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Abstract
North Makran, in southeast Iran, offers the possibility to study both the formation of
blueschists and ophiolites in the frame of an ongoing subduction zone. The aim of this
research was twofold: (1) To shed light on the magmatic, metamorphic and tectonic
evolution of North Makran by determining the role of ophiolites and blueschists in this
segment of the Tethys suture zones. For this purpose, field, structural, petrological and
geochemical data were collected and timely constrained with zircon geochronology. (2) To
investigate the ferric/ferrous iron ratio in blueschist minerals and the effect of oxidation
state on thermobarometric calculations. To tackle this objective, chemical analyses and
XANES synchrotron experiments on different blueschist types were combined with
pseudosection modelling.
Geological mapping and structural analyses show that North Makran is part of an
imbricate zone thrust south-southwestwards onto the sedimentary Makran accretionary
wedge. North Makran includes three main tectonomagmatic units: the continental Dur Kan
Complex, the North Makran ophiolites and the metamorphic Deyader Complex. Granitoids
of the Dur Kan Complex represent the oldest rocks of the region. Mid Jurassic extension
accounts for the emplacement of these rocks into a continental shelf at the southern
border of the Central Iranian continent. Continuing extension during Late Jurassic
triggered mantle upwelling and subsequent melting, which led to the assimilation of
earlier crustal rocks and formation of new granitoids. Exposed granitoids were later
unconformably covered by alkaline to tholeiitic lava in a deepening sedimentary
environment. The North Makran ophiolites floored the marginal basin that was opening
between Mid Jurassic and Early Cretaceous times. These ophiolites include upper mantle
ultramafic rocks, the plagioclase-enriched mantle-crust transition, the plutonic lower and
upper crusts with the volcano-sedimentary cover. Decompression melting in the upwelling
mantle led to melt percolation that re-fertilized the ophiolitic mantle while mantle-melt
interaction produced replacive dunites and plagioclase impregnation zones in the mantlecrust transition zone. The melt evolved in the lower crust trough fractional crystallization
processes along a tholeiitic trend. Further extension led to spreading-like magmatic
centres producing Early Cretaceous basaltic tholeiite to alkaline lavas that cover locally
exhumed mantle and lower crust. Crustal thinning resulted in a relatively deep marginal
xiii

basin. Changes in geochemistry of lavas, stratigraphic unconformities and shallowing
sedimentary environments, mark subduction in the Late Cretaceous until at least the Early
Eocene. The Makran blueschists reached pressure and temperature conditions of ~340380°C at 9-13kbar, equivalent to ~30km depth. They were exhumed during the Late
Cretaceous (100-80Ma). Convergence transported northern units over the southern ones,
so that ophiolites are thrust on the Dur Kan Complex and both on the accretionary wedge.
Blueschists are exposed in an antiformal stack below the ophiolites.
Pressure/temperature determination of the Makran Blueschists motivated the study of
ferric ferrous iron ratios in blueschist bulk and mineral compositions. P-T pseudosection
computed for the Makran and Syros/Sifnos blueschists show that assuming purely ferrous
systems instead of implementing measured bulk composition alters stability fields by up to
5O°C in the Makran and 80°C in the Syros/Sifnos blueschists. Ferric iron in lawsonite of the
North Makran blueschists, which is unaccounted for in models, has similar effects. Charge
balance recalculations of analysed glaucophanes are inaccurate, which suggests that many
mineral compositions used for solid solution models in computational thermobarometry
are likely erroneous. In situ XANES analyses on rock thin sections provide good quality
data. Challenges lie in the treatment and interpretation of the data, which are further
masked by polarization effects (crystal orientation with respect to incident beam). Step by
step, the analytical procedure has been improved by using the high resolution van Hamos
detector, so that normalization background subtraction and peak deconvolution was
simplified. Correlation of absolute Mössbauer and wet chemistry analyses show that the
previously used approach to calculate Fe3+/Fetot from centroid positions of the iron K preedge structure resolved with XANES is still inaccurate. XANES has the potential to become
a powerful high resolution in situ method for Fe3+/Fetot analyses but needs to be better
understood to be applied commercially.
In conclusion, this study sheds light on the evolution of the Tethys suture zone in SE Iran. It
also provides insights on general geological processes like mantle-melt interaction,
continental margin extension and lawsonite blueschist metamorphism. In situ XANES
analysis to determine Fe3+/Fetot in minerals is promising, yet needs further exploration.
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Zusammenfassung
Der nördliche Makran bietet die Möglichkeit, die Entstehung von Blauschiefer und Ophiolit
Formationen im Rahmen einer noch aktiven Subduktionszone zu studieren. Die Ziele dieser
Forschungsarbeit waren: (1) Licht in die magmatische, metamorphe und tektonische
Entstehungsgeschichte des nördlichen Makrans anhand der Rolle der Ophiolite und
Blauschiefer in der Nahtzone der Tethys zu bringen. (2) Das Verhältnis von zwei- und
dreiwertigem Eisen in Blauschiefer-Mineralien und den Effekt des Oxidationszustandes für
thermobarometrische Berechnungen zu untersuchen, eine generelle Fragestellung, die in der
metamorphen Petrologie noch nicht zufriedenstellend beantwortet werden konnte. Zu diesem
Zweck wurden strukturelle, petrologische und geochemische Daten im Feld gesammelt, um sie
in Beziehung zu setzen mit der Zeitkomponente, welche aus geochronologischen Messungen an
Zirkonen gewonnen wurden. Dieses zweite Ziel wurde angegangen, indem chemische Analysen
und XANES Synchrotron Experimente an verschiedenen Blauschiefer Gesteinen kombiniert
wurden mit "pseudosection"-Modellierungen.
Die geologischen Kartierungen und strukturgeologische Analysen zeigen, dass der nördliche
Makran Teil ist einer süd-südwestlich überlappenden Überschiebung, welcher während der
Arabia-Eurasia-Konvergenz auf den sedimentären Makran-Akkretionskeil geschoben wurde.
Der nördliche Makran lässt sich in drei Einheiten einteilen: den kontinentalen Dur Kan
Komplex, die Nordmakran Ophiolite und den metamorphen Deyader Komplex.
Die Granitoide des Dur Kan Komplexes repräsentatieren die älteste Gesteinseinheit des
nördlichen Makrans. Durch Extension im Mittel-Jura wurden diese Gesteine zu einem
kontinentalen Schelf zusammengeschoben, die im Norden an den Zentral-Iranischen Kontinent
grenzt. Fortlaufende Extension im späten Jura führte zu der Bildung von Granitoiden durch
zeitgleiche Mantel Aufschmelzung und Einverleibung von älteren, früher gebildeten
Granitoiden. Die freigelegten (exponierten) granitoiden Gesteine wurden im Nachfolgenden
unkonform überdeckt von alkalischen bis tholeiitischen Laven in einer immer tiefer
absinkenden, sedimentären Umgebung.
xv

Die Ophiolite, die man im nördlichen Makran findet, bedecken den Boden des angrenzenden
Beckens, das sich im Mittel-Jura bis in die Früh-Kreide geöffnet hatte. Sie setzen sich
zusammen aus ultramafischen Gesteinen aus dem oberen Mantel, den Mantel-Kruste
Übergangsgesteinen, die angereichert sind an Plagioklas und Einheiten der unteren und oberen
Kruste inklusive derer vulkanischen, sedimantären Bedeckung.
Aufschmelzung durch Druckentlastung im aufsteigenden Mantel führte zu Perkolation von
Schmelzen, die den ophiolitischen Mantel des Nordmakrans angereichert haben, während die
Interaktion von Mantelgesteinen und Schmelzen zur Bildung von Duniten und Zonen mit
Plagioklas-Anreicherung in der Mantel-Kruste Übergangszone geführt hat. Die Schmelzen
entwickelten sich in der unteren Kruste durch fraktionierte Kristallisation entlang eines
tholeiitischen Trends. Fortlaufende Extension führte zu spreizungs-ähnlichen, magmatischen
Zentren, in denen frühkretazische, basaltische Tholeiite bis hin zu alkalinen Laven gebildet
wurden, die den lokal exhumierten Mantel und die untere Kruste bedecken. Durch krustale
Ausdünnung enstand so ein relativ tiefes, marginales Becken. Änderungen in der
geochemischen Zusammensetzung der Laven, stratigraphische Unkonformitäten undimmer
seichter werdende sedimantäre Umgebungen weisen auf einen Subduktionsvorgang in der
späten Kreide bis mindestens ins frühe Eozän hin.
Die Blauschiefer des Makrans erreichten während ihrer metamorphen Entwicklung Druck- und
Temperaturbedingungen von ~340-380°C bei 9-13kbar, was einer Tiefe von ~30km
entspricht. Sie wurden während des späten Kreide (100-80Ma) an die Oberfläche gebracht und
exhumiert. Andauernde Konvergenz tranportierte die nördlichen Einheiten über die
südlicheren, so dass die Ophiolite auf den Dur Kan Komplex und den Akkretionskeil
aufgeschoben wurden. Die Blauschiefer sind exponiert als "Antiform"-Stapel unter den
Ophioliten.
Die Resultate zu den Druck- und Temperaturbedingungen der Blauschiefer des Makrans
motivierten zu Untersuchungen des Verhältnises von zwei- und dreiwertigem Eisen in der
Gesamtzusammensetzung der Blauschiefer sowie in den darin enthaltenen Mineralien. Anhand
Druck-Temperatur "pseudosection"-Modellierungen an den Blauschiefern des Makrans und an
denen aus Syros/Sifnos (Griechenland) kann man schlussfolgern, dass die Annahme eines
reinen

zweiwertigen

Eisensystems,

anstelle

der

Implementierung

der

gemessenen

Gesamtzusammensetzung, das Stabilitätsfeld für Blauschiefer um bis zu 50°C im Makran und
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80°C auf Syros/Sifnos erweitert. Dreiwertiges Eisen in Lawsoniten, die in den Blauschiefern
des nördlichen Makrans enthalten sind, hat ähnliche Effekte. Dies wurde jedoch in den
Modellen nicht berücksichtigt.
Ladungsbilanz-Berechnungen an den analysierten Glaukophanen erweisen sich als unpräzise.
Infolgedessen nehmen wir an, dass viele Mineralzusammensetzungen, die für MischkristallModelle in der Thermobarometrie verwendet werden, fehlerhaft sind. Im Gegensatz dazu
führen in situ X-Ray Absorption Near Edge Structure

(XANES) Analysen an Gesteins-

Dünnschliffen zu Resultaten von guter Qualität. Die Herausforderung bei Analysen dieser Art
liegt bei der Handhabung und Interpretation der erhaltenen Daten, die weiter erschwert wird
durch Polarisationseffekte (Kristallorientierung gegenüber des einfallenden Strahls). Schritt
für Schritt konnte das analytische Vorgehen verbessert werden durch die Verwendung des
hoch auflösenden van Hamos Detektor, wobei die Normalisierung, die Untergrundskorrektur
und die Peak-Dekonvolution vereinfacht werden konnte. Durch die Korrelation und den
Vergleich von absoluten Mössbauer und Nasschemieanalysen zeigt sich, dass der bisher
benutzte Ansatz, von Centroidpositionen von Eisen K- Vorkante Fe3+/Fetot zu bestimmen, noch
immer fehlerhaft ist. XANES hat unserer Ansicht nach das Potential, in Zukunft eine
verlässliche, hochauflösende in situ Methode für die Analysen der Fe3+/Fetot Verhältnisse zu
werden. Für die komerzielle Nutzung dieser Methode muss XANES jedoch noch besser
untersucht und verstanden werden.
Diese Studie beschreibt die Evolution der Tethys Nahtzone im südöstlichen Iran. Sie offeriert
ausserdem Einblicke in allgemeine geologische Prozesse wie Mantel-Schmelze Interaktionen,
Extension an kontintalen Rändern und in die Lawsonit-Blauschiefer metamorphen
Bedingungen. Es hat sich gezeigt, dass in situ XANES Analysen um Fe3+/Fetot Verhältnisse zu
ermitteln, vielversprechend sind, jedoch weiterführende Erforschung benötigen.
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Introduction
1.1 GENERAL INTRODUCTION
In convergent geological systems, pieces of fossil oceanic lithosphere are preserved along
suture zones as ophiolites and metamorphic blueschists.
Ophiolites occur in different tectonic settings, either emplaced on passive continental
margins (e.g. Semail in Oman), accreted in active continental margins (e.g. Franciscan
Complex, California) or along suture zoned between continent-continent or arc-continent
collision (e.g. Zagros, Hercynian and Uralian ophiolites); (Nicolas (1989) and references
therein). Ophiolites record processes from their formation in spreading-systems until
obduction and integration in collisional orogens. In effect, ophiolites may evolve in various
extensional geotectonic settings such as Mid-Ocean Ridges (MOR), back-arc, fore arc basins
and during arc extension (Fig. 1.1); they differ accordingly in rock assemblages and
outcrop geometry (e.g. Miyashiro, 1973; Abbotts, 1981; Harris, 1992; Nelson et al., 1993;
Kelemen et al., 1997; Abelson et al., 2001; Scarrow et al., 2001; Liu et al., 2002; Wang et al.,
2002; Page et al., 2009; Pearce and Robinson, 2010; Akizawa et al., 2012; Ghazi et al., 2012;
Bozovic et al., 2013). Identifying the geotectonic setting can be controversial. Suprasubductions zone ophiolites are specifically complex, because they have the structure and
formation-style of oceanic crust but chemical signatures of island arcs (e.g. Pearce et al.,
1984). This is the reason for several discussed formation scenari even for the well-studied
ophiolites of Troodos and Oman (e.g. Miyashiro, 1973; Abbotts, 1981; Abelson et al., 2001;
Tamura and Arai, 2006; Akizawa et al., 2012; Osozawa et al., 2012; MacLeod et al., 2013).

Figure 1.1: Extensional settings in which ophiolites can form from left to right: back-arc, intra-arc, fore-arc,
mid-ocean ridge (MOR) and continental rift. Partially redrawn after ‘This dynamic Planet’ by José F. Vigil, U.S.
Geological
Survey,
Smithsonian
Institution
and
the
U.S.
Naval
Research
Labarotory
(http://pubs.usgs.gov/gip/earthq1/plate.html).
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The advantage of ophiolites, however is that, even if locally dismembered, they preserve
primary magmatic contact. The possibility to investigate mantle, lower and upper crust as
a continuous sequence allows studying general magmatic processes.
While ophiolites are mainly used to investigate processes during oceanic lithosphere
production, blueschists yield information about destructive plate tectonic processes.
Blueschists are related to subduction zones and represent fossil oceanic crust that has
been subducted to great depth before being brought back to the surface and accreted to
the continent (e.g. Ernst, 1972; Maruyama et al., 1996). Blueschists are high pressure low
temperature metamorphic rocks that require low temperature gradients (10-20°C/km),
consistent with those predicted by thermomechanical models of subduction zones (Ernst,
1973; 2001; Fig. 1.2). The pressure-temperature-time trajectories of blueschists therefore
document the vertical movements and thermal history involved in the subduction factory.
How these rocks exhume is still not well understood. Preservation of blueschist facies
parageneses involves rapid tectonic processes and accordingly blueschist occurrences are
often related to major fault systems like fore-arc regions (e.g. Maekawa et al., 1993;
Maekawa, 2000), collision zones (e.g. Ernst, 1973; Okay et al., 1998; Anczkiewicz et al.,
2000) and transform boundaries (e.g. Goncalves et al., 2000).
Since blueschists formation processes cannot be studied in situ, thermobarometry based
on phase equilibria modeling are used to constrain on the pressure and temperature
evolution of blueschists. Most studies on high pressure/low temperature rocks have been
conducted in the Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O (NCKFMASH) system. This
assumes that all iron is present as Fe2+, despite the fact that blueschists contain various
amounts of ferric iron (e.g. Maruyama et al., 1986b). The assumption of a purely ferrous
system is a consequence of lacking measured Fe3+/Fe2+ in minerals and related solidsolution models for ferric-iron-bearing key minerals such as amphibole. Fe3+-bearing high
pressure phases, e.g. lawsonite, chlorite and phengite are calibrated in ferric-absent
systems, even if the Fe3+ substitution for octahedrally coordinated Al would have
significant effects on their stability (Guidotti and Dyar, 1991; Guidotti et al., 1994; Guidotti
and Sassi, 2002). Thus knowing ferric/ferrous iron rations of metamorphic mineral phases
is crucial for pressure and temperature calculations.
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Figure 1.2: Sketch of a subduction zone. Violet = oceanic crust, yellow = accretionary wedge, green = upper
mantle. The blue rectangle represents the location of blueschist conditions with typical high pressure, low
temperature gradient. Redrawn after http://bigthink.com/eruptions/a-volcanic-cruise-through-the-marianaislands-part-1.

