with nearly flat 
REE patterns and minor amounts of picrite and komatiite, 
whereas some plateaus such as Caribbean and Kerguelen 
contain OIB-like basalts in addition to MORB-like tholei-
ites (e.g. Kerr 2014). The accreted portions of the inferred 
oceanic plateaus are quite variable, ranging from truncated 
to whole crustal sections (e.g. Tetreault and Buiter 2014, 
and the references therein). The areal extent of the MFC 
is ca. 160 km long and 10 km across at the present erosion 
level, and its eastward and westward extensions are con-
cealed under the Jurassic sedimentary cover. Whether simi-
lar rock assemblages are exposed along the Paleo-Tethyan 
suture further east in Afghanistan, as suggested by Majidi 
(1981, 1983), is a topic of future studies. Considering the 
relatively intact internal structure, and MORB- and OIB-
like geochemical signatures, we interpret the MFC as an 
accreted oceanic plateau. Accretion of oceanic plateaus has 
been considered since many years as important for growth 
of continents (e.g. Ben-Avram et al. 1981; Saunders et al. 
1996) and more recently it has been shown that the subduc-
tion of oceanic plateaus is equally important (e.g. Arrial and 
Billen 2013; Shulgin et al. 2011; Timm et al. 2014). Permian 
continental flood basalts are common in Asia and include 
the Siberian traps in Russia, Emeishan in China, Tarım 
in China and Panjal Traps in India (see http://www.mantl 
eplum es.org). Permian oceanic plateaus have so far not been 
documented in the Tethyan belt, although their presence has 
been assumed as a cause for Permian mass extinction (e.g. 
Şengör and Atayman 2009). The here proposed subduction 
and accretion of the MFC oceanic plateau must have ceased 
before 220 Ma, the age of the oldest crosscutting granitoids 
(Karimpour et al. 2010; Mirnejad et al. 2013; Zanchetta et al. 
2013; Ghavi et al. 2018).

Conclusions

Transitional and tholeiitic basalts are the predominant igne-
ous rocks of the Fariman complex and 39Ar–40Ar dating of 
magmatic hornblende indicates eruption of the tholeiites at 
ca. 276 Ma. The age supports a contemporaneous evolu-
tion of the Fariman complex with the Mashhad section ca. 
100 km to the northwest. Thermodynamic modeling suggest 
parental magmas of picrite composition with up to ca. 21 
wt% MgO, and mantle source temperatures of ca. 1500 °C 
consistent with magma sources in a hot mantle plume.

The transitional basalts show OIB-like incompatible 
trace-element patterns and the olivine tholeiites LREE-
depleted patterns; both lacking characteristics of subduc-
tion-related sources and input of crustal material. Sm–Nd 
isotopes of the transitional basalts and tholeiites form a com-
mon trend consistent with melting of mixed sources com-
prising an OIB-like mantle plume component and astheno-
sphere. Osmium isotope compositions of tholeiitic basalts 
overlap the MORB-OIB array and high concentrations of the 
HSE are compatible with the inferred high melting degrees. 
The highly radiogenic initial 187Os/188Os ratio in a transi-
tional basalt sample suggest a high proportion of a recycled 
mafic crustal component.

We suggest that the OIB-like transitional basalts and 
MORB-like tholeiites may represent magmas from a hetero-
geneous plume structure as has been described for Galapa-
gos (White 2010). Polybaric melting of plume material and 
entrained asthenosphere occurred in different regions of a 
plume and led to formation of an oceanic swell or plateau. 
The igneous rocks of the Mashhad-Fariman complex are 
interpreted as remnants of such a plateau which was accreted 
in the Paleo-Tethyan suture zone.
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