N

N

Upper Paleozoic komatiites near Mashhad, NE Iran
Mohsen Mobasheri, Nicholas Arndt, Carole Cordier, Alexander Sobolev,
Habibollah Ghasemi, Carlos J. Garrido

» To cite this version:

Mohsen Mobasheri, Nicholas Arndt, Carole Cordier, Alexander Sobolev, Habibollah Ghasemi, et
al.. Upper Paleozoic komatiites near Mashhad, NE Iran. Geology, 2024, 10.1130/G52289.1 . hal-
04712040

HAL Id: hal-04712040
https://hal.science/hal-04712040v1

Submitted on 28 Sep 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04712040v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

F THE GEOLOGICAL SOCIETY
@ ‘ OF AMERICA®

© 2024 The Authors. Gold Open Access: This paper is published under the terms of the CC-BY license.

https://doi.org/10.1130/G52289.1
Manuscript received 4 April 2024
Revised manuscript received 7 June 2024

Manuscript accepted 26 June 2024

Published online 12 July 2024

Upper Paleozoic komatiites near Mashhad, NE Iran

Mohsen Mobasheri'2, Nicholas Arndt3*, Carole Cordier®, Alexander Sobolev®, Habibollah Ghasemi'?, and Carlos J. Garrido*
"Department of Petrology and Economic Geology, Faculty of Earth Sciences, Shahrood University of Technology, Haft-e-Tir Sq.,

Shahrood 3619995161, Iran

2Section of Earth Science, Zargan Natural Resources and Mineral Industries Research and Consulting Group, Paradise Blvd.,

Kerman 7614655140, Iran

8Institut des Sciences de la Terre (ISTerre), Université Grenoble Alpes, 1381 rue de la Piscine, Saint-Martin-d'Heres, France
4Instituto Andaluz de Ciencias de la Tierra (IACT), Consejo Superior de Investigaciones Cientificas (CSIC), Av. de las Palmeras 4,

18100 Armilla, Granada, Spain

ABSTRACT

We report the discovery of upper Paleozoic komatiites from a location near Mashhad
in NE Iran. Like Archean komatiites, they erupted as differentiated lava flows with olivine
spinifex—textured upper portions and olivine cumulate lower portions. They are associated
with komatiitic basalts and undifferentiated ultramafic units and are intercalated with clastic
and carbonate sedimentary rocks. Using the compositions of samples with randomly oriented
spinifex and the forsterite contents of olivine, we estimate that the parental magmas contained
>20 wt% MgO. As such, they represent only the second known occurrence of post-Archean
komatiite. Their geochemical compositions show relatively low Al/Ti and depleted heavy rare
earth elements, indicating that they belong to the Al-depleted variety. This is the only reported
post-Archean example of this type of komatiite. The parental magmas probably formed by
moderate degrees of melting (~20%) of a hydrous peridotite source at a depth of ~180 km
and erupted into a subduction zone at the margin of the Paleo-Tethys Ocean.

INTRODUCTION

Komatiites are largely an Archean phenome-
non (Nesbitt et al., 1982). Only a single younger
example—the komatiites of Gorgona Island,
Colombia—has been convincingly documented
(Echeverria, 1980; Kerr, 2005). Several occur-
rences of ultramafic volcanic rocks have been
recognized, such as those from Tortugal in Costa
Rica (Trelaet al., 2017) and Song Da in Vietnam
(Hanski et al., 2001, 2004), and although these
rocks have been called komatiite, they do not
contain macroscopic spinifex texture and are
best referred to as picrites. Proterozoic kom-
atiitic basalts with spinifex textures occur on
Gilmour Island, Canada (Arndt et al., 1987),
but the maximum MgO content in non-cumulus
samples is ~17 wt%.