Sodic amphibole is the key mineral of blueschist facies rocks (Fig. 1.3a) and incorporates
iron in different valance and structural position (Fig. 1.3b). Amphiboles have quite a
complex structure X2Y5Z8O22(OH)2, where X is M4, Y is M1, M2, M3, Z is Si (or Al). Iron is
incorporated on the M sites. Fe2+ preferably occupies the M1 to M3 sites and more rarely
M4, Fe3+ preferably sits in M2, rarely in M1. Solid solution models in thermobarometric
models assume iron ratios based on few measured data and mostly charge-balance
estimations. Because of the high variability of site occupation for iron, the theoretical
charge balance calculations in amphiboles may be biased. Actual values of amphiboles are
only little known. The absence of analytical data is mostly explained by time-consuming
methods, such as Mössbauer spectroscopy and wet chemistry analyses which require
homogenous grains and relatively large sample volume. XANES has been increasingly used
to determine oxidation state in minerals (e.g. Bajt et al., 1994; Heald et al., 1995; Dyar et al.,
1998; Wilke et al., 2001; Dyar et al., 2002; Schmid et al., 2003). This method has the
advantage that it can be applied in situ, several aspects of the data treatment and
interpretation, especially correlating the Fe K pre-edge feature to ferric/ferrous iron
ratios, requires further development.
5
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Figure 1.3: a) Blueschists from Siros (37°26’40.6’’N/24°53’19.7’’E). Blue mineral = glaucophane, b) Amphibole
structure and possible iron position on the M sites.

Investigations of ophiolites and blueschists will contribute to a better understanding of
lithospheric processes in the subduction environment of North Makran, in SE Iran. This
area exposes well-preserved ophiolites and blueschists and offers the possibility to study
past and active subduction processes in an endmember case of very shallow dipping
subduction zones. Blueschists represent the highest pressure rocks of the accretionary
wedges and subduction zones and therefore store critical information about the
subduction engine. Intact primary contacts allow studying general magmatic processes in
spatial

and

temporal

relationship.

New

field,

petrological,

geochemical

and

geochronological information on the Makran ophiolites and blueschists are a valuable
asset to investigate general magmatic and metamorphic processes involved in oceanic
lithospheric formation and recycling as well as the context between oceanic subduction
and obduction.
The study of absolute ferric/ferrous iron ratios in bulk and mineral compositions will help
to understand the consequence of changing oxidation state on thermobarometric
calculations. Also, the collected mineral Fe3+/Fe2+ ratios of various silicates with focus on
sodic amphiboles could be used to improve the existing database implemented in solid
solution models. XANES investigations of blueschist and other silicate minerals contribute
to developing and understanding the use of XANES as an in situ high resolution method to
determine mineral oxidation state.
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1.2 STUDY AREA
The first part of this work deals with the Iranian Northern Makran, an area exposed to the
north of the Makran Accretionary Wedge (MAW). The MAW is one of the largest
accretionary wedges exposed in the south of Iran and Pakistan. It extends about 1000
kilometer from the Strait of Hormuz to Karachi in Pakistan (Fig. 1.4). It is separated from
the Zagros collisional zone by the dextral Minab-Zendan Fault to the west and from the
Indian continent by the sinistral Chaman-Ornach Fault to the east. Subduction initiated in
the Late Cretaceous (e.g. Arthurton et al., 1982; Berberian et al., 1982; McCall and Kidd,
1982) and is responsible for the volcanic arc situated 300-500km inland (Fig. 1.4). The
large distance of the volcanic centers from the trench suggests a shallow-dipping slab (2°;
Bijwaard et al., 1998; Hafkenscheid et al., 2006). The Jaz Murian and Mashkel depression to
the south of the volcanic arc are interpreted as fore-arc basins (Farhoudi and Karig, 1977;
McCall, 1997).

Figure 1.4: Makran accretionary wedge and adjacent geotectonic units. Field area in rectangle. Black stars
represent the volcanos Bazman, Taftan and Koh-i-Soltan from west to east. Topography background taken from
http://www.worldmapsonline.com/earth-topographic-bathymetric.htm.
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The present-day convergence rate between Makran and Arabia is 35.5-36.5mm/a in the
west and 40-42mm/a in the east (DeMets et al., 2010), the difference denoting
anticlockwise rotation of Arabia with respect to Eurasia. The accretionary wedge is
described as an enormous amount of continentally-derived sediments and a thinner
pelagic sequence deposited on oceanic crust McCall (2002). From Late Cretaceous to
Miocene times, Himalayan detritus delivered material to form the wedge (EllouzZimmermann et al., 2007a); since Miocene also older sediments of the MAW are
implemented (Ellouz-Zimmermann et al., 2007a). The offshore MAW started to form in
Early to Middle Miocene and has developed a typical fold and thrust belt (Kopp et al., 2000;
Ellouz-Zimmermann et al., 2007b; Grando and McClay, 2007).
The Makran range is formed by four main units, separated by major thrusts (Burg et al.,
2012) from south to north: North Makran, Inner Makran, Outer Makran and Coastal
Makran (Fig 1.5).

Figure 1.5: General setting of the Makran accretionary wedge from Haghipour et al., 2013. Study area =
rectangle

Little work has been done on the Makran area since the main mapping campaign in the 70s
carried out by the Paragon-Contech and the Geological Survey of Iran. The resulting
1:250’000 scale geological maps and reports are available through the Geological Survey of
Iran. Recent studies on the structural pattern and sedimentary record of the MAW (Dolati,
2010; Burg et al., 2012; Haghipour et al., 2012) concern mostly the Inner, Outer and
8
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Coastal Makran. The North Makran, comprised of a quasi-complete ophiolitic sequence, a
metamorphic complex, marine sediments and lavas, is little known and is the main focus of
this study.
The field area (Fig. 1.6) extends about 250km from west to east between the townships of
Remeshk and Espakeh and 70km in north-south direction between Fannuj and the Jaz
Murian depression. It is part of the 1:250’000 scale Fannuj quadrangle map (EftekharNezhad et al., 1979). The field area is arid to semi-arid with sparsely distributed small
villages along rivers. In the last years, several new roads have been built and previously
remote places have been made accessible. Still, many places and outcrops can only be
reached by several hours of hiking. The field area reaches elevation up to 1800m and is
mountainous, especially in the north.

1.3 MOTIVATION
The motivation for this thesis was based on two fields of interest, one regional, the other
the metamorphic petrology of blueschists. The well preserved ophiolites and associated
blueschists allow investigating interaction of tectonics, magmatism and metamorphism in
an area with excellent outcrop conditions. Preservation of primary contacts in ophiolitic
igneous rocks allows the description of general magmatic processes, such as melt-mantle
interaction in the mantle-crust transition zone and magmatic differentiation processes in a
tholeiitic system. Furthermore, correlating age constraints with tectonic and magmatic
evolution of the area will elucidate the formation of this part of the Alpine-Himalayan
collisional system.
The second part of the thesis concerns blueschists as diagnostic features of subduction
zones. So far, most thermobarometric recalculations consider a purely ferrous system,
despite the fact that natural blueschists contain significant amounts of Fe 3+. In order to
improve the currently used thermodynamic mineral databases, the oxidation state of
minerals need to be better understood. Mineral analyses are scarce and would be an
important asset to the already existing data. The problem of ferric/ferrous iron
incorporation in blueschist metamorphic rocks is of wide interest in the metamorphic
community. The understanding of iron oxidation state of sodic amphiboles and its effect on
pressure and temperature estimations is a step towards the development of a more
accurate solid solution model.
9
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Figure 1.6: Field area mapped in the 70’s field campaign carried out by the Paragon-Contech and the Geological Survey of Iran. Northern half of the Fannuj quadrangle
map (1:250’000) and profile (Eftekhar-Nezhad et al., 1979).
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1.4. GOALS AND METHODS
1.4.1 Part 1
The first part of this thesis is dedicates to the geological, magmatic and tectonic processes that
led to the formation of North Makran. The first approach is to describe the geology and
structural pattern of North Makran and define the different tectonostratigraphic units. A
particular interest is placed in the magmatic processes involved the Makran ophiolites and
their significance on the tectonics of the area. To achieve these goals six month of fieldwork
with main focus on mapping and sample collection were done in January and February of years
2009, 2010, 2011. The field data was complemented with ETM+ satellite images. Petrographic
and geochemical studies of over 500 samples with microscopy, electron microprobe, XRF,
Laser Ablation ICP-MS, and solution ICP-MS were obtained. Zircon U-Pb geochronology on
zircons were performed using SHRIMP and La-ICP-MS methods.
Besides the regional interest case studies on the well-preserved mantle-crust transition zone
gives a unique opportunity to investigate mantle-melt reactions in a shallow MORB-like
environment. Detailed microscopy, mineral and bulk major and trace element analyses were
used to describe the melt percolation and re-fertilization of upper mantle harzburgite. This
study is subject of chapter 3.
The Makran blueschists are unusual because the preserve fresh lawsonite, hydrous silicate,
which usually is overprinted during the retrograde metamorphic path. A thorough
petrographic and thermobarometric investigation, using Perple_X to compute P-T
pseudosections will elucidate the formation and preservation conditions of lawsonite. The
structural position, geochemistry and formation conditions will shed light on the role of the
Makran blueschists within the Tethys framework.

1.4.2 Part 2
The second part investigates the role of ferric/ferrous iron ratios in blueschist bulk and
minerals for thermobarometric calculations.
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A standard database of bulk and mineral iron ratios should be developed. XANES spectra of the
iron K-edge in minerals will be investigated to gain information of oxidations state and
possibly site occupation of iron in amphibole. Towards this goal, the used XANES method has
to be tested, improved and compared to previous studied. The first step was to investigate the
impact of high resolution detectors to improve the analytical specification of the method. Once
the method was proven to work, XANES analyses should be correlated with the prepared
database of relevant reference minerals. Main interest was obtaining in situ analyses on
minerals in thin sections, to be able to identify zoning and study minerals in their equilibrium
parageneses. One aim was to investigate the polarization effect on obtained iron ratios. Ex- and
in situ XANES experiments will contribute to the development of a straight forward method to
determine ferric/ferrous iron in minerals. Ultimate goal of the second part was to create a new,
more accurate solid solution model for sodic amphiboles of blueschist facies rocks.
To achieve this goal we collected reference blueschists form locations in Makran, Syros and
Sifnos, Ile de Groîx, the Alps and other endmember minerals (pure ferric or ferrous iron) from
the collection of the Department of Earth Sciences at ETH to obtain bulk and mineral
geochemistry. Ferric/ferrous iron ratios of reference samples were analyzed with Mössbauer
spectroscopy at the University of Salzburg and wet chemistry analyses at the University of
Bern.
P-T pseudosections of Makran and Siros/Sifnos blueschists were computed with Perple_X
(www.perplex.ethz.ch) using the thermodynamic database of Holland & Powell (1998, revised
2011). Changing Fe3+/Fetot in the bulk composition from measured to purely ferrous values
were used to investigate shifts of univariant reactions and mineral stability fields.
Synchrotron analyses were done at the Swiss Light Source (SLS) using the microXAS beamline
(X05LA) at PSI in Villigen (Switzerland). X-ray Absorption Near Edge Structure (XANES) and
Resonant Inelastic X-ray Scattering (RIXS) were obtained on the iron K pre-edge on powdered
handpicked single grains, thin sections and single crystals. The method and measurement set
up is found in Chapter 9.
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1.5 OUTLINE OF THE THESIS
The thesis is organized in two parts: The first half is composed of 5 chapters that are dedicated
to the results concerning the Makran region. The second part contains two chapters one
addresses the consequences of changing bulk ferric/ferrous iron ratios in blueschist
thermobarometry obtained with Perple_X. The second addresses the oxidation state of iron in
minerals in general with focus on sodic amphiboles in metamorphic blueschist facies.

1.5.1 Part I
Chapter II introduces the general geological and tectonic background of the North Makran and
provides a first classification and interpretation of the lithological record. It identifies four
major tectonostratigraphic units that form the North Makran: a Jurassic extensional
continental margin (Dur Kan Complex), a marginal basin (North Makran ophiolites), the
metamorphic subducted fore-arc lithosphere and Eocene ocean floor. The ophiolite comprises
two magmatic domains, a magma-rich spreading zone in the north and a proximal of-axis
domain to the south.
Chapter III focusses on the chemistry and petrology of the ultramafic sequence of the Makran
ophiolites. Melt-mantle interaction in the mantle-crust transition zone re-fertilized the upper
mantle and produced replacive dunites.
Chapter IV describes the igneous sequence of the North Makran ophiolite, which evolved via
fractional crystallization in a dry and shallow magmatic environment. The ophiolite developed
in an extensional marginal basin with no subduction influence.
Chapter V discusses the chemical variability of the North Makran lavas. This variability is
assigned to different geographical distribution in Early Cretaceous time, where alkaline lavas
covered exhumed granitoids along the continental margin and tholeiitic lavas were emplaced
in an extending marginal basin. Supra-subduction signatures in the Late Cretaceous and
Eocene lavas and a shallowing continentally-derived sedimentary environment mark the
change from an extensional basin to a fore-arc region above the Makran subduction.
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Chapter VI presents chemical and petrological data of a Mesozoic granitoid sequence situated
to the south of the Makran ophiolites. The increasing mantle component in the magma source
with time marks continental extension from Mid to Upper Jurassic.
Chapter VII describes the blueschist occurrence in the metamorphic Deyader Complex. They
represent a piece of oceanic crust of the Eurasian upper plate buried to along the Makran
subduction. A counterclockwise P-T path including nearly isobaric cooling is responsible for
lawsonite preservation.

1.5.2 Part II
Chapter VIII investigates the influence of Fe3+/Fetot changes in bulk and minerals of blueschists.
In situ XANES is easy applicable on thin sections and delivers good resolution and quality of
measurements. The variations in spectra of glaucophanes suggest that polarization is a
problem. Mineral Fe3+/Fetot analyses show that charge balance recalculations are often
deficient. Accurate estimations were obtained only, when all ferric iron was located on the M2
site. Bulk ferric/ferrous iron ratios in blueschists mainly affect temperature calculation and
less significantly pressure. Purely ferrous compositions account errors of up to 50°C in the
Makran blueschists, and up to 80°C in the Syros/Sifnos blueschists.
Chapter IX: This chapter summarizes the development of an in situ method to determine
ferric/ferrous iron ratios in minerals. We show the impact of a new high resolution detector on
XANES spectra and 2D-RIXS mapping of the iron K pre-edge structure. We present data on
several standard and endmember minerals to develop a database, which can be used to
improve amphibole solid solution models. First in situ analyses show, that polarization is one
of the major problems in developing an absolute method to determine Fe3+/Fetot.
Chapter X summarizes the main conclusions of the thesis.

These conclusions are that

southeastern Iran experienced an extensional phase from Mid Jurassic to Early Cretaceous. In
that time the granitoids were emplaced into the continental margin and the Makran ophiolites
formed in an extensional margin basin. A MOR-type system led to the formation of a tholeiitic
crystallization sequence with associated lavas and deep marine cover of at least Barremian age.
Later Cretaceous and Eocene magmatic activity shows IAT and calc-alkaline features due to the
14
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subduction influence. Blueschists formed in the early stages of the Makran subduction and
where exhumed already in the Late Cretaceous. Ferric/ferrous iron ratios in bulk and mineral
chemistry of blueschists remain a challenge for geothermobarometry models and pressuretemperature recalculations. Ferric iron content is often underestimated and changing iron
ratios do have often strong influence on the P-T calculations. Improved XANES analyses on
blueschist minerals show the potential as an in situ high resolution method but also reveal the
still remaining problems of relating Iron K spectra to absolute Fe3+/Fetot ratios.
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New constraints on the Geology of North Makran, SE Iran

Abstract
Mapping and petrographical investigations give evidence that the Iranian North Makran
comprises: (1) the Deyader Complex, a low grade metamorphic mélange with lenses of
glaucophane-bearing rocks, (2) the North Makran Ophiolites, a complete ophiolite
sequence formed in a slow-spreading basin and (3) the Dur Kan Complex of intermediate
to felsic rocks unconformably covered by basalts and deep marine sediments, probably
representing a remnant continental margin. The Deyader Complex is exposed in an
antiformal stack below the ophiolites, which are thrust southward onto the Dur Kan
Complex.
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2.1 INTRODUCTION
The Makran area (Fig. 1.4) is part of the emerging accretionary wedge over the northward
dipping subduction zone of Arabian oceanic lithosphere below the Eurasian continent
since at least Late Cretaceous (e.g. Dejong, 1982; Dercourt et al., 1986). This accretionary
wedge is one of the world’s largest of its kind (Shearman, 1976). The largely exposed
northern part makes the Makran an exceptional case study to investigate the geological
and structural behaviour of subduction systems prior to collision.
The Iranian Makran was divided into four main tectonic units: North Makran, Inner
Makran, Outer Makran and Coastal Makran (Dolati, 2010; Burg et al., 2012). Recent studies
focused on the sediments and structures in the Inner to Coastal Makran (Burg et al., 2012;
Haghipour et al., 2012). The older geological history of North Makran remained less
studied. A largely undisturbed ophiolite sequence was interpreted as a remnant of the
Tethys Ocean that has been consumed along the active Eurasian margin (e.g. Ricou, 1994;
Stampfli and Borel, 2002). The ophiolites are associated with a metamorphic complex,
occurring in tectonic windows along the northern boundary of the Makran accretionary
wedge (McCall, 2002). A mapping project in the 1970s covered most of the Iranian Makran,
resulting in maps at 1:250’000 and 1:100’000 scales with reports published by the
Geological Survey of Iran. North Makran is described in the Fannuj quadrangle map and
report (e.g. Eftekhar-Nezhad et al., 1979; McCall et al., 1985).
New field observations and structural information document the lithological and structural
relationships of the main lithologies in North Makran. These results lead to reassignment
of rock sequences with respect to previously mapped units. The major lithotectonic units
are the North Makran Ophiolites (NMO), the continental Dur Kan Complex (DKC) and the
metamorphic Deyader Complex (DC).

2.2 GEOLOGICAL BACKGROUND
The Makran Range extends ~1000km from the Strait of Hormuz, in the west, to the
Chaman Fault, to the east, with an onshore width of 300-350km from the coast to the Jaz
Murian and Mashkel depressions (Fig. 1.4). The 400-600km between the recent arc traced
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along Bazman, Taftan and Koh-i-Soltan volcanoes (Fig. 1.4) and the offshore trench
suggests a shallow-dipping subduction (e.g. White and Klitgord, 1976; White and Louden,
1982; Bijwaard et al., 1998; Hafkenscheid et al., 2006). The present-day north-northeasttrending convergence rate is 35.5-36.5mm/a in the west and 40-42mm/a in the east,
disclosing an anticlockwise rotation of Arabia with respect to Eurasia (DeMets et al., 2010).

2.2.1 Makran Accretionary wedge
McCall (2002) described the accretionary wedge as an enormous amount of continentallyderived sediments and a thinner pelagic sequence deposited on oceanic crust. The Iranian
part of the Makran area was split in tectonostratigraphic units separated by major thrust
zones (Burg et al., 2012). From south to north, these units are (Fig. 2.1):
1) Coastal Makran mostly comprised of sediments younger than Upper Miocene. It is
weakly deformed by long wavelength open folds. Coastal Makran experiences uplift
and normal faulting since Mid Pleistocene.
2) Outer Makran mostly exposes sediments of Lower-Middle Miocene sands and silt
with calcareous parts. The deformation pattern is dominated by open folds with
weak axial plane cleavage (Burg et al., 2012).
3) Inner Makran is dominated by siliciclastic Eocene to upper Oligocene and Miocene
turbidites which are coarsening and thickening upwards. Folds in the upper
Oligocene units are often associated with a cleavage in shaly layers; they are part of
a thin-skin tectonic style. Folds are open with large wavelengths in the Miocene
units. Growth strata indicate that N-S compression started during Miocene.
4) Northern Makran, the focus of this work, hosts widely exposed ophiolite sequences
with their Cretaceous upper crustal lava and deep sea sediments. A low grade
metamorphic complex with blueschist lenses is exposed below the ophiolites. This
complex is comprised of Cretaceous to Paleogene (?) deep-sea metasediments and
metavolcanics. Ophiolites were obducted in Late Cretaceous to Paleogene times
(Burg et al., 2012).
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Figure 2.1: Simplified geological map of the Iranian Makran (from Haghipour et al., 2012). Black frame = Fig.
2.2.

2.2.2 North Makran
The North Makran Ophiolites were thrust over the metamorphic Deyader Complex with
low grade and blueschist facies rocks. McCall (1985; 1997) assumes that the metamorphic
Deyader Complex is a slice of the so-called Tabas microcontinent that has been subducted
and exhumed along the Makran subduction zone. The southern part of the study area,
south of the Dar Anar Fault (Fig. 2.2), has been interpreted as a microcontinental sliver, the
Dur Kan Complex (McCall et al., 1985). In contrast, we assigned the granitoids to the north
of this fault to the DKC rather than to the ophiolites. The ophiolites are thrust SW-wards on
the DKC and North Makran is thrust along the Bashakerd Fault onto Eocene sediments of
Inner Makran (Fig. 2.2).
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Figure 2.2: Simplified geological map of the field area (location on Fig. 2.1).
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2.3 LITHOLOGIES
The mapped lithologies are assigned to three main lithotectonic units: (1) the North
Makran ophiolites, (2) the Dur Kan Complex and (3) the metamorphic Deyader Complex.

2.3.1 North Makran Ophiolite
The ophiolites were described as ultramafic cumulates intruded by several mafic plutonic
rocks whose pile represents the plutonic, lower and middle crust covered by lava and deep
sea sediments, the upper crust (Eftekhar-Nezhad et al., 1979; McCall and Kidd, 1982;
McCall et al., 1985). These ophiolites have been divided into two complexes, the
Remeshk/Mokhtaramabad to the west and Fannuj/Maskutan to the east (McCall et al.,
1985; Fig. 2.1). These two complexes will be referred to as Remeshk-Mokhtaramabad
Synform (RMS) and Fannuj-Espakeh Complex (FEC) hereafter.
The two ophiolitic complexes differ in many aspects. In the RMS, harzburgitic mantle
constitutes the limbs of a large synformal structure and dunite is rare and restricted to few
meter thick zones between harzburgite and troctolite intrusions. The FEC, on the other
hand, hosts large diapir-like harzburgite and dunite bodies west of Guank and around
Kuchog (Fig. 2.2) with plagioclase-bearing dunite towards the troctolite. Furthermore, only
thin units of lava and sediments cover the core of the RMS, whereas a several hundred
meters thick sequence of lava and sediments crops out between Maskutan and Fannuj (Fig.
2.1). This suggests much higher melt availability in the FEC, like a spreading centre,
whereas magmatic activity in the RMS is limited, indicating an off-axis region.
The boundary between the two ophiolitic complexes corresponds to the major northwestsoutheast oriented Veranj Fault that runs through that area (Fig. 2.2). Troctolites are
thrust along re-activated intrusive contacts on serpentinized harzburgite (Fig. 2.3a). Upsequence further north, tilted SSE-NNW striking red shales and sandstone with chert
layers covering the troctolites and serpentinized harzburgite, are now thrust southward
(Fig. 2.3b). The Veranj Fault separating the RMS and FEC is SE-ward thrusting with a
dextral component (Fig. 2.3c).
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Figure 2.3: Contact between the Fannuj-Espakeh Complex and the Remeshk-Mokhtaramabad Synform. a)
Veranj Fault where troctolite of the Fannuj-Espakeh Complex is thrust onto harzburgite of the RemeshkMokhtaramabad Synform (N026°35’42.3’’/E059°35’41.3’’), b) Tilted shales thrust on troctolite (N026°36’47.2’’/
E059°34’11.0’’), c) lower hemisphere projection with FaultKIN8 of 9 fault planes and slip-direction measured at
location of a), indicating top towards southeast with dominantly dextral strike-slip component.
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2.3.1.1 Remeshk-Mokhtaramabad Synform

Ultramafic rocks constitute the limbs (Fig 2.4a) of a west-east oriented synformal structure
between Remeshk and Mokhtaramabad and delineate a >50km long range traceable down
to Fannuj (Fig 2.2). Ultramafic rocks in the RMS are mainly moderately serpentinized
(~10-15%) harzburgites. Dunite occurs as thin zones along the harzburgite–troctolite
contact and as patches and dykes around Mokhtaramabad. Few meter thick zones of
plagioclase-bearing dunite form the contact to troctolite.
Troctolites represent the least differentiated and most voluminous intrusive rock unit.
They contain W-E trending enclaves of serpentinized harzburgites (Fig. 2.4b). Thin zones
of anorthositic troctolite along the contact to harzburgite are common, representing the
chilled margin into cool mantle rocks. Structurally low level troctolite is commonly layered
(Fig. 2.4c) and olivine-dominated, whereas up-section troctolite becomes isotropic and
richer in plagioclase.
Few olivine gabbro dykes in the northern troctolite limb of the RMS intrude the troctolite
subparallel to the layering. Pegmatitic gabbro dykes also cut troctolite and form smaller
intrusions. The sharp contact between troctolite and pegmatitic gabbro (Fig. 2.4d) suggests
intrusion into a crystallized troctolite. Folds and C-S structures in undeformed dykes
suggest syn-magmatic deformation with top-to-north shear sense (Fig. 2.5a). Contact of
troctolite and isotropic gabbro is often diffuse, suggesting that troctolite was not solidified
when gabbro intruded.
Diabase is the uppermost gabbroic unit and intrudes all other plutonic rock types. In
general, diabase is restricted to small bodies close to Ramesh, to the west of Remeshk and
southwest of Halakabad (Fig. 2.2). It often has diffuse boundaries with tabular gabbro or
contains gabbro pockets (Fig. 2.5b), which suggests that diabase is coeval with tabular
gabbro. Enclaves of coarse gabbro in diabase show that diabase is the youngest mafic
igneous rock.
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Figure 2.4: Field photographs in the Remeshk-Mokhtaramabad Synform. a) south-dipping contact between
harzburgite and troctolite in the northern limb (N026°45’52.2’’/E059°13’38.0’’), b) serpentinized harzburgite
enclaves in troctolite (N026°44’39.5’’/E059°14’29.9’’), c) layered troctolite (N026°49’42.2’’/E059°04’37.2’’), d)
contact between pegmatitic gabbro dyke and troctolite (N026°49’23.8’’/E059°04’50.9’’).

All plutonites are cut by pegmatitic granite dykes with large (<4cm) euhedral plagioclase
and muscovite. Thin sequences of lavas are associated with diabase around Remeshk and
further west. These lavas occur as black to brown doleritic flows, pillows or brecciated
pillows and have basaltic compositions. Pillows are normally oriented and often contain
“cooked” red limestone enclaves that may represent cavity fillings (Fig. 2.5c). Lavas are
interlayered with, and covered by pelagic limestones, silts and chert of Early to Late
Cretaceous age (McCall et al., 1985). Youngest sediments are Eocene turbiditic calcareous
sandstone and silt sequences (Fig. 2.5d).
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Figure 2.5: Field photographs in the Remeshk-Mokhtaramabad Synform. a) Foliated gabbro dyke in
harzburgite (N026°43’18.4’’/E059°14’11.2’’), b) gabbro pockets in diabase (N026°44’46.0’’/E059°13’24.6’’), c)
normally oriented pillow lavas with red limestone (N026°52’54.3’’/E058°43’39.3’’), d) Eocene sandstone and
shale (N026°52’13.7’’/ E058°47’22.6’’).

2.3.1.2 Fannuj-Espakeh Complex

The largest ultramafic outcrops of the NMO occur in the Fannuj-Espakeh Complex, one
around the Kuchog village, the other to the west of Guank (Fig. 2.2). In both occurrences,
harzburgite is the most abundant ultramafic rock type and forms the structurally lower
level of these ophiolites. Harzburgites also occur as the basement of unconformable lavas
and sediments in incised valleys and rivers and as enclaves in gabbroic rocks (Fig. 2.6a).
Ultramafic rocks in the Fannuj-Espakeh Complex are weakly serpentinized (~10%) in the
Kuchog and Kuh-e Niran and strongly serpentinized (<50%) along the base of lava and
sediments. Few olivine-orthopyroxenite dykes cut harzburgites. Harzburgite turn into
dunite with gradually disappearing orthopyroxene. In this harzburgite-dunite transition
zone, dunite also occurs as dykes and channel-like zones with no sharp contacts (Fig 2.6b).
Dunite builds the upper levels (~1000m) of the Kuchog and Guank ultramafic bodies,
forming an intermediate level between harzburgite and mafic plutonic rocks. Up to 50m
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wide zones in dunite contain plagioclase clusters that reach up to 2cm size along the
contacts to troctolites. Zones of aligned elongated plagioclase form dyke or channel-like
features parallel to troctolite dykes (Fig. 2.6c).
Troctolite represents the least differentiated and most voluminous intrusive rock unit in
the Fannuj-Espakeh Complex. It forms the main part of the large pluton east of the Kuchog
massif and most of the intrusions between Kheyrabad and Yagri Jaan (Fig. 2.2). The contact
to dunite is generally intrusive but is locally activated as thrust, as for example along the
southeastern flank of the Kuchog massif (Fig. 2.6d). Lower levels of troctolite often show
magmatic layering (Fig. 2.7a) or appear banded due to weathering-resistant, almost
anorthositic layers (ca 5% olivine content) and more eroded olivine-rich (90%) parts (Fig.
2.7b). Troctolite is coarse and isotropic with tabular plagioclase, which is the dominant
phase in higher levels.

Figure 2.6: Field photographs in the Fannuj-Espakeh Complex. a) serpentinized harzburgite enclave in
troctolite (N026°37’08.4’’/E059°43’00.8’’), b) dunite zone with diffuse contact to harzburgite
(N026°44’39.5’’/E059°14’29.9’’), c) plagioclase-bearing dunite with plagioclase veins interpreted as melt
percolation pathways (N026°52’37.1’’/ E059°35’42.2’’), d) intrusive contact reactivated as thrust bringing
dunite on troctolite on the southeastern flank of Kuchog massif , ellipse = geologist as scale
(N026°45’52.2’’/E059°13’38.0’’).
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Several types of gabbro intrude troctolites: (1) Olivine gabbro occurs as small scale
chimney-like bodies (max. 100m width) within troctolite and more rarely gabbro, but
mostly as decimetre to several meter thick dykes. Contacts to troctolite are sharp. (2)
Isotropic gabbro builds the structurally higher level in mafic intrusions (Fig. 2.7c) and is
less common than troctolite. The contact between troctolite and isotropic gabbro is locally
diffuse but enclaves of troctolite in gabbro demonstrate that gabbro is younger. (3)
Anorthositic dykes (~20- 100cm thick) cut ultramafic rocks and troctolite (Fig. 2.7d). (4)
Fine grained (<1mm) gabbro dykes intrude troctolite and isotropic gabbro. (5) Pegmatitic
gabbro (Fig. 2.8a) with clinopyroxene grains of up to 20cm size intrudes troctolite and
isotropic gabbro. (6) Tabular gabbro forms the uppermost gabbro level and is
systematically associated with diabase southwest of Jamorgh and around Maskutan. The
contact between tabular gabbro and diabase is often diffuse, especially where the lower
level of diabase contains plagioclase phenocrysts (Fig. 2.8b).

Figure 2.7: Field photographs in the Fannuj-Espakeh Complex. a) layered troctolite to the east of Fannuj
(N026°37’08.9’’/E059°42’58.9’’), b) layered troctolite, light-coloured layers are almost anorthositic
(N026°37’10.8’’/ E059°42’41.7’’), c) gabbro intrusion in troctolite (N026°45’38.6’’/E059°35’07.9’’), d)
plagioclase-rich dyke in troctolite (N026°45’41.3’’/E059°35’02.6’’).
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Diabase is the uppermost gabbroic unit and intrudes all other types. Diabase crops out
southwest of Jamorgh (Fig. 2.2), where it forms a sheeted dyke complex (Fig. 2.8c),
whereas around Maskutan it represents subvolcanic intrusions between gabbro and lava.
Doleritic lavas mark the transition from subvolcanic intrusion to the extrusive part of the
ophiolite.
Pillowed and non-pillowed lava flows cover diabase conformably around Jamorgh and
Maskutan. These lavas are interlayered with pelagic marl, limestone and fewer cherts.
Pillow sequences of up to 110m thickness often contain “cooked” carbonate lenses and are
covered by decimetre to meter thick hemi-pelagic marls (Fig. 2.8d) with Nannoconnus
colomi and thus have at least Barremian ages (Dolati, 2010). Such Early Cretaceous pelagic
sediments are mostly associated with basaltic lavas but cover serpentinized harzburgite or
gabbros locally.

Figure 2.8: Field photographs of the Fannuj-Espakeh Complex lithologies and their relationships. a) coarse
gabbro
(N026°49’06.7’’/E059°46’04.5’’),
b)
plagioclase
phenocrysts
in
subvolcanic
diabase
(N026°48’7.0’’/E059°50’5.3’’),
c)
sheeted
dyke
complex
in
diabase,
ellipse
=
hammer
(N026°44’59.1’’/E059°41’22.3’’), d) Barremian hemi-pelagic marl interlayered with basaltic pillow lava
(N026°44’02.8’’/E059°47’26.0’’).
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In some places, pillow lavas flowed on gabbro (Fig. 2.9a). The plagioclase-rich zone in
gabbro towards the contact and the paleotopography and erosion surfaces show that
gabbro was exhumed before pillow deposition. Shallow water Upper Cretaceous
limestones lay unconformably on deep sea Lower Cretaceous marls and lavas (Dolati,
2010, Fig. 2.9b).
Red to violet lava flows and pillows with sandstone enclaves (Fig. 2.9c) crop out along the
border to Jaz Murian close to Maskutan and Espakeh. Some lava contains clinopyroxene,
amphibole and plagioclase crystals, whereas others are fine grained hypocrystalline with
quartz vesicles. These Si-richer lavas are interlayered with Upper Cretaceous red marl and
shallow water limestone (Dolati, 2010). These lavas are locally covered with ocre-grey
turbidites (Fig. 2.9d) which contain sandy layers with quartz, feldspar and benthic
foraminifera that represent a shallow environment reworked in turbiditic deposits. The
shale interlayers in the turbidite with Upper Cretaceous radiolarian relicts suggest deep
sea deposition (Dolati, 2010).