Here we report a new discovery of komatiites
of probable Permian age from a location near
Mashhad in NE Iran. These rocks contain oliv-
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ine spinifex textures with MgO contents rang-
ing from 25 to 37 wt%. Spatially associated
komatiitic basalts contain 6-11 wt% MgO in
non-cumulus sections. We use the MgO contents
of samples with randomly oriented spinifex oliv-
ines and the forsterite contents of these olivines
to estimate the composition and temperature of
the magmas that erupted to form these lavas,
and we demonstrate that this magma had an
ultramafic composition. This, together with the
well-developed olivine spinifex textures, dem-
onstrates that these rocks are true komatiites.

GEOLOGICAL SETTING AND FIELD
FEATURES

The komatiites are located in the Mashhad-
Fariman region in NE Iran within two orogenic
belts, the Shandiz-Virani-Mashhad Complex
and the Fariman Complex (see Fig. S1 and the
description in the Supplemental Material'). The
two orogenic belts are thought to have devel-
oped at the margins of the Paleo-Tethys Ocean
between the Eurasian plate (Turan plate) in the
north and the Iranian Cimmerian microconti-

nent to the south. Ascent of a mantle plume
into a late Paleozoic subduction zone at the
margin of the Paleo-Tethys Ocean is a possible
geodynamic setting for the generation of these
komatiites.

Both complexes contain differentiated and
undifferentiated komatiite lava flows, komatiitic
basaltic lavas, and mafic or ultramafic pillowed
units (Mobasheri et al., 2019). The volcanic
rocks erupted into a sequence of poorly con-
solidated shales, sandstones, and carbonaceous
sediments, in places resulting in contact meta-
morphism and mingling of lava with unconsoli-
dated sediment to form peperites. The age of
the sequence is estimated on the basis of micro-
fossils (Kozur and Mostler, 1991; Zanchetta
etal., 2013) and Ar-Ar geochronology to be ca.
280 Ma or Permian (Ghazi et al., 2001; Topuz
etal., 2018).

Some of the komatiite lava flows are differ-
entiated into upper spinifex-textured layers and
lower cumulate layers (Fig. 1). These units range
in thickness from <10 m to >100 m. They are
bounded by upper and lower chilled margins. In
the several ultramafic units, a layer of spinifex
texture in which olivine crystals are randomly
oriented (Figs. 1 and 2) is underlain by platy
pyroxene spinifex. In komatiitic basaltic units,
the spinifex layer is underlain by gabbro and a
thin layer of pyroxene cumulate (Fig. 2A). In
almost all cases, the lower part is composed of
olivine orthocumulate.

PETROGRAPHY

Detailed descriptions of all samples, includ-
ing komatiitic basalts and associated mafic-ultra-
mafic units, are summarized in the Supplemental
Material. Here we describe only the komatiites.

'Supplemental Material. S1—a description of the contents of an article in preparation; S2—analytical methods; Table S1—compositions of olivine; Table S2—
compositions of Cr spinel; Table S3—major and trace elements in samples; and Figures S1-S5. Please visit https://doi.org/10.1130/GEOL.S.26153734 to access the
supplemental material; contact editing @ geosociety.org with any questions.
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degrees of hydrothermal alteration and are
typically metamorphosed to lower to upper
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facies along the contacts with Triassic Mash-
had granitoids. Most of the olivine has been
replaced by serpentine, though relicts are
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is largely unaltered, as is chromite but for thin
rims of Ti-magnetite. Primary plagioclase is
replaced by albite and fine-grained second-
ary minerals.
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Figure 1. Sketches of
three types of komatiite
lava flows in the Mashad
region.
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of olivine and sparse clinopyroxene and a few
larger phenocrysts, set in a matrix of fine clino-
pyroxene grains and altered glass. In samples
containing random olivine spinifex texture
(Figs. 2B-2D), 40-60 vol% olivine is set in
a matrix of large anhedral to subhedral grains
of clinopyroxene, small euhedral chromite