Figure 2.9: Field photographs of the Fannuj-Espakeh Complex lithologies and their relationships. a) normally
oriented pillow lavas covering eroded gabbro, circled: hammer (N026°40’41.6’’/E059°47’27.9’’), b) shallow
water Upper Cretaceous limestone unconformable on Lower Cretaceous deep marine deposits and lava
(N026°43’45.1’’/ E059°50’19.4’’), c) andesitic pillow lava with pyroxene phenocrysts and sandstone enclaves
(N026°53’20.5’’/ E059°56’19.3’’), d) andesite covered by interlayered sandy limestone and shales
(N026°51’47.3’’/ E059°56’06.3’’).
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Abundant violet-brown turbidites between Maskutan and Bonrud have a volcanoclastic
origin and are locally interlayered with Upper Cretaceous limestones (Dolati, 2010). Ocregrey turbiditic sandy limestone with marly interlayers to the north of Fannuj and Espakeh
covers gabbros and lavas with deep sea sedimentary interlayers unconformably. Overall,
the Lower Cretaceous deep sea units are unconformably covered by Upper Cretaceous
sediments deposited in a shallower continentally-influenced environment.
The Fannuj-Espakeh Complex is cut by several types of intrusions. Hornblende gabbro
bodies east and south of Guank (Fig. 2.2) show no intrusive relationship to the above
described gabbro sequence. Many contact surfaces are tectonized but hornblendite dykes
intruding dunite in the Kuh-e Niran suggest that hornblende gabbro is younger than
dunite. Hornblende gabbro and white marble are locally thrust on top of serpentinite (Fig
2.10a). Trondhjemite exposes as a dome-like body below ultramafic rocks (Fig. 2.10b) and
intruded hornblende gabbro. Layered hornblende gabbro and trondhjemite both show
signs of hydrothermal alteration, such as saussurite plagioclase (Fig. 2.10c). Hornblende
gabbro intruded a banded red-brown marble of unknown age (Fig. 2.10d). In some places,
harzburgite, hornblende gabbro and trondhjemite are covered with normally oriented
pillow lavas and Late Cretaceous radiolarite and red limestones (McCall et al., 1985).
Diorites are volumetrically smaller intrusions around Jamorgh, and Kheyrabad (Fig. 2.2).
This rock type also occurs as veins or dykes within diabase. Pegmatitic granite dykes cut
ultramafic rocks of the Kuchog and Kuh-e Niran massif. They contain large white mica and
euhedral plagioclase crystals (<4cm). A small granitic intrusion also occurs in gabbro to
the southeast of Yagri Jaan (around sample site N26°43’46.0’’/E59°32’28.5’’).

2.3.2 Dur Kan Complex
The Dur Kan Complex comprises a northern part of dominantly granitoid rocks and a
southern part with thick sedimentary and volcanic units. We focused on the northern part
between the Dar Anar and Abnama Fault (Fig. 2.2), to investigate whether the previous
interpretation that these granitoids represent most differentiated melts of the NMO
(Eftekhar-Nezhad et al., 1979) is correct. We now attribute these rocks to the Dur Kan
Complex because there is no intrusive relationship between the RMS ophiolite and these
granitoids and the contact between harzburgite and granitoids is faulted.
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Figure 2.10: Late intrusions into the Fannuj-Espakeh Complex. a) Hornblende gabbro thrust on serpentinite
along a northeast dipping fault plane (N026°46’32.3’’/E059°19’48.5’’), b) plagiogranite “dome” in serpentinite
close to hornblende gabbro (N026°46’30.3’’/E059°19’47.3’’), c) Layered hornblende gabbro with green
(saussuritized) plagioclase (N026°46’49.1’’/E059°20’24.4’’), d) Brown-red marble probably banked shallow
water carbonate intruded and metamorphosed by hornblende gabbro, (N026°46’45.5’’/E059°20’43.2’’).

The studied part of the Dur Kan Complex extends about 200km in east-west direction and
is <20km wide. Most of it is located in the western part of the field area, between Remeshk
and Fannuj (Fig. 2.2). To the west, the DKC continues into the Bajgan Complex, which
exposes Paleozoic granitoids at the southern margin of the Sanandaj/Sirjan Zone (SSZ). To
the east it thins out to the south of Espakeh.
2.3.2.1 Northern Dur Kan Complex
Granite bodies are variously sized (<200m long) and found only along the boundary of the
northern Dur Kan Complex between Remeshk and Mokhtaramabad. North of the Dar Anar
Fault, granites are overlain by shallow water limestones and lavas (Fig. 2.11a).
Recrystallized, strongly altered limestones (Fig. 2.11b) along the contact of the granite,
which has a fine grained chilled margin, suggest intrusion into these carbonates. Granites
are locally intruded by trondhjemite and diabase. Trondhjemite and diorite form the westeast trending 30km long and ~5km wide granitoid outcrops between Remeshk and
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Mokhtaramabad (Fig. 2.2). Diorite is intruded by younger trondhjemite veins (Fig. 2.11c)
and sills. Plagiogranite cuts diorite and trondhjemite and forms upper levels in
trondhjemite intrusions.
East-west striking dyke swarms of a large diabase intrusion cut granitoids (Fig. 2.11d)
about 15km west of Kotij (Fig. 2.2), which suggests N-S extension. Diabase is covered by
doleritic and basalt flows, which cover all granitoids unconformably. Trondhjemite
enclaves of up to several meter size were found in diabase and lava (Fig. 2.12a) along
strike to Fannuj. Diabase is covered by a turbiditic, hemipelagic limestone of Lower to
Upper Cretaceous age (Eftekhar-Nezhad et al., 1979). This sedimentary cover is intruded
by mafic dykes (Fig. 2.12b); blurred contacts suggest that the limestones were not fully
lithified at the time of intrusion. Ocre Eocene turbiditic sandy limestone and marl cover all
units unconformably (Eftekhar-Nezhad et al., 1979). These sediments contain benthic
foraminifera debris in the decimetre thick sandy layers and calcified radiolarians in
thinner (<5cm) marl layers indicating a pelagic deposition.

Figure 2.11: Field photographs of the Dur Kan Complex lithologies and their relationships. a) Shallow water
limestone on granite, covered by lava to the north of the Dar Anar Thrust (N026°43’29.5’’/ E058°51’12.6’’) b)
porphyric granites intrusive into shallow water limestone (N026°43’52.7’’/E058°51’25.0’’), c) diorite intruded
by trondhjemite dykes
(N026°46’43.5’’/E058°49’49.3’’), d) trondhjemite intruded by diabase dykes
(N026°43’52.5’’/ E058°56’02.1’’).
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East of Fannuj lavas, pelagic sediment and brown volcanoclastic sandstone are the most
common rocks of the Dur Kan Complex. Trondhjemites occur as several hundred meters
sized outcrops, unconformably covered and as enclaves in lava flows (Fig. 2.12c). Local
volcanic centres with preserved feeder zones mark places of magmatic activity (Fig.
2.12d). Late Cretaceous turbidite and fewer pelagic limestones of Early Cretaceous age
cover the diabase and lavas with trondhjemite enclaves (Eftekhar-Nezhad et al., 1979;
Dolati, 2010).

Figure 2.12: Field photographs of the Dur Kan Complex lithologies and their relationships. a) trondhjemite
enclave in diabase, which is unconformably covered by Late (?) Cretaceous pelagic limestone
(N026°43’16.5’’/E058°58’10.8’’), b) mafic dyke cutting hemi-pelagic Valanginian limestone (N026°43’28.8’’/
E058°58’12.5’’), c) trondhjemite unconformably covered by basaltic lava (N026°37’34.6’’/E059°52’57.3’’), d)
small volcanic centre with pillars and pillows (N026°35’47.6’’/E059°45’27.9’’).

2.3.2.1 Southern Dur Kan Complex
Due to remoteness, the area to the south of the Dar Anar fault was not mapped but rocks
are reported to be shallow water sediments and neritic deposits with lava (EftekharNezhad et al., 1979). Several fossil assemblages date Permian and Jurassic shelf sediments
(McCall et al., 1985). Younger sediments are Early Cretaceous shallow water and neritic
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limestones deposited in a continental shelf or slope environment (McCall et al., 1985). In
the western part, Late Cretaceous (Santonian-Maastrichtian) pelagic limestones locally
cover older lavas and sediments.
Along the Bashakerd Fault (Fig. 2.2) the Dur Kan Complex is thrust to the south over a
Coloured Mélange (Gansser, 1974). Few tectonic slices of the Coloured Mélange are
imbricated within the southern Dur Kan Complex (Eftekhar-Nezhad et al., 1979). This
mélange has no real matrix but is a sequence of relatively undeformed tectonic slices with
strongly sheared margins. The Coloured Mélange consists of Upper Cretaceous (TuronianMaastrichtian) to Lower Paleocene (Danian) pelagic limestones and chert, distal turbiditic
sandstones, pillow lavas and exotic blocks of serpentinite, ultramafic rocks and shallow
water limestones (McCall et al., 1985). Lower Eocene turbidites unconformably cover the
southern Dur Kan Complex (Eftekhar-Nezhad et al., 1979).

2.3.3 Deyader Complex
The metamorphic Deyader Complex is exposed below the RMS and FEC ophiolites (Fig.
2.2). It extends about 55km in east-west direction and up to 20km from north to south; to
the west it thins out along the Jaz Murian border. The Deyader Complex has faulted
contacts with the adjacent formations. It consists of low grade to very low grade
metamorphic basalt flows and pillows, feldspatic arenite, siltstone, mudstone and pelagic
limestone (McCall et al., 1985; Fig. 2.13a). The anchimetamorph matrix is thinly layered
green volcanoclastic sediment. It is in several places strongly folded (Fig. 2.13b). The
Deyader Complex contains blocks of various sizes; meter (Fig. 2.13a) to kilometres long
imbricates of ophiolitic rocks, blueschists, lavas, marble and deep sea red and green shales
and limestones. Serpentinite and ophiolite occur along the northern contact with Jaz
Murian and adjacent ophiolites. Blocks show a variety of metamorphic grades from
prehnite-pumpellyite over greenschist to blueschist facies. Blueschist facies rocks are best
exposed in the north near Zeyarat, where they form a body of ~20km2 and other several
km-sized imbricates. A well-preserved, normally oriented pillow sequence (Fig. 2.13c) in
the north, suggests that blueschists represent fossil oceanic crust. Other blueschists occur
to the south of Esfand and southwest of Kuh-e Niran, where they are mostly several meters
long imbricates within a green silty matrix (Fig. 2.13d).
Lower grade metamorphic rocks are mostly pelagic metasediments, often green or red
shales and silts (Fig. 2.14a), with Late Cretaceous fossils (Eftekhar-Nezhad et al., 1979;
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Dolati, 2010). White marble is abundant throughout the Deyader Complex, often as
continuous layers (Fig. 2.14b) and large blocks. They are comparable to the sequences in
the Bajgan Complex to the northwest. It was therefore suggested that a main part of the
Deyader Complex has continental (Lut Block) origin (McCall et al., 1985).

Figure 2.13: Field photographs of the Deyader Complex lithologies and their relationships. a) metamorphic
Deyader Complex to the west of Kuh-e Niran (N026°46’08.1’’/E059°15’42.8’’), b) strongly folded matrix with
green volcanoclastic silt and white quartz/feldspar-rich layers (N026°46’07.2’’/E059°15’41.9’’), c) blueschist
meta-pillow basalts east of Zeyarat (N026°54’58.6’’/E059°29’27.8’’), d) blueschist block in the prehnitepumpellyite/greenschist facies matrix (N026°53’27.8’’/E059°29’47.1’’).

A tectonic window in the DC, between Esfand and Deyader exposes non-metamorphic
lavas and deep-sea sediments (Fig. 2.14c). Radiolarite, red and green marls, shales and
limestones crop out in association with red and green lavas (Fig. 2.14d). Locally,
manganese nodules occur in limestones. The thinly bedded pelagic limestone and
radiolarite represent a deep sea (>200m) deposits with well-preserved species of
radiolarians Podocyrtis acalles (Sanfilippo and Riedel, 1992), Theocotylissa ficus
(Ehrenberg, 1873) with Lychnocanium carinatum (Ehrenberg, 1873) define an Early
Eocene age (sample Mak-09-128). A large part of these pelagic sediments and lava,
however, shows a Late Cretaceous age (McCall et al., 1985).
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Figure 2.14: : Field photographs of the Deyader Complex lithologies and their relationships. a) very low grade
metasediments, radiolarite, shale and mudstone (N026°54’07.6’’/E059°29’09.6’’), b) marble layers in the low
grade matrix (N026°45’11.4’’/E059°16’20.8’’), c) non-metamorphic lava and deep sea sediment in a tectonic
window to the southwest of Deyader (N026°49’21.5’’/E059°12’01.0’’), d) radiolarite and pelagic limestone with
manganese nodules (inset) on lavas (N026°49’44.3’’/E059°11’18.8’’).

2.4 STRUCTURAL ANALYSIS
North Makran was structurally constructed during N-S convergence. The dominant
structures are thrusts and folds. Contacts between the lithotectonic units are mostly SSWward thrusts. The resulting imbricate zone brought northern older units of North Makran
on southern younger Inner Makran.

2.4.1 Mantle and magmatic fabrics
Magmatic foliations, defined by the alignment and layering of primary undeformed
minerals pertain to the initial geometry of ophiolites. Mantle foliation is observed in
harzburgite, defined by the shape orientation of orthopyroxene and olivine crystals. Within
the Remeshk-Mokhtaramabad Synform and its continuation to Fannuj, foliation is mainly
subhorizontal W-E striking and subparallel to the intrusive contact with troctolite in the
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mantle-crust boundary. Elongated plagioclase clusters have orientation consistent with the
harzburgite foliation. In the Kuchog and Kuh-e Niran massifs harzburgite foliation is weak,
often steep >40°and tends to follow the lithological boundaries. Rare spinel alignment in
dunite suggests a weak orientation following the marked mantle foliation. Towards the
contact to troctolite elongated plagioclase in plagioclase-bearing dunites have the same
orientation as layered troctolite.

2.4.2 Dyke orientation
Several generations of dykes occur within the North Makran Ophiolites. In the RemeshkMokhtaramabad Synform, mafic dykes strike WNW-ESE to E-W and are dominantly nearly
vertical (Fig. 2.15a). Late granitic dykes, cutting all ophiolitic units and magmatic textures,
strike equally SSW-NNE and NNW-SSE. They are interpreted to be conjugates. In the
Fannuj-Espakeh Complex, mafic dykes mainly strike ENE-WSW and WNW-ESE (Fig. 2.15b)
and are subvertical. Diabase strike mostly WNW-ESE. Plagiogranite dykes trending NNWSSE and NNE-SSW in the eastern part of the field area are presumed to be conjugate. The
dominant E-W orientation of the gabbroic dykes is attributed to N-S extension, whereas
the N-S oriented granitic dykes suggest E-W extension.

Figure 2.15: Dyke orientation, equal area and lower hemisphere projection, compiled with Stereonet 8. a) 21
dyke orientations measured in the Remeshk-Mokhtaramabad Synform, b) 20 dyke orientations measured in the
Fannuj-Espakeh Complex, green shaded area represent gabbroic dykes; other black great circles are granitic.
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2.4.3 Contacts between the North Makran Ophiolites and the Dur Kan
Complex
The contact between the ophiolites and the Dur Kan Complex is best observed to the south
of the Remeshk-Mokhtaramabad Synform. Harzburgite is thrust on granitoids (Fig. 2.16a
and b) and on lavas that enclave granitoids. The thrust contact shows a general SSW
displacement of the hanging wall (Fig. 2.16c). This movement direction is also recognized
in ramp-flat systems in turbidites that cover the Dur Kan Complex (Fig. 2.16d).

Figure 2.16: Contact of the North Makran Ophiolites and the Dur Kan Complex. a) harzburgite thrust on diorite
(N026°44’23.8’’/E059°01’12.5’’), b) harzburgite thrust on trondhjemite (N026°38’19.7’’/E059°27’56.4’’), c) S-C
structures (dashed lines) defining top to south shear sense in harzburgite (N026°38’16.0’’/E059°27’42.7’’), d)
ramp-flat fault (dotted line) in sediments showing top to the south movement (N026°36’37.6’’/E059°29’36.8’’).

2.4.4 Contact of Deyader Complex to the other units
The metamorphic Deyader Complex occurs in the northernmost part of the field area (Fig.
2.2). To the north, around Zeyarat, it is bounded by a thin strip of mostly ultramafic rocks.
This suggests that the ophiolites may continue further north below the quaternary cover of
Jaz Murian. The contact between the Deyader Complex and Jaz Murian is a steep northdipping normal fault system that can be traced to Deyader and beyond Tighab (Fig. 2.18).
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East of Deyader normal faults have a sinistral, around Zeyarat a dextral strike-slip
component (Fig. 2.18).
In the east, harzburgites are thrust northwestward on top of blueschists and low grade
metamorphic rocks. The superposition of ophiolites on the Deyader Complex was
observed all along the contact between Yagri Jaan and Guank. To the west and southwest
of Guank, ultramafic rocks are thrust onto mostly silt metasediments of pumpellyite facies
(Fig. 2.17a). Slickenlines in magnesite and serpentinite along fault planes show top
towards WNW movement (Fig. 2.17b). Along the northern limb, the Remeshk
Mokhtaramabad Synform lies structurally above the Deyader Complex and is down thrown
along the large normal Veranj Fault towards SSW. The relationship to all adjacent units
(Fig. 2.18) shows that the Deyader Complex is exposed in an antiformal stack below the
Makran ophiolites.

Figure 2.17: Contact zone of the Deyader Complex with the North Makran Ophiolites to the west of Guank. a)
Harzburgite thrust on low grade silty metasediments. Thrust zone is strongly serpentinized (N026°50’06.9’’/
E059°17’00.4’’). b) Slickenlines in magnesite in the east-dipping contact zone (N026°49’06.9’’/E059°17’49.8’’)
with black arrow marking movement top to the west of the hanging wall.

2.4.5 Folds
Folds in North Makran are mainly open with several hundred meters to kilometres
wavelength and relatively low amplitudes. One of these large scale folds is the RemeshkMokhtaramabad synform, another one the antiformal stack revealing the Deyader complex
(Fig. 2.18). Folding is mainly recognized in sediments, where small scale (cm) to large scale
(km) wavelength is recognized in changing bedding attitudes. In plutonic and volcanic
rocks, km-scale folding is also recognized by changing foliation attitudes, whereas
mesoscopic folds occur only in magmatic mylonitic zones (Fig. 2.19a).
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Figure 2.18: Satellite image (Google Earth) of the Deyader Complex and adjacent units. Contacts to all other units are tectonic. Fault properties in different locations
presented in equal area projections in the lower hemisphere with arrows indicating movement direction in the hanging wall. Compiled with Stereonet 8 and FaultKin 5
(Marrett and Allmendinger, 1990; Allmendinger et al., 2012).
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Meso-scale folds in turbidites are open (Fig. 2.19b). Volcanoclastic turbidites (Fig. 2.19c)
and Eocene turbidites (Fig. 2.19d) in the Fannuj-Espakeh Complex are more tightly folded
than those in the Remeshk-Mokhtaramabad Synform. Mesoscopic folds are tight (Fig. 2.19e
and f) and, close to major contact zones, are drag folds consistent with the local transport
direction.

Figure 2.19: Mesoscopic folds in North Makran. a) tight folds in mylonitic gabbro
(N026°50’15.9’’/E059°49’27.1’’), b) open folds in volcanoclastic turbidite (N026°44’12.9’’/E060°06’59.4’’), c)
folded
volcanoclastic
turbidite
(N026°44’11.6’’/E060°06’50.1’’),
d)
folded
Eocene
turbidite
(N026°53’27.3’’/E059°38’13.2’’), e) folded limestone and shales close to the contact to blueschists
(N026°51’15.6’’/E059°30’41.1’’), f) folded limestones in the Deyader Complex (N026°50’26.1’’/E059°23’54.1’’).
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In the western part of the field area, between Fannuj and Remeshk, fold axes are mainly
WNW-ESE (Fig. 2.20a), whereas in the east, between Fannuj and Maskutan, folds trend EW (Fig. 2.20b). Fold axes plunge gently in both directions. The lack of axial plane foliation
reflects the weak strain in this area. Strongly folded and tilted turbidites represent slumps,
whose orientation is unrelated to the regional trend.

Figure 2.20: Fold axes in the a) western part of the field area RMS and DKC and b) the eastern part of the area
DKC and FEC. Fold axes are plotted in equal area projection in the lower hemisphere. Plots compiled with
Stereonet 8.

2.4.6 Bedding and foliation
Measurements of bedding and foliation are consistent with open folds with limbs dipping
southwest and northeast in the western area. In the Remeshk-Mokhtaramabad Synform
and the northern Dur Kan Complex, magmatic foliation and sedimentary bedding are
mostly SW and NE dipping (Fig. 2.21a). Bedding and foliation dominantly dip northeast,
which is also consistent with the regional vergence. Within the Deyader Complex, bedding
and foliation are primarily controlled by the shape of the antiformal stack (Fig. 2.21b). East
of Fannuj, the main orientations dip south or north (Fig. 2.21c).
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Figure 2.21: Stereographic projection of poles to tectonic foliation (black) and bedding (blue) planes (Equal
area, lower hemisphere). a) Remeshk-Mokhtaramabad Synform and northern Dur Kan Complex, b) in and
around the Deyader Complex c) in the Fannuj-Espakeh Complex and eastern Dur Kan Complex. Areas where
foliation measurements were taken correspond to Fig. 2.17a (dashed lines).

2.4.7 Faults
Thrusts, e.g. Abnama, Dar Anar and the Bashakerd Thrust separate major lithotectonic
units (Fig. 2.22a).

2.4.7.1 Thrusts
West of Fannuj thrusts strike WNW-ESE and dip mostly east-northeast (Fig. 2.22b). Thrust
planes are more variable in the area between Zeyarat and Guank (Fig. 2.22c). Many of
these reverse faults have a low angle (~15-20°). Shear sense criteria in ductile and brittle
zones indicate a dominant top to S/SW reverse movement. Lithological boundaries are
often reactivated as fault planes but imbrication also occurs within units. East of Fannuj
thrusts are mainly east-west striking and dip 40-60°north (Fig. 2.22d).

2.4.7.2 Normal Faults
Major normal faults occur mostly at the E-W trending boundary of the Makran ophiolites
with Jaz Murian depression (Fig. 2.22c). Between Maskutan and Espakeh, where the
contact strikes NE-SW, a sinistral strike-slip component was identified (see also Dolati,
2010). Between Maskutan and Deyader, slickensides show an almost purely normal
component. West of Remeshk, towards Jaz Murian, a dextral strike slip component is
pervasive. A major NW-SE normal fault from Esfand to Fannuj has a minor dextral
movement. Normal faults along the Jaz Murian border are cutting quaternary fan deposits
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(Fig. 2.23a and b) and travertine terraces are formed by a sulphur-bearing well along a
normal fault plane east of Zeyarat (Fig. 2.23c and d). These normal faults are therefore
recent or possibly still active.

Figure 2.22: a) Sketch map illustrating fault distribution in Northern Makran. Blue dashed lines = area in which
large to meso-scale fault measurements were obtained for b-d. b-d are stereographic projections of fault planes
and movement directions (equal area projection, lower hemisphere). Arrows indicate movement direction of the
hanging wall. Compiled with FaultKin 5 (Marrett and Allmendinger, 1990; Allmendinger et al., 2012). Color
shades indicate dominant fault orientation and movement direction. b) Fault projections in the RemeshkMokhtaramabad Synform and northern Dur Kan Complex, red = NE dipping faulplanes, dominantly reverse
movement, c) Fault projections in and around the Deyader Complex, violet = normal faults, blue and orange =
thrusts, d) Fault projections in the Fannuj-Espakeh Complex and eastern Dur Kan Complex, violet = trusts, green
and blue = strike-slip.

2.4.7.3 Strike-slip faults
Strike-slip faults are particularly present between Kheyrabad and Espakeh (Fig. 2.22d).
They are sub-vertical (75-90°) conjugates striking NW-SE and NE-SW. NW-SE oriented
strike-slip faults are dominantly dextral, whereas the NE-SW ones are sinistral. Mapping
and satellite image analyses suggest that the strike-slip faults locally show km-long
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horizontal displacement. Cross-cutting relationships demonstrate that they are generally
younger than thrusts and folds. Strike-slip faults are also observed along the boundary of
North Makran with Jaz Murian.

Figure 2.23: Recently active or still active normal faults at the border to Jaz Murian. a) normal fault cutting
quaternary fluvial terraces (N026°54’36.5’’/E059°29’09.1’’), b) normal fault moving quaternary towards north
on serpentinized harzburgite (N026°54’17.7’’/E059°29’09.1’’), c) location of the sulphur well (star) and
travertine terraces (hexagon) taken from Google Earth, d) travertine terrace (N026°53’31.4’’/E059°35’37.3’’).

2.5 DISCUSSION
Mapping and structural analysis of North Makran shows three different tectonomagmatic
units. At variance with the report of the Geological Survey of Iran (McCall et al., 1985), we
assign granitoids to the Dur Kan Complex and no the North Makran Ophiolites.
Stratigraphic records and field relations constrain parts of the geodynamic evolution of the
area and are discussed below.
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2.5.1 Dur Kan Complex
What we define as the Northern Dur Kan Complex was earlier interpreted as part of the
ophiolites, including the most evolved melts represented by the granitoids (EftekharNezhad et al., 1979; McCall et al., 1985). The granitoids, which show no intrusive
relationship with the ophiolites and contain a fair amount of quartz and potassic feldspar,
have intruded shallow water shelf deposits of reported Permian to Jurassic age (ArshadiKhamseh, 1982; Dolati, 2010). These observations are in agreement with the continental
margin origin suggested after discovering metamorphic basement, granitic rocks and
continental sedimentary sequences throughout the Bajgan-Dur Kan Complex (McCall,
1985).
Diabase and lava cover the granitoids unconformably and in turn are overlain by turbiditic,
hemipelagic limestone of Early to Late Cretaceous age (Eftekhar-Nezhad et al., 1979). We
conclude that the N-S extension inferred from the W-E striking mafic dykes occurred
before Late Cretaceous. The DKC thins out in map view towards the east. It represents a
thinned (<5km thickness) continental margin, where extension lead to basin formation
and mantle up-welling formed the ophiolites.

2.5.2 North Makran Ophiolites
The North Makran ophiolites are essentially complete. Two magmatic domains were
identified: (1) the proximal Remeshk-Mokhtaramabad Synform and (2) the more distal
Fannuj-Espakeh Complex.

2.5.2.1 Remeshk-Mokhtaramabad Synform
The RMS is cored by a large gabbroic intrusion into harzburgite. A relatively sharp contact
between harzburgite and troctolite, marked by a chilled margin anorthosite zone, suggests
intrusion at shallow, rather cold environment. The succession of troctolite, olivine gabbro
to gabbro and diabase is typical for a low pressure fractional crystallization sequence. The
diabase and lava are thin sporadic units and pillow lavas unconformably cover the gabbro.
This suggests that this intrusion was exhumed during an extension phase with active
magmatism. Sediments intercalated with the lava or covering it are mostly Early to Late
Cretaceous hemipelagic sediments and turbidites. Combining all observations, we propose
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an off-axis position with limited magma supply. This could be related to a proximal
position towards the Dur Kan Complex.

2.5.2.2 Fannuj-Espakeh Complex
The FEC represents a ‘complete’ ophiolitic sequence. Large ultramafic bodies around
Kuchog and Kuh-e Niran and steep mantle foliations in harzburgites suggest diapir-like
structure. Dunite occurrence and plagioclase bearing dunite mark the mantle-crust
transition zone. Extensive troctolite and gabbro bodies underlie a sheeted dyke complex
and thick lava sequences, which indicates high magmatic activity typically found in the on
axis area of a spreading centre. The lavas are covered and intercalated with pelagic
Barremian or older sediments (Dolati, 2010) suggesting that the ophiolites formed before
then.

2.5.1.2 Geotectonic Evolution
North Makran contains the so far oldest rocks reported recorded in the Makran
Accretionary Wedge. Figure 2.24 shows the distribution of sedimentary ages in the North
Makran Ophiolites, Deyader Complex, Dur Kan Complex and Inner Makran. The extensive
ophiolitic sequence indicates that oceanic lithosphere formed. However, the exhumed
mantle and distribution of magma bodies in the NMO correspond to a slow-spreading
system with low magma supply especially in the southern RMS whereas the thick volcanic
sequences in the FEC suggest a well-developed spreading system. We suggest that the
extensional basin developed in the Iranian/Eurasian continental margin with the Dur Kan
Complex representing the southern margin of the opening ocean. The pillow lavas and
pelagic to hemi-pelagic Early Cretaceous (Fig. 2.24) marine sediments indicate magmatic
activity in a deep sea environment, thus a deepening spreading basin before and during
Early Cretaceous. Rock distribution, magmatic structures and the E-W striking dykes
suggest N-S extension during the evolution of the ophiolitic complex until Early
Cretaceous. The unconformable Upper Cretaceous sediments represent a neritic to shallow
water environment that has been dominated by the erosion of igneous material along a
slope. The erosion of ophiolitic material in the Late Cretaceous suggests that deposits of
this age postdate obduction (Dolati, 2010).
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2.5.3 Deyader Complex
Metapillows and low grade metamorphic deep sea sediments represent ocean floor similar
to the eastern Northern Makran. The position of the high pressure rocks away from the
present-day trench raises the question of their origin. Two scenarios were proposed: (1)
the blueschists were exposed in an antiformal stack or (2) represent a southward thrust
sheet mostly hidden below Quaternary sediments of the Jaz Murian (Burg et al., 2012). Our
structural data confirms the first scenario. Sediments within the Deyader Complex have
Late Cretaceous to Eocene ages (Fig. 2.24) and sodic amphiboles were reworked in Late
Cretaceous sandstones and Eocene turbidites of Inner Makran (Dolati, 2010). The
blueschists probably formed around or before Late Cretaceous and were exhumed and
obducted together with the ophiolites during uppermost Cretaceous.

Figure 2.24: Stratigraphic information from micro-and macrofossil data. Colours mark correlation of the
different tectonostratigraphic units of North Makran.
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2.5.4 Structural evolution of North Makran
North Makran is structurally dominated by the N-S convergence of Arabia and Eurasia. The
main structures are thus thrusts resulting in a SSW-ward imbrication and large open folds
with WNW-ESE orientation in the west and nearly E-W strike in the east. Unconformable
deposition of Early Eocene turbidite on weakly folded gabbro suggests that some folding
started before Eocene. The orientation of the fault planes and fold axes could account for
N-S shortening related to the Makran subduction. Crosscutting relationships, especially in
the Fannuj-Espakeh Complex, suggest that folding and thrusting preceded strike-slip
faults, which cut all lithologies and are thus active after Early Eocene. The orientation of
the strike-slip faults is also consistent with N-S convergence. Their higher abundance in
the east, compared to the west, could be related to a higher amount of shortening in the
east.
Latest features are northward-dipping normal faults along the Jaz Murian border which
account for N-S extension, likely related to the subsidence of the Jaz Murian basin. They cut
all ophiolitic units including Eocene sediments. Quaternary normal faults and the activity
of sulphur wells to the north of ophiolites suggest that these faults are recent and perhaps
active. This is supported by the continuous formation of travertine terraces along the
north-dipping normal fault planes east of Zeyarat.

2.6 CONCLUSIONS
The Dur Kan Complex represents a thinned continental margin. The northern part exposes
granitoids that were exhumed and covered by lava before Late Cretaceous.
The North Makran ophiolites represent two domains:
(i)

the proximal magma-poor Remeshk-Mokhtaramabad Synform and

(ii)

the more distal on-axis Fannuj-Espakeh Complex with higher magma
production.

They formed in a marginal basin before or during Early Cretaceous extension. During Late
Cretaceous/Early Eocene the basin became shallower, probably caused by the initiation of
the Makran subduction. Uplift and thus erosion was enhanced in the western North
Makran.
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The Deyader Complex is exhumed as an antiformal stack from below the North Makran
ophiolites. It represents mélange of blocks of low grade metamorphic lavas, deep marine
sediments, continentally derived marbles and slope deposits as well as fewer enclaves of
blueschists. It formed in marginal trench. The Deyader Complex formed during or after
Late Cretaceous and is exhumed since at least Early Eocene.
North Makran is generally weakly deformed, which is expressed by gentle open folds with
NW-SE to WNW-ESE orientation with mostly absent axial plane foliation. Thrust sheets of
various thicknesses are part of an extensive imbricate zone moving Northern Makran
along the Bashakerd fault over the Inner Makran. The shortening direction corresponds to
the convergence direction of the current subduction. Fault distribution shows dominant
strike-slip component in the east. Crosscutting relationships of structures indicate that
strike-slip faults are younger than folding and thrusting which was initiated, at least to
some extent, before Early Eocene. Jaz Murian is subsiding and separated from the
ophiolites by north-dipping, recent or still active, normal faults.
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CHAPTER 3 MANTLE MELT INTERACTION

Mantle-melt interaction in the Makran Ophiolites (SE-Iran);
Petrography and geochemistry of ultramafic rocks