Figure 2. Images illustrat-
ing Mashhad komatiites,
NE Iran. (A) Field photo
of typical differentiated
komatiitic basaltic flow.
Person highlighted in
red circle in lower left
for scale. (B, C) Random
olivine spinifex texture
in the field and in a hand
sample. Coin diameter:
2.2 cm. (D) Same texture
in thin section (crossed
polars).
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crystals, and minor magmatic hornblende and
altered plagioclase. The randomly oriented oliv-
ine crystals are relatively stubby (aspect ratio
5:1) and poorly skeletal (Figs. 2B-2D). They
are partially enclosed by unusually large, anhe-
dral grains of clinopyroxene (aluminous diop-
side). The groundmass consists of fine-grained
intergrowths of clinopyroxene, altered plagio-
clase, and minor brown magmatic hornblende.
Altered glass is rare. Pyroxene spinifex con-
tains fine-grained (as long as 1.5 mm) randomly
oriented crystals or larger needles (5-15 cm)
oriented roughly parallel to the flow top. Gab-
bros are medium-grained rocks containing
40-60 vol% euhedral to skeletal clinopyrox-
ene grains and ~30% plagioclase. Pyroxene
cumulates contain 60-90 vol% coarse poikilitic
clinopyroxenes enclosing fine, rounded olivine
grains (10-20 vol%). Olivine cumulates con-
tain 60-90 vol% olivine grains, usually solid

and polyhedral but in some cases highly skel-
etal, set in a matrix of coarse clinopyroxene and
fine-grained altered plagioclase. Small equant
chromite grains and rare hornblende are acces-
sory minerals.

MINERAL COMPOSITIONS
Representative analyses of the magmatic
minerals are given in the Supplemental Mate-
rial (Table S1), and more complete data are pro-
vided in a forthcoming paper (see Supplemental
Material). The forsterite content of olivine var-
ies from 85 to 89 [Fo = 100 x Mg/(Mg + Fe)
in mol%] in the more mafic units and from 89
to a maximum of 91 in olivine spinifex and the
chilled margins of ultramafic units. The clino-
pyroxene is augite with an unusually high Al,O,
content (2.5-8.8 wt%). Chrome spinel, which is
common as inclusions in olivine and as a pheno-
crysts in the groundmass, contains 15-16 wt%

Al,O; and 47-50 wt% Cr,0;, similar to that
in other komatiites (Table S2). Phenocrysts of
chrome spinel are rimmed by chromium-rich
titanomagnetite. Plagioclase, where preserved,
contains about 70 mol% anorthite.

MAJOR AND TRACE ELEMENTS

As shown in Table S3 and Figures 3 and S2,
the compositions of the Mashhad lavas vary from
ultramafic in the olivine-bearing portions to mafic
in gabbroic sections. MgO contents range from
30 to 35 wt% in olivine spinifex, 35-36 wt% in
chilled margins, 31-38 wt% in olivine cumu-
lates, and 7-10 wt% in gabbros (Fig. 3; Table S3;
Fig. S2). It is notable that the compositions of
samples with random olivine textures are similar
to those of the olivine cumulates.

In the variation diagrams in Figure 3, most
of the data for immobile elements such as Al, Ti,
Fe, and Mg in the ultramafic units plot on oliv-
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Figure 3. Variation diagrams showing the compositions of Mashhad komatiites and those of olivine within chilled margin and olivine spinifex
samples [FeO(tot) = >*Fe and 3*Fe expressed as FeO]. Variation within the rock compositions is controlled by the accumulation of olivine with
the composition Fo89-90 [Fo = 100 x Mg/(Mg + Fe) in mol%].
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Figure 4. Trace-element data, normalized using the primitive mantle values of Hofmann (1988).
Note the hump shape resulting from relative depletion of both the more incompatible elements
and the heavy rare earth elements. The two cumulates with high concentrations do not come
from the same flow as the other samples. Pattern of the cumulates closely resembles that of
Archean komatiites from the Barberton Greenstone Belt in South Africa; other samples resem-
ble komatiites from Ruth Well in Australia (data for these samples are from Sossi et al., 2016).

ine control lines. The regression lines on these
diagrams indicate that the olivine that controlled
the rock compositions had a forsterite content
close to 91, similar to that measured with micro-
probe analyses. Mobile elements such as Na and
most trace elements show variable amounts of
scatter about these lines. Some samples have
elevated contents of TiO, and most incompatible
trace elements and probably come from another
magma source.