Abstract
Combined field mapping, petrology and geochemistry on the Northern Makran ultramafic
rocks identified harzburgite as the structurally lowest lithology. In two large ultramafic
bodies several hundred meter thick zones of dunite and plagioclase-bearing dunite are
exposed along the contact with troctolite intrusions. Harzburgite with orthopyroxene and
clinopyroxene in equilibrium and depleted compositions represents the mantle of the
North Makran Ophiolites. The porphyroclastic texture indicates subsolidus deformation.
Pillow lavas and unaltered pelagic (>200m) sediments covering harzburgites indicate that
the ophiolitic mantle was exposed on the ocean floor. Olivine chemistry has typical values
for depleted oceanic upper mantle (XMg ~ 0.91, NiO ~ 0.4wt%). Enriched LREE
compositions and secondary clinopyroxene with elevated incompatible element
compositions indicate re-fertilization. The mantle-crust transition zones from dunite,
plagioclase-bearing dunite to troctolite are several hundred meters thick in the two main
bodies whereas this zone is only few meters thick in the limbs of a large synform. Dunites
have a V-shape bulk rare earth element pattern and positive Ti anomalies, both indicating
melt contribution. Mineral chemistry indicates that olivine in dunites (XMg ~ 0.89, NiO ~
0.3wt%) is less depleted than olivine in harzburgite. Clinopyroxene in dunites have
enriched compositions similar to that of the secondary clinopyroxene in harzburgite.
Dunite chemistry indicates formation as replacive dunites while the host harzburgite reequilibrated with percolating basic melt. Plagioclase-bearing dunites show olivine
chemistry less depleted than dunite and harzburgite olivine (XMg ~ 0.88, NiO ~ 0.25wt%).
Clinopyroxene and plagioclase chemistry are identical with those obtained from same
minerals in troctolites. The plagioclase-bearing dunites are melt impregnation features in
zones of melt saturation. The composition of the interacting melt is tholeiitic with subtle
calc-alkaline affinities, pointing to a multiple stage evolution of the Makran ultramafic
rocks in a shallow and dry back-arc or marginal basin environment.
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3.1 INTRODUCTION
The chemistry of ultramafic rocks is a challenging topic since various processes may
influence their often complex evolutions. Three main factors define their chemical
features: (1) the initial mantle source composition which depends on geotectonic
environments such as mid-ocean ridges, supra-subduction spreading zones, arc root or
continental mantle (e.g. Bodinier, 1988; Bonatti and Michael, 1989; Batanova et al., 1998;
Parkinson and Pearce, 1998; Donnelly et al., 2004; Müntener et al., 2004), (2) the type and
amount of melting which is controlled by pressure and temperature conditions (e.g.
Nicolas, 1986a; Dick, 1989; Ceuleneer and Rabinowicz, 1992; Hellebrand et al., 2001; Niu
et al., 2001; Niu, 2004) and (3) the interaction/re-fertilization of rock by percolating melt
(e.g. Kelemen, 1990; Kelemen et al., 1992; Dijkstra et al., 2001; Müntener et al., 2004;
Collier and Kelemen, 2010).
Ophiolites offer a structural and petrologic variety, usually attributed to differences of the
geotectonic setting in which they formed. The distinction between sources chemically
similar to Mid Ocean Ridges (MOR), such as back-arc (BAB) or marginal basins (MB) has
remained little studied (e.g. Ohara et al., 2002; Ohara et al., 2003; Guarnieri et al., 2012)
even if lately, the previously advocated MOR origin (Tamura and Arai, 2006; Pelletier et al.,
2008; Akizawa et al., 2012; Osozawa et al., 2012; MacLeod et al., 2013) of many ophiolites
has become debatable. The main difference is a broader diversity and chemical affinity in
BAB and MB rocks than in MOR. In several active BABs, the slab contribution varies from
virtually nothing, resulting in MORB-type trace element concentrations, up to strong island
arc tholeiite signature (e.g. Falloon et al., 1992; Bloomer et al., 1995; Stern et al., 1996; Leat
et al., 2000). The enriched trace element chemistry in marginal basins, is attributed to the
continental contribution (e.g. Bonatti et al., 1986; Bonatti and Michael, 1989; Hebert et al.,
2001). Besides mantle xenoliths in arc-related magma or peridotites drilled from the ocean
floor (e.g. Parkinson and Pearce, 1998; Ohara et al., 2002; Parkinson et al., 2003; Ionov,
2010), the information we get about the petrography and geochemistry of mantle rocks
and mantle-crust transition zone (or MOHO-Transition Zone, MTZ) largely comes from
ophiolites, which allow studying temporal and spatial relationships between mantle and
crustal lithologies.
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The extent of mantle melting in MOR-like settings is mainly controlled by decompression
and thus generally evolves in low pressure systems. Other controls are the mantle
composition (Niu et al., 1996; Niu et al., 2001), the spreading rate (Niu and Hekinian, 1997)
and potential temperature variations (e.g. Dick et al., 1984; Klein and Langmuir, 1987;
Johnson et al., 1990; Langmuir et al., 1992). Melt segregated at lithospheric depth
percolates the upper mantle along grain boundaries and focused porous flow (e.g.
McKenzie, 1984). Reactions between migrating melt and the host rock strongly affect the
bulk rock chemistry (Godard et al., 1995; Bodinier et al., 1996; VanderWal and Bodinier,
1996). The mantle-crust transition zone is the most affected lithospheric level, because it is
where percolating melt accumulates and interacts with residual mantle while
simultaneously creating earliest cumulates. The MTZ was previously interpreted as the
deepest part of the magmatic units and dunites were thought to be either cumulates
(Coleman, 1977) or residual rocks after partial melting and consumption of harzburgite
orthopyroxene (Nicolas and Prinzhofer, 1983). In Oman, the thickness of ophiolite MTZs
varies from a few meters in “off-axis” regions of horizontal mantle flow, to several hundred
meters next to subvertical mantle flow in “on-axis” regions and around mantle diapirs
(Nicolas and Prinzhofer, 1983). Irrespective of their thickness, MTZs are convenient
sections to study mantle-melt interactions because they influence the compositions of both
the residual peridotite and the ascending magma (Kelemen et al., 1990; Kelemen et al.,
1992).
The ophiolites along the northern border of the Makran Accretionary Wedge (MAW) in SE
Iran (Fig. 1.4) expose a continuous sequence of harzburgite – dunite –plagioclase-bearing
dunite - troctolite with preserved, primary petrologic relationships. This rock succession
represents a well-exposed MTZ that offers the opportunity to investigate melt distribution,
interaction and impregnation features in MOR-like systems. This work presents a
systematic study of field characteristics, petrography, bulk and mineral major and trace
element chemistry of the ultramafic units of the Makran ophiolites. We describe the
composition of ultramafic mantle rocks and discuss the geochemical processes that have
taken place along the MTZ. Combining all data, we show melt-rock interaction between
mantle and tholeiitic melt that re-fertilized originally depleted peridotites in an enriched
(supra-subduction?) MOR-like system. Furthermore, the Makran ultramafic rocks help
unravelling an early chapter of ophiolitic evolution in the area, which is hitherto poorly
described segment of the Tethys suture zones.
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3.2 GEOLOGICAL SETTING
3.2.1 Makran
The tectonic history of southern Iran results from the convergence between Arabia and
Eurasia (Fig. 1.4). The Arabian continent collided with Central Iran ~35Ma ago, building up
the NW-SE trending Zagros mountain range (Agard et al., 2011; Mouthereau et al., 2012).
To the southeast, in the Oman Gulf, the oceanic lithosphere of the Arabian plate is still
subducting below the Iranian and Pakistani Eurasia at a rate of 35.5-36.6mm/a in the west
and 40-42mm/a in the east, the small difference reflecting anticlockwise rotation of Arabia
with respect to Eurasia (DeMets et al., 2010). As a consequence, the emerging Makran
accretionary wedge extends about 1000 km from the dextral south-southeast trending
Minab-Zendan fault in the west to the sinistral Chaman-Ornach-Nal fault in the east (e.g.
Stöcklin, 1968; Stoneley, 2005). The onshore Iranian Makran is mainly formed by an
accretionary wedge of Cainozoic turbiditic sediments. The geological background of the
area was described by maps (1:250’000 and 1:100’000) and corresponding reports of the
Geological survey of Iran (GSI).
The ophiolitic sequence of north Makran was described in the Fannuj quadrangle report
(McCall et al., 1985) as a mostly intact ophiolite with minor very low grade metamorphic
rocks that include blueschist blocks, and various series of lavas interlayered with Lower to
Upper Cretaceous deep marine sediments (Dolati, 2010). The ophiolites, were further
mentioned in few publications expanding the GSI reports (e.g. McCall and Kidd, 1982;
McCall, 2002) but without detailed study. Two ophiolitic complexes, one between Remeshk
and Mokhtaramabad (Fig. 3.1), the other between Fannuj and Maskutan (Fig. 3.1) were
reported on the basis of the distribution of igneous rocks (McCall, 1997). We collectively
refer to them as North Makran Ophiolites (NMO).
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Figure 3.1: Simplified geological map of the North Makran Ophiolites. Black squares represent Figures 3.2 and
3.3.

3.2.2 North Makran Ophiolites
The North Makran Ophiolites are situated between the Jaz Murian depression, in the north,
and sedimentary and volcanic sequences of the Makran accretionary wedge in the south
(Fig. 3.1). They are composed of a structurally lowest ultramafic unit intruded by several
troctolitic to gabbroic bodies at the top. Troctolite and gabbro are in turn overlain by a
diabase/dolerite subvolcanic unit. The uppermost part of the sequence is comprised of
lavas that intrude, and interbedded with pelagic marine sediments, mainly volcanoclastic
silts, shales with minor radiolarites and carbonates. Unrelated, much younger intrusions of
hornblende-gabbro, plagiogranite and peraluminous granite cut the ultramafic rocks near
Guank and Kuchog settlements (Fig. 3.1).
The NMO are part of an imbricate zone that formed during southward thrusting and was
later dissected by large WNW-ESE normal faults that make the southern boundary of the
Jaz Murian Depression (Burg et al., 2012). However, original lithological contacts within
the NMO remained intact in many places.

3.2.3 Geology of the Makran ultramafic rocks
The ultramafic rocks are dominant in the limbs of a large synform between Remeshk and
Mokhtaramabad (Fig. 3.1) and in two bodies: Kuh-e Niran (~30km2) west of Guank (Fig.
3.2) and around Kuchog ~80km2 (Fig. 3.3). In addition, ultramafic rocks form the basement
of sediments and volcanic flows throughout the area.
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Figure 3.2: Geological map (a) and section (b) of the main ultramafic body Kuh-e Niran located in Fig. 3.1 with
section line AB. Numbered stars = samples also listed in Table 3.1.

3.2.3.1 Harzburgite
Harzburgite is the most abundant ultramafic rock type (~80%). The alignment of
orthopyroxene porphyroclasts defines a primary foliation in the matrix of olivine with
brown/orange weathering colour and green fresh colour. This foliation is parallel to the
contacts with dunite and troctolite and vanishes towards the troctolite (Fig. 3.4a). The
primary foliation has been folded around large wavelength low amplitude folds; the large
Remeshk-Mokhtaramabad Synform (Fig. 3.1) is one of them. Serpentinization is generally
minor but almost complete (>80%) along major faults and in enclaves within troctolites.
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Harzburgites directly covered by sediments and lava are more serpentinized (>20%) than
harzburgites from the synform limbs and the Kuh-e Niran and Kuchog bodies (<20%).
Orthopyroxene progressively disappears across decimetre to meter wide transition zones
from harzburgite to dunite. Diffuse, centimetre-thick contacts were also observed between
vein-like and pockets of dunite in harzburgite (Fig. 3.4b).

Figure 3.3: Geological map (a) and section (b) of the ultramafic body around Kuchog located in Fig. 3.1 with
section line CD. Numbered stars = samples also listed in Table 3.1.
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Dunite veins are decimetres thick and usually follow the harzburgite foliation, thus
defining some sort of layering. Rare orthopyroxenite veins, <1cm thick, have been
observed within harzburgite (Fig. 3.4c). These veins cut the foliation but no relation to
dunite veins was observed. Dykes of wherlite and pyroxenite, which usually characterize
mid-ocean ridge settings, are absent (Nicolas, 1989; Nicolas et al., 1994).

Figure 3.4: Field photographs of harzburgite and dunite. a) coarse grained harzburgite with orthopyroxene
crystals (N026°51’24.7’’/E059°33’53.9’’), b) dunite zone in harzburgite (N026°54’27.9’’/E059°29’07.7’’), c)
orthopyroxene vein in harzburgite (N026°44’03.8’’/E059°04’44.9’’), d) dunite outcrop in the southern part of
the Kuchog body (N026°46’59.1’’/E059°27’40.0’’), e) dunite with spinel and serpentinized fracture
(N026°48’37.0’’/E059°17’44.3’’), f) magnesite vein in dunite in the southern part of the Kuchog body
(N026°46’51.8’’/E059°28’37.8’’).
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3.2.3.2 Lherzolite
Few pockets and dykes of lherzolite were found near Mokhtaramabad (Fig. 3.2). Lherzolite
pockets are meter to several tens of meters long and have diffuse contacts to harzburgite.
They have black weathering colour due to serpentinization and display a marked foliation,
more pervasive than in harzburgites. This foliation is parallel to that of harzburgite.
Lherzolite dykes are up to one meter thick. They are less serpentinized than lherzolite
pockets, cut the harzburgite foliation and show a weak foliation subparallel to the dyke
walls.

3.2.3.3 Dunite
Dunite is mainly restricted to the eastern and southern flanks of the Kuh-e Niran (Fig. 3.2)
and Kuchog (Fig. 3.3 and 3.4d) bodies. Minor dunite outcrops were found throughout the
area as pockets and veins in harzburgite, close to mafic intrusions. Dunite is typically
orange-green caused by the weathering colour of olivine. Spinel is more abundant than in
harzburgite (Fig. 3.4e). Dunites are homogenous and granular and rarely serpentinized out
of local fault zones. Foliation is rare and weak; if present, it is defined by spinel orientation
subparallel to the foliation in harzburgite. Up to one meter thick magnesite veins cut
dunites in the southern part of the Kuchog body (Fig. 3.4f).

3.2.3.4 Plagioclase-bearing dunite
5-30m thick contact zones between dunite and troctolite intrusions contain patches of
millimetre to centimetre big plagioclase visibly interstitial between olivine grains (Fig.
3.5a). The amount of plagioclase grains, veins and dykes increases towards the
neighbouring troctolite, resulting in a smooth transitional boundary (Fig. 3.5b). Plagioclase
clusters are elongated, thus defining a fabric parallel to the dunite/troctolite contacts.
Interstitial plagioclase is commonly concentrated in centimetre to metre wide zones subparallel to the dunite/troctolite contacts (Fig. 3.5c and 3.5d). They resemble olivine-rich
troctolite dykes, which have sharper boundaries in dunite (Fig. 3.6a). Conversely, dunite
enclaves occur in troctolite close to the dunite contact (Fig. 3.6b). Plagioclase-bearing
dunite is less serpentinized but more weathered than harzburgite.
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Figure 3.5: Field photographs of plagioclase-bearing dunite. a) plagioclase-bearing dunite with W-E oriented
plagioclase clusters (N026°46’35.3’’/E059°28’31.1’’), b) plagioclase veins in plagioclase-bearing dunite
(026°52’37.1’’N/059°35’42.2’’E), c) plagioclase and clinopyroxene along centimetre thick zones
(N026°46’14.8’’/E059°16’41.9’’), d) zones of variable plagioclase contents (N026°46’19.5’’/E059°16’41.8’’).

3.2.3.5 Troctolite
Troctolite is the most common plutonic rock in the Makran ophiolites (Fig. 3.6c). The main
intrusions occur south and east of the Kuchog ultramafic body, in the southwestern corner
of the Kuh-e Niran and in the limbs of the Remeshk-Mokhtaramabad Synform (Fig. 3.1).
Troctolite is usually layered in lower levels, with <2cm thick plagioclase-rich layers
alternating with similarly thick olivine-troctolite (Fig. 3.6d). These layered zones are up
50m thick and subparalell to plagioclase alignment in plagioclase-bearing dunite. Olivine is
generally dominant close to the boundary with dunites. Troctolites contain increasing
amounts of plagioclase away from the ultramafic rocks. In upper levels, plagioclase-rich
troctolite is massive, granular, rather coarse (~5mm) and has no foliation. Clinopyroxene
is usually difficult to identify in the field. Despite transitional contacts with dunites in the
Kuh-e Niran and Kuchog bodies, troctolite dykes cutting harzburgite demonstrate intrusive
relationships. Along the Remeshk-Mokhtaramabad Synform, troctolite structurally lies
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above harzburgite and contains enclaves of W-E oriented strongly serpentinized
harzburgite. Sharp intrusive contacts, marked by mostly anorthosite zones in troctolite
and black reaction rims in harzburgite, are often preserved.

Figure 3.6: Field photographs of troctolite. a) troctolite dyke with sharp contact to dunite (026°48’08.0’’N/
059°34’57.7’’E), b) dunite enclaves in troctolite (N026°48’08.0’’/ E059°34’57.7’’), c) troctolite – dunite contact
(dashed line) on the southeastern flank of the Kuchog body (026°46’09.6’’N/059°34’14.4’’E), d) layered
troctolite with olivine-rich and plagioclase-rich layers close to the ultramafic northern limb of the RemeshkMokhtaramabad Synform (N026°50’04.0’’/E059°4’27.2’’).

3.2.3.6 Dykes
Centimetre to meter thick dykes of various rock types commonly cut the previously
described rocks; the most common are troctolite and anorthosite, offshoots of
neighbouring troctolite intrusions (Fig. 3.6c). Olivine-orthopyroxenite dykes cut
harzburgite close to Mokhtaramabad and near large mafic intrusions (Figs. 3.2 and 3.3).
Rare gabbro dykes intruded troctolites and the ultramafic rocks in the Kuh-e Niran and
Kuchog areas. In these ≤2m thick pegmatitic gabbro dykes, clinopyroxene grains can reach
5cm in diameter and olivine is absent. Hornblendite dykes and pockets were observed in
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the central and western parts of the Kuh-e Niran dunite. Serpentinization of ultramafic
rocks is stronger along the contact of mafic dykes.