The Al,O,/TiO, values of these komatiites
range from ~10 to 12 (or 67 in the samples
with elevated TiO, contents); this indicates that
these rocks belong to the Al-depleted type of
komatiite (Nesbitt et al., 1979). This is substan-
tiated by the mantle-normalized trace element
patterns, plotted in Figure 4, which show the
relative depletion of heavy rare earth elements
that characterizes this type of komatiite. The
hump shape resembles that of komatiites from
localities such as Ruth Well in Australia (Nis-
bet and Chinner, 1981) and in Finnish Lapland
(Hanski et al., 2001).

DISCUSSION
Ultramafic Character of Mashhad
Komatiites

The presence of random olivine spinifex tex-
tures in the Mashhad komatiites distinguishes
them from all other post-Archean ultramafic
lavas with the exception of the Gorgona Island
komatiites (Echeverria, 1980) and the Gilmour
Island komatiitic basalts (Arndt et al., 1987).
The MgO contents of the Mashhad ultramafic
rocks exceed 20 wt%, and this, together with
the spinifex textures, leaves no doubt as to their
komatiitic character.

The MgO contents, and hence the eruption
temperatures, of komatiites are normally esti-

mated using several complementary approaches
based on the compositions of whole rocks and
preserved olivines (Nisbet et al., 1993; Waterton
and Arndt, 2024). The first is to use the composi-
tion of samples with random spinifex textures
because these are assumed to result from rapid
cooling and crystallization under conditions in
which olivine does not accumulate (Nesbitt,
1971). Samples of Mashhad komatiites with
olivine spinifex textures have unusually high
MgO contents, from 30 to 35 wt%, values that
approach or exceed those of the most magnesian
Archean komatiites.

The second approach is to use the com-
position of the most magnesian olivine in the
samples and the Mg-Fe distribution coefficient
(Bickle, 1982). In the Mashhad samples, the
most magnesian olivine composition recorded
in the electron microprobe analyses is Fo91, a
value consistent with the olivine compositions
estimated from the variation diagrams (Fig. 3).
For dry conditions at 1 kbar pressure and at the
QFM (quartz-fayalite-magnetite) buffer, Ford
et al.’s (1983) model for olivine fractionation
of the least MgO-rich random spinifex sample
(FC-5) predicts 20 wt% MgO in a melt in equi-
librium with olivine Fo91. The MgO value falls
at the limit between komatiite and komatiitic
basalt and, remarkably, is far lower than the
MgO contents of the olivine spinifex samples
(30-35 wt%).

Several other observations support the con-
clusion that the parental liquid did not have the
high MgO content of the olivine spinifex sam-
ples: (1) The mineral assemblage interstitial to
olivine in both spinifex-textured and cumulate
samples consists of abundant clinopyroxene and
chrome spinel and accessary plagioclase and
hornblende. This assemblage resembles that

of a komatiitic basalt rather than a komatiite.
(2) Some olivine grains contain inclusions of
chromite. (3) In a MgO versus Cr diagram (Fig.
S3), the whole-rock compositions plot about a
line with a positive slope indicating co-crystal-
lization of olivine and chrome spinel. The lat-
ter mineral crystallizes only in magmas with
<~25 wt% MgO (Murck and Campbell, 1986).