3.3. ANALYTICAL METHODS
Samples discussed in this study are distributed over the studied North Makran Ophiolites,
but focused on the Kuchog and Kuh-e Niran bodies and the Remeshk-Mokhtaramabad
Synform (Figure 3.2a and 3.3a). 45 representative and fresh rocks have been selected for
bulk and mineral chemical analyses after optical microscopy of 70 ultramafic samples.

3.3.1 Whole rock analyses
3.3.1.1 XRF
Whole rock XRF analyses were performed on fussed glass beads of 28 samples (Table 3.1),
which were ground to fine powder in an agate mill, mixed with 1:5 sample to Lithiumtetra-borate ratio and molten to homogeneous fussed glass pills. The Panalytical Axios
wavelength dispersive spectrometer (WDXRF, 2.4 KV) is set up for 12 major and minor
elements (SiO2, TiO2, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O3, Cr2O3, NiO) and 19 trace
elements (Rb, Ba, Sr, Nb, Zr, Hf, Y, Ga, Zn, Cu, Co, V, Sc, La, Ce, Nd, Pb, Th, U). Standard
compositions, reproducibility and detection limits can be found in Bouilhol et al. (2011)

3.3.1.2 Solution ICP-MS
Trace elements of 15 samples were analysed by solution ICP-MS. We used the HF-HClO4HNO3 digestion procedure described by Ionov et al. (1992) for sample dissolution. The
analyses were made on an Element XR high-resolution ICP-MS at Géosciences Montpellier.
Detection limits obtained by long-term analyses of chemical blanks can be found in Ionov
et al. (1992) and Garrido et al. (2000).
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3.3.2 Mineral analyses
3.3.2.1 Electron Microprobe
Mineral analyses were performed on 55 polished thin sections with the electron
microprobe JEOL JXA 8200 Superprobe at ETH Zurich. We used an acceleration voltage of
15kV, beam current of 20nA and beam diameter <1μm. Measuring time on the peak was
40s for Si, Al, Na, Mg, Ca, Cr, K, Ti, Ni and 20 s for Fe and Mn. Standards are natural and
artificial silicates and oxides. The detection limit is approximately 0.01wt% for major and
minor elements and relative measuring errors do not exceed 0.5%.
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3.3.2.2 Laser Ablation ICP-MS
Trace elements of clinopyroxene, orthopyroxene, olivine and plagioclase were measured
on six polished thick sections by in-situ LA-HR-ICP-MS (ArF 193nm Complex 102 laser
from LambdaPhysik) at Géosciences Montpellier. Samples were placed in an ablation cell
with Helium atmosphere to enhance sensitivity and reduce inter-element fractionation
(Günther and Heinrich, 1999). We used an energy density of 15 J/cm2 at a frequency of 10
Hz with 120μm spot size for olivine and 7Hz with 77μm diameter for clinopyroxene.
Measuring time was 2 minutes for the background and 1 minute for the mineral analysis.
SiO2 and CaO were used as internal standards and calibrated against the NIST 612 rhyolitic
glass (Pearce et al., 1997). Data was reduced with the GLITTER software (van Achterbergh
et al., 2001). At least 4 spots per mineral have been analysed on each thick section to
obtain representative results. Additional measurements of clinopyroxene and plagioclase
were made on 7 thick sections with LA-ICP-MS at ETH Zurich. Measuring time per spot was
about 1 minute ablation time with used energy density of 15 J/cm2 at a frequency of 12 Hz.
We analysed 3 spots (90-120μm diameter) per mineral grain and at least 3 grains per
section. CaO and SiO2 values of electron microprobe measurements were used as internal
standards and calibrated against the NIST 610 for the data correction with SILLS. The
measuring error is ~10%, close to the detection limit and smaller (2-5%) at higher
concentrations.

3.4 PETROGRAPHY
3.4.1 Harzburgite
Harzburgites consist of 70-90% olivine, 10-30% orthopyroxene, 0-5% clinopyroxene and
<1-3% chromium spinel. Magnesio-hornblende replaces clinopyroxene in few samples and
never exceeds 0.5% of the modal composition. Grain sizes are bimodal with coarse, ~5 mm
orthopyroxene porphyroclasts within an equigranular olivine and orthopyroxene matrix
(<5 mm; Fig. 3.7a). Locally more deformed samples contain stretched orthopyroxene and a
finer olivine matrix (Fig. 3.7b). In most of the samples, however, olivine forms irregular
grains and is slightly elongated, parallel to the primary foliation. Olivine grains have
undulose extinction and apparently all belong to the same growth generation.
Orthopyroxene occasionally includes olivine (Fig. 3.7c) and has lobate shapes with cuspate
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to straight grain boundaries against olivine, which denotes textural equilibrium.
Orthopyroxene lies in the foliation plane. Clinopyroxene (<0.5 mm) is interstitial with
concave interfaces towards olivine. Clinopyroxene has often overgrown orthopyroxene
and spinel (Fig. 3.7d). Clinopyroxene exsolution lamellae in orthopyroxene are abundant
and often kinked or bent (Fig. 3.8a). Two kinds of homogeneous and unzoned spinel can be
defined: vermicular or subhedral reddish-brown spinel associated clinopyroxene (Fig.
3.7d) and dark brown spinel between olivine grains. In most samples serpentinization is
moderate (10-40%), mostly restrained to grain boundaries and fractured olivine grains. In
strongly serpentinized fault-zone-related samples, orthopyroxene is transformed into
bastite and olivine into a lizardite mesh. Spinel may have ferrite-chromite rims or replaced
by magnetite. Ni-oxide is a common alteration product.

Figure 3.7: Photomicrographs of harzburgite. Mineral abbreviations after Whitney and Evans (2010). Sample
locations in Table 3.1. a) Coarse grained harzburgite (Mak-09-35) matrix of opx and ol with minor cpx under
polarized light, b) Stretched orthopyroxene porphyroclast in tectonized harzburgite (Mak-09-134) under
polarized light, c) Olivine inclusion in orthopyroxene of harzburgite (Mak-09-261) under polarized light, d)
Spinel/clinopyroxene/orthopyroxene intergrowth in harzburgite (Mak-09-35) under transmitted light.
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3.4.2 Lherzolite
Lherzolite contains olivine (~60-70%), orthopyroxene (15-25%), ~10-15% clinopyroxene
and spinel (≤5%). The matrix of ~0.5mm big olivine, orthopyroxene and clinopyroxene
grains has a defined crystal shape orientation reflecting the primary foliation, better
developed in lherzolite pockets than in dykes. Orthopyroxene forms also millimetre-size
porphyroclasts with deformed clinopyroxene lamellae (Fig. 3.8a). Matrix clinopyroxene is
associated and intergrown with orthopyroxene and vermicular spinel (Fig. 3.8b), but is
also present as ~1mm big, unzoned porphyroclasts. Most spinel (~0.5 mm) occurs in the
matrix and is generally unzoned (Figs. 3.8c, d and e), vermicular or amoeboidal and
intergrown with clinopyroxene porphyroclasts. Grain boundaries between all matrix
minerals are less straight than in harzburgites.

Figure 3.8: Back-scattered electron images and elemental distribution maps. Mineral abbreviations after
Whitney and Evans (2010). Sample locations in Table 3.1. a) Back-scattered electron image of lherzolite (Mak09-136) with fine grained tectonized ol-opx-cpx matrix and large grains of opx with bent cpx lamellae, b) Backscattered electron image of kinked clinopyroxene lamellae (indicated with dashed line) in orthopyroxene of
harzburgite (Mak-09-261), c) Back-scattered electron image of spinel in lherzolite (Mak-09-136), rectangle
represents elemental distribution map area of figures 3.8d) and 3.8e), d) Mg elemental distribution map
showing intergrown ol and opx as matrix, e) Al elemental distribution map showing that spinel is not zoned,
except for a small decrease of Al along grain boundary.
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3.4.3 Olivine-orthopyroxenite
Olivine-orthopyroxenites contain ~50% orthopyroxene, ~40% olivine and ~10%
clinopyroxene. Olivine and orthopyroxene are coarse (~1-2 mm) with finer grained
clinopyroxene along grain boundaries (Fig. 3.9a) or vermicular intergrown with
orthopyroxene. Spinel often occurs in symplectites replacing ortho- and clinopyroxenes or
along their grain boundaries.

3.4.4 Dunite
Dunites are equigranular. Olivine is the major modal component; spinel and rare
clinopyroxene make up less than 5% of the modal composition. Two types of dunite are
distinguished:
1) Type 1 is only found close to Mokhtaramabad (Fig. 3.2a) as pockets in harzburgite.
Olivine is coarse (up to 8mm), shows undulose extinction and curved grain
boundaries (Fig. 3.9b). Preferred crystal alignment parallel to the primary foliation
in harzburgite was detected under the microscope. The foliated texture suggests
sub-solidus deformation (Mercier and Nicolas, 1975). Accordingly, this type is
defined as tectonized dunites. Dark brown spinel (0.2-1 mm) occurs along olivine
grain boundaries (Fig. 3.9b). Serpentinization of this dunite type is comparable to
that in harzburgite.

Figure 3.9: Photomicrographs of olivine-orthopyroxenite and type 1 dunite. Mineral abbreviations after
Whitney and Evans (2010). Sample locations in Table 3.1. a) Coarse olivine-orthopyroxenite (Mak-09-131) with
interstitial clinopyroxene under transmitted light, b) Coarse dunite (Mak-09-130) with curved grain boundaries
and subhedral spinel under polarized light.
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2) Type 2 occurs in the Kuh-e Niran and Kuchog bodies. It has a homogeneous
polygonal olivine matrix of < 2mm grain size. Olivine has straight grain boundaries
with 120° triple junctions (Fig. 3.10a). Grains show no undulose extinction and are
unzoned. Undeformed and rounded to sub-euhedral spinel (~0.2-0.5mm) occurs at
olivine grain boundaries (Fig. 3.10b). Clinopyroxene is interstitial in a few samples.
These textural characteristics point to a cumulative or replacive origin.
Serpentinization is minor in this type and restricted to olivine grain boundaries,
where magnetite crystallized as a reaction product (Figure 3.10d and e).

Figure 3.10: Photomicrographs, back-scattered electron images and elemental distribution maps. Mineral
abbreviations after Whitney and Evans (2010). Sample locations in Table 3.1. a) Cpx-bearing dunite (Mak-09109) with straight grain boundaries and 120° triple junctions, b) Oriented spinel (dashed lines) along olivine
grain boundaries in dunite (Mak-09-116), c) Back-scattered electron image of dunite (Mak-09-121) with
subhedral spinel, serpentinized grain boundaries and magnetite as a decay product, d) Si elemental distribution
map of Fig. 7e showing chemically homogenous olivine, e) Mg elemental distribution map of Fig. 7e showing
restricted serpentinization at olivine grain boundaries (yellow).
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3.4.4 Plagioclase-bearing dunite
Plagioclase content varies from <5% to about 40%, increasing towards troctolite across
the plagioclase-bearing dunite zone. Spinel (<5%) and clinopyroxene (~2%) are minor
components over the whole zone of the olivine-dominated rock (55-88%). Equigranular
olivine grains (<2mm) have mostly straight grain boundaries with 120° triple junctions.
Olivine systematically is more serpentinized than in dunites and magnetite occurs along
olivine grain boundaries (Fig. 3.11a). Clinopyroxene forms 200-400μm grains and is
mostly associated with plagioclase (500μm-1mm). In some samples, clinopyroxene reacted
to magnesio-hornblende in contact with plagioclase. In strongly serpentinized samples,
clinopyroxene and amphibole are altered to tremolite. Plagioclase (millimetre to
centimetre big) occurs between olivine grains. It mostly occurs in elongated
polycrystalline clusters with a distinct orientation consistent with harzburgite foliation,
where it is observed. Plagioclase in clusters shows no evidence of intracrystalline
deformation. It is often altered to epidote and chlorite. Dark brown rounded spinel (300μm
- 1mm) has crystallized at olivine grain boundaries, whereas spinel associated with
plagioclase patches and clinopyroxene is light brown and often euhedral (Fig. 3.11b).
Reaction rims of orthopyroxene, clinopyroxene, (magnesio-hornblende) and spinel are
common at the contacts between plagioclase and olivine (Fig. 3.11c and d). Spinel also
occurs in symplectites around clinopyroxene, as vermicular grains replacing clinopyroxene
(Fig. 3.11e) and, in rare cases, is in equilibrium with magnesio-hornblende.

3.4.5 Troctolite
Troctolite is medium to coarse grained (<1cm) and comprises plagioclase (40-80%),
olivine (10-50%), clinopyroxene (<10%) and spinel (<5%). In the lower part of the
troctolite intrusion, plagioclase and olivine is subhedral to anhedral and clinopyroxenes
are oikocrysts or interstitial (Fig. 3.11f). Reactional coronas of orthopyroxene,
clinopyroxene with vermicular spinel and, in rare cases magnesio-hornblende, occur
around olivine grains. In higher levels of the troctolite body, plagioclase is euhedral, lathshaped; olivine is poikilitic (Fig. 3.11g) and clinopyroxene interstitial to olivine and
plagioclase. Spinel is subhedral mostly associated to olivine grains. All plagioclase grains
show polysynthetic twinning. Most troctolites are not or only weakly altered so that olivine
is rarely serpentinized and clinopyroxene replaced by magnesio-hornblende.
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Figure 3.11: Photomicrographs of plagioclase-bearing dunite and troctolite. Mineral abbreviations after
Whitney and Evans (2010). Sample locations in Table 3.1. a) Clinopyroxene associated with plagioclase in
plagioclase-bearing dunite (Mak-09-20) under polarized light, b) Secondary spinel with plagioclase in
plagioclase-bearing dunite (Mak-09-69) under transmitted light, c) Back-scattered electron image of
plagioclase and olivine with reactional rim in plagioclase-bearing dunite (Mak-09-81), rectangle marks the map
area of figures 8d and 8e, d) Mg elemental distribution map in the reactional rim, image is rotated ~90°:
orthopyroxene is unzoned, e) Al elemental distribution map in the reactional rim, image is rotated ~90°showing
spinel symplectites (red) within unzoned clinopyroxene reaction rim, f) Clinopyroxene oikocryst in layered
troctolite (Mak-09-103) under polarized light, g) Olivine oikocryst in granular troctolite (Mak-09-62) under
polarized light.
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3.5 GEOCHEMISTRY
3.5.1 Mineral chemistry
3.5.1.1 Olivine
Olivine is chemically unzoned in all ultramafic rocks. Representative analyses are given in
Table 3.2. Olivine in harzburgite, lherzolite and type 1 dunite yields the highest XMg
(=Mg/Mg+Fe2+) values (>0.90). Olivine from type 2 cumulative dunite shows intermediate
values (0.88 < XMg < 0.90) consistent with ultramafic rocks derived from an oceanic mantle
(Bonatti and Michael, 1989; Dick, 1989). Olivine of plagioclase-bearing dunite yields XMg
between 0.82 and 0.88 whereas olivine in troctolite has the lowest values (0.65 < XMg <
0.84). NiO values range from 0.15 to 0.48wt% linearly decreasing with respect to XMg from
harzburgite and lherzolite to dunite and finally plagioclase-bearing dunite (Fig. 3.12a).
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Some olivine grains of plagioclase-bearing dunites display almost constant NiO values with
decreasing XMg. The NiO content of troctolite olivine varies between 0.11 and 0.24%;
higher values are obtained from subhedral olivines in the lower levels of the troctolite
intrusion. Low NiO and XMg are measured in olivine oikocrysts of higher troctolite levels,
where the rocks are more isotropic. MnO shows a linear negative correlation with XMg (Fig.
3.12b).

Figure 3.12: Mineral geochemistry of a) NiO vs. XMg of olivine, b) MnO vs. XMg of olivine c) XCr vs. XMg of spinel
denoting increasing Cr-number to increasing melt influence, d) TiO2 (logarithmic y-axis) vs. XMg of spinel.
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3.5.1.2 Spinel
Spinels in harzburgites and lherzolites have XMg between 0.60 and 0.75 with XCr
(Cr/Cr+Al+Fe3+) between 0.17 and 0.35 (Table 3.3). The correlation between XMg and XCr is
negative and data slightly scattered, which reflects the growth type and mineral
associations (Fig. 3.12c). Amoeboid and vermicular spinel grains formed at the expense of
clinopyroxene (Figure 3.13a-d) are lower in Mg and higher in Cr than interstitial spinel
between olivine and orthopyroxene in harzburgite, lherzolite and olivine-orthopyroxenite.
Dunite spinels have Mg-numbers ranging from 0.4-0.65 with few iron-rich exceptions at
~0.2. The trend of XMg and XCr (0.2-0.35) is positively correlated with maximum values in
the plagioclase-bearing dunites.
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Figure 3.13: Spinel characteristics of the Makran ultramafic rocks. Sample locations in Table 3.1. a) Backscattered electron image of amoeboid spinel intergrown with clinopyroxene in harzburgite (Mak-09-35), square
marks area of elemental distribution maps of figures 10b and 10c, b) Mg elemental distribution map of
secondary sp and cpx overgrowing opx, c) Cr elemental distribution map indicating unzoned spinel, d) Backscattered electron image of vermicular spinel with clinopyroxene in harzburgite (Mak-10-49), e) Back-scattered
electron image of euhedral spinel grown at grain boundary of plagioclase in plagioclase-bearing dunite (Mak09-69).