An additional method to infer the MgO con-
tent and eruption temperature of the komatiite
melt comes from geothermometry. As shown in
Figure S4, we estimate a temperature of 1460 °C
using olivine (F090.2) and co-existing spinel
and the method of Wan et al. (2008). This tem-
perature would normally correspond to olivine
with a higher forsterite content, Fo92, which
would have crystallized from an anhydrous
melt containing ~22 wt% MgO. The presence
of amphibole suggests, however, that the melt
contained some water. If it contained 0.5 wt%
water, as recorded in other komatiites (Sobolev
etal., 2019), the original olivine would have had
the composition Fo94, and the MgO content in
the equilibrium melt would have been ~25 wt%
(Fig. S4). The mismatch between measured and
predicted forsterite contents may indicate that
the olivine partly re-equilibrated with melt at
lower temperature.

On the basis of these observations, together
with the estimates based on the olivine composi-
tions, we conclude that the Mashhad komatiites
crystallized from melts with an MgO content of
at least 21-22 wt%, slightly lower than that of
komatiites and picrites from Gorgona Island but
higher than values in other post-Archean komati-
ites. We do not have a ready explanation for the
unusually high MgO contents of the olivine spi-
nifex samples. We note, however, that the olivine
crystals have a morphology different from those
in Archean olivine spinifex, being stubbier and
only marginally skeletal. Fine, highly elongate
dendritic crystals like those in Archean komati-
ites are absent. We also note the high concentra-
tion, as much as 50%, of fine olivine phenocrysts
in the chilled margins and speculate that spinifex
olivines in Mashhad komatiites nucleated around
these crystals. The addition of up to 50% accu-
mulated olivine could explain the elevated MgO
in the spinifex samples.

This result indicates that caution must be
applied when using the compositions of spini-
fex-textured samples to estimate the melt com-
position. In many komatiite suites, the compo-
sitions of rocks with random olivine spinifex
textures do indeed resemble the melt compo-
sitions inferred from the forsterite contents of
olivine. Examples include suites from Barber-
ton Greenstone Belt in South Africa (Parman
et al., 1997), Alexo in Canada (Arndt, 1986),
and Gorgona Island (Echeverrfa, 1980). In such
examples, the approach is sound, but the dis-
crepancy noted in the Mashhad samples shows
that this is not always the case.
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Origin of Mashhad Komatiites

Another feature that distinguishes these
komatiites from all other post-Archean exam-
ples is their Al-depleted character. This, together
with the relative depletion of the heavy rare earth
elements (Fig. 4), indicates that garnet was a
residual phase at some stage of their formation
(Green, 1975; Jahn et al., 1982). In addition,
the relative depletion of the light rare earth ele-
ments points to a source depleted in the more
incompatible elements. Using the approach
described by Waterton and Arndt (2024), Ti
can be assumed to behave incompatibly and
provides an estimate of the degree of melting.
Taking a TiO, content of 0.8% in a melt with
20% MgO (from the MgO versus TiO, diagram,
Fig. 3) and assuming a depleted mantle source
containing 0.13% TiO, (Salters and Stracke,
2004), we estimate ~20% partial melting.

To estimate the conditions of partial melting,
we use the phase diagram for mantle peridotite
(Fig. S5) and the following constraints: 22 wt%
MgO in the primary melt and 20% partial melt-
ing in the presence of garnet. Reference to Fig-
ure S5 shows that the primary melt could not
have been produced from dry peridotite because
if the melt is in the field of garnet stability, the
MgO content is too high and the degree of melt-
ing is too low. The presence of amphibole and
phlogopite in the Mashhad komatiites suggests,
however, that the source contained a small con-
tent of H,0. Melting of such a source at ~6 GPa
(~180 km depth) and a temperature ~1600 °C
could have produced a melt of appropriate com-
position. Given the uncertainty about the posi-
tion of the solidus and garnet stability curve, the
conditions of melting cannot be determined with
better precision (numerical approaches such as
that proposed by Lee and Chin [2014] do not
apply to melting of hydrous peridotite).
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