Two chemically distinct spinels have been described in plagioclase-bearing dunite. The
matrix dark brown spinel between olivine has XMg and XCr comparable to those of dunite
spinel. Euhedral spinels at the periphery of plagioclase have a low XMg (<0.5) and high XCr =
0.4-0.6 (Fig. 3.13e). They have a low Al2O3 content (<25wt%) positively correlated with
XMg, which is probably due to iron and aluminium added from a mafic melt. Aluminium
liberated from pyroxene break-down was used to form plagioclase while iron incorporated
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into spinel. TiO2 contents further distinguish two spinel generations with low values (<0.1)
in primary crystals and TiO2 up to 3% in secondary grains (Fig. 3.12d). Dunite spinel with
XCr and TiO2 compositions along a linear trend plotted versus XMg occur between
harzburgite (Fig. 3.12c and d) and plagioclase bearing dunites. Dunite spinel compositions
are close to harzburgite spinel but show a stronger increase in TiO 2 compared to XCr,
reflecting the incompatibility of Ti. Spinels in troctolite are comparable to the secondary
spinels in plagioclase-bearing dunites. They have a low Al2O3 content (<21wt%) and 0.29 <
XMg < 0.35. TiO2 contents (1.2-1.6wt%) and XCr (0.38-0.5) increase with decreasing XMg.

3.5.1.3 Orthopyroxene
Representative analyses of major, minor and trace elements are presented in Table 3.4.
Orthopyroxene in harzburgite and lherzolite is enstatite with typical mantle values of
0.90<XMg<0.92, and 1.2<Al2O3<3.3wt% (Fig. 3.14a). XMg is slightly lower (0.89-0.91) and
Al2O3 slightly higher (3-3.3wt%) in olivine-orthopyroxenite. In plagioclase-bearing dunites,
the orthopyroxene in reactional rims around olivine has lower XMg (0.82 - 0.88) with Al2O3
content (0.4-2.6wt%) consistent with a reactional origin after plagioclase crystallization.
TiO2 values are low in all orthopyroxene (<0.1wt%). Orthopyroxene in lherzolite has lower
values than in harzburgites (Fig. 3.14b).
The rare earth element (REE) concentrations in harzburgite orthopyroxenes are 0.001 to
1x chondrite composition (LaN = 0.0051-0.06, YbN = 0.6581-1.01; Fig. 3.15a). The LREE
distribution has a “spoon”-shape and the MREE segment show a steeply positive slope. The
HREE section is also positive but less steep (DyN/LuN=0.127-0.169; Fig. 3.15a). Harzburgite
orthopyroxenes normalized to primitive mantle composition have a U-shape with
prominent positive U and Pb anomalies (Fig. 3.15b). Orthopyroxenes in samples Mak-0988 and Mak-09-92 have positive Sr anomaly. In Mak-10-49 they have a negative Sr and
positive Eu anomaly. All harzburgite orthopyroxenes display a negative Ti anomaly.
Lherzolite orthopyroxene has trace element concentrations between 0.005-6.857x
chondrite composition. The “spoon”-shaped LREE pattern of orthopyroxene from
lherzolite Mak-09-136 is similar to that of harzburgite orthopyroxene. The MREE segment
has a steep positive slope and HREE are flat (DyN/LuN= 0.873). Orthopyroxenes of
lherzolite sample Mak-09-127 have a flat LREE segment (LaN/NdN = 0.814-0.934). MREE
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show a steep positive slope that flattens in the HREE segment (Fig. 3.15a). All lherzolite
orthopyroxenes have a positive U and Pb, and a negative Ti anomaly.
Orthopyroxene in olivine-orthopyroxenite has positive LREE and MREE segments and a
slightly flatter positive HREE section. These orthopyroxenes have a positive Pb but
negative Eu and Ti anomalies (Fig. 3.15b).

Figure 3.14: Mineral geochemistry of a) Al2O3 vs. XMg of orthopyroxene, b) TiO2 vs. XMg of orthopyroxene
(logarithmic y-axis), c) Al2O3 vs. XMg of clinopyroxene, d) TiO2 vs. XMg (logarithmic y-axis) of clinopyroxene.
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Figure 3.15: Trace element geochemistry of ortho- and clinopyroxene. Triangles = lherzolites, circles =
harzburgites, squares = dunite, diamonds = orthopyroxenite, stars = plagioclase bearing dunite, crosses =
troctolites. Black= Kuh-e Niran, grey = Kuchog, no fill = RMS. a) Chondrite normalized REE pattern of opx, b)
Primitive mantle normalized trace element variation of opx, c) Chondrite normalized REE pattern of cpx, d)
Primitive mantle normalized trace element variation of cpx.

3.5.1.4 Clinopyroxene
Clinopyroxenes are diopsidic with high XMg (0.95-0.96) in harzburgites and lherzolites
(Table 3.5); they trend toward augite with lower XMg = 0.91-0.95 in dunites and
plagioclase-bearing dunites. CaO and XMg have a positive linear trend (Fig. 3.14c). Na2O
values are higher (>0.3%wt) in dunites and plagioclase-bearing dunite clinopyroxene, as
well as in interstitial clinopyroxene. Al2O3 content is low, negatively correlated to XMg in
harzburgites, but positively in dunite and plagioclase-bearing dunite where it is
incorporated in plagioclase. TiO2 content in clinopyroxene is low (<0.1%wt) for most
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harzburgites and lherzolites and slightly higher (0.3-1%wt) in dunites. Maximum values
are reached in plagioclase-bearing dunites and troctolites (Fig. 3.14d).
Clinopyroxenes in harzburgites and lherzolites show similar REE patterns. They have
0.001-7.411x chondrite trace element concentrations. The LREE segment is “spoon”shaped and MREE have a steep positive slope. The HREE section is rather flat (Fig. 3.15c).
Fractionation between LREE (Nd~0.01 chondrite) and HREE (Yb~4-10 chondrite) is
significant (Nd/Yb)N = 0.001-0.002.
Normalized to primitive mantle composition, clinopyroxenes in harzburgites and
lherzolites have about 0.001-0.1x primitive mantle concentrations for elements between
Rb and Hf (Fig. 3.15d). Clinopyroxene in equilibrium with orthopyroxene in harzburgite
has a positive Pb and Sr anomaly and similar trace element pattern as orthopyroxenes,
which supports equilibrium crystallization from a melt that did not fractionate plagioclase.
These clinopyroxenes are also tectonized indicating that both ortho- and clinopyroxenes
crystallized in equilibrium under subsolidus conditions before deformation. Vermicular
and amoebial clinopyroxene in harzburgite and clinopyroxene in olivine-orthopyroxenite,
dunites and impregnated dunites have negative Pb and Sr anomalies (Fig. 3.15d). This
indicates that these clinopyroxenes crystallized from a plagioclase fractionating melt. All
show a negative Ti anomaly.
Clinopyroxene in dunites has enriched REE concentrations between 4-20x chondrite,
significantly higher than harzburgite clinopyroxenes (Fig. 3.15c). Dunitic clinopyroxene
displays a slightly positive LREE section, while MREE and HREE are flat and have a
negative Ti anomaly. Clinopyroxene of plagioclase-bearing dunite has a flat pattern with
slightly negative trending LREE and a positive Eu anomaly. REE chemistry of troctolite
clinopyroxenes is very similar to the chemistry of dunite and impregnated dunite
clinopyroxenes. They display a large fractionation between LREE and MREE (Fig. 3.15c).
The Eu anomaly is negative and the general trend of MREE is flat. HREE are sloping
negatively.
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3.5.1.5 Plagioclase
Interstitial plagioclase in plagioclase-bearing dunites is bytownite (>0.73An). Major and
trace element patterns correspond well with plagioclase in troctolite. Yet trace element
concentrations are slightly lower in plagioclase-bearing dunite than in the troctolite
plagioclase. Plagioclase in anorthosite dykes is usually albitized, but locally preserves
initial composition, like plagioclase in the impregnated dunite (>0.75An).

3.5.2 Bulk rock geochemistry
3.5.2.1 Major and minor elements
Bulk rock compositions of 28 representative samples are listed in Table 3.6. Makran
ultramafic rocks have loss of ignition values between 2 and 12% depending on the degree
of serpentinization. Compositional variations are presented in plots of major, minor and
trace elements versus magnesium used as an index of depletion. MgO represents mostly
the modal olivine/(orthopyroxene + clinopyroxene) ratio. Although the MgO content can
be affected by serpentinization and seafloor weathering (Snow and Dick, 1995) it seems
that the Makran ultramafic rocks have not been chemically altered much during
serpentinization (Fig. 3.16).
The magnesium content of the coexisting melt gradually decreases while olivine and spinel
crystallize. The Mg number of harzburgite is slightly higher (XMg=0.95) than that of dunite
(XMg =0.93-0.94). Al2O3, immobile during alteration, occurs in low concentrations (<2wt%)
with the exception of the olivine-orthopyroxenite Mak-09-131 (~5.5wt%). Al2O3 is
negatively correlated to MgO, since it is incorporated into spinel and pyroxene (Fig. 3.16a).
The negative scattered SiO2 trend drops from clinopyroxene-bearing rocks (42-48wt%) to
harzburgites (37-43wt%) and dunites (36-40wt%; Fig. 3.16b). This distribution is
controlled by the amount of pyroxene and probably by crystallization of olivine. The
positive correlation within dunites and harzburgites might represent a partial melting
trend. The low Al2O3/SiO2 ratios, 0.02-0.03 in harzburgites, 0.04-0.1 in lherzolites and
0.01-0.03 in dunites are typical in refractory abyssal peridotites (e.g. Niu, 2004). CaO
shows a negative trend with respect to MgO (Fig. 3.16c). Values are lower than 2%wt for
dunites and harzburgites, but slightly enriched for lherzolites, which is due to more
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abundant clinopyroxene. There is a positive correlation between Al2O3 and CaO where
Al2O3/CaO ratios decrease with increasing fertility.

Figure 3.16: Bulk chemistry of different major and minor elements. a) Al2O3 vs. MgO, b) SiO2 vs. MgO, c) CaO vs.
MgO, d) Sc vs. MgO, e) NiO vs. MgO, f) Co vs. MgO.
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Scandium is unaffected by serpentinization and seafloor weathering. The values in
harzburgites are higher than in dunites (Fig. 3.16d). The negative trend with respect to
MgO is due to Sc incorporated in clinopyroxene, although it might be mildly incompatible
during mantle melting. The NiO content decreases slightly from harzburgite (0.270.30wt%) to dunite (0.25-0.34wt%), which have a more variable NiO (Fig. 3.16e). Lowest
values (0.15-0.26wt%) occur in clinopyroxene-bearing samples.
There is however an internal positive trend in the three ultramafic lithologies of which the
dunite has the steepest. Co, like Ni, displays a positive correlation to MgO (Fig. 3.16f). The
Co concentration within dunites (126-157ppm) is higher than in harzburgites (107143ppm). Clinopyroxene-bearing rocks show lower contents (77-106ppm). It is known
that compatible elements, such as Co, remain in the residual spinel during melting and are
generally unaffected by metasomatic processes (Takahashi and Kushiro, 1983; Langmuir
et al., 1992).

3.5.2.2 Trace elements
Trace elements record mechanisms of partial melting and melt segregation, the degree of
melting and the role of melt migration in mantle enrichment and metasomatism (Johnson
et al., 1990; Johnson and Dick, 1992; Rampone et al., 2008). We compare the bulk trace
measurements of 18 representative samples normalized to chondritic and primitive
mantle compositions (Sun and McDonough, 1989).
LREE/MREE trend of pyroxene-bearing ultramafics is negative (La(N)/Sm(N)=0.90-5.88)
with a highly fractionated HREE/MREE segment (Lu(N)/Tb(N) = 3.32-11.98). Some
harzburgites (Mak-10-85, Mak-10-79, Mak-10-83) have a positive Sm anomaly (Fig. 3.17a).
These samples also display a very small negative Eu anomaly. Mak-10-49 has a V-shape
LREE pattern. Compared to the generally flat LREE segment typical for depleted mantle
rocks, the Makran harzburgites are enriched. For most trace elements, harzburgites show
concentrations 10-1000 times smaller than primitive mantle concentration (Fig. 3.17b).
Large ion lithophile elements (LILE) and high field strength elements (HFSE) generally
yield a negative trend. They have negative anomalies in Nb and positive anomalies in Sr
and Pb. Even though high positive Pb anomalies occur in almost all ultramafic rocks in
MOR-like systems, the origin of this enrichment is still unclear. Sr is usually incorporated
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in plagioclase and incompatible if plagioclase is absent (Langmuir et al., 1992). Since no
plagioclase was found in harzburgites, Sr may have been kept in residual orthopyroxene
with a high distribution coefficient during melting.

Figure 3.17: REE pattern of the bulk chemistry and trace element distribution normalized with primitive
mantle after Sun & McDonough, 1989. RMS = Remeshk/Mokhtaramabad Synform. Sample location in Table 3.1
and Figs. 3.2 and 3.3. a) harzburgites normalized to chondrite, b) harzburgites normalized to primitive mantle,
c) lherzolite and olivine-orthopyroxenite normalized to chondrite, d) lherzolite and olivine-orthopyroxenite
normalized to primitive mantle, e) dunites normalized to primitive mantle, f) dunites normalized to primitive
mantle.
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Lherzolite patches (Mak-09-136) have higher trace element concentrations than
surrounding harzburgite. They show a relatively flat negative dipping LREE segment with
a highly fractionated MREE/HREE section (Fig. 3.17c). Lherzolite (Mak-09-127) and
olivine-orthopyroxene dykes (Mak-09-131) yield similar pattern, but have generally lower
concentrations. These three samples have no distinct Eu anomaly. All lherzolites show a
negative Ti anomaly, olivine-orthopyroxenite has none (Fig. 3.17d). Both dyke samples
(Mak-09-127, Mak-09-131) have a positive Sr peak, while lherzolite Mak-09-136 has none.
These three samples have a negative Nb and positive Pb anomaly.
Dunites have a V-shape rare earth element pattern and are depleted compared to the
chondrite composition (Fig. 3.17e). The LREE segment compared to MREE is enriched
(La(N)/Sm(N)=1.59-7.09). The HREE/MREE segment is highly fractionated with Lu(N)/Tb(N)
ranging from 8.07– 24.20. Two samples (Mak-09-73, Mak-09-106) with overall higher
trace element concentrations contain interstitial clinopyroxene. One of these samples
(Mak-09-73), a dunite channel within plagioclase-bearing dunite from Kuh-e Niran
(N26°46’22.0’’/E59°16’34.0’’), has a strong positive Eu anomaly. Y and Ti anomalies in
dunites, except for Mak-09-106, are positive (Fig. 3.17f). Ti is usually incompatible and
indicates a melt contribution. Negative anomalies in Niobium and positive anomalies in Sr
and Pb exist in all dunites.
Troctolites are the least differentiated mafic intrusions of the Makran ophiolites. The
Kuchog troctolites have higher trace element contents than those of the RMS and the Kuh-e
Niran body (Fig. 3.18a). Troctolite and gabbro intrusions have the largest volume around
Kuchog, which suggests that the melt/rock ratio in the MTZ below was bigger than
elsewhere in the NMO. This might explain the higher trace element concentrations. LREE
patterns of troctolite are nearly flat around ~1x chondrite or higher and slightly negative
dipping (Fig. 3.18a). The REE patterns of all troctolites are controlled by plagioclase
crystallization: they have a pronounced positive Eu anomaly and MREE trends are flat with
a small decrease towards the nearly horizontal HREE section. Trace elements
concentrations are ~0.01-0.1 lower than MORB (Fig. 3.18b). Th, U, Nb and Ta are depleted,
while Pb, Sr and Ti show positive anomalies. The overall concave shape and the 1-10x
chondrite composition are typical for a basaltic melt.
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3.6 DISCUSSION: GENESIS OF PERIDOTITE AND MELT INTERACTION
3.6.1 Upper mantle of the NMO
3.6.1.1 Which rocks are mantle?
The Makran ophiolites contain an association of harzburgite – dunite – plagioclase-bearing
dunite and troctolite that preserved primary contacts. The coarse grained tectonized and
porphyroblastic texture of harzburgites and clinopyroxene exsolution lamellae are typical
for low stress under sub-solidus upper mantle conditions (Mercier and Nicolas, 1975;
Mainprice and Nicolas, 1989; Suhr, 1993). Typical values of XMg and NiO values in olivine
and the very low trace element content in bulk rocks identify the Makran harzburgites as
upper mantle rocks.

3.6.1.2 Mantle types and geometry
Even if harzburgite is chemically similar throughout the field area, differences in outcrop
distribution reflect the original mantle section geometry. Three situations were identified.
(1) Throughout the area, serpentinized harzburgite forms the base of the NMO. These
outcrops are flat without strong relief and are ~100m thick. The absolute thickness of
these harzburgites is difficult to estimate, because the lower boundary is never exhumed.
Such serpentinized harzburgites are unconformably covered by unaltered Cretaceous
deep-sea and pelagic sediments (Eftekhar-Nezhad et al., 1979) and undated pillow lavas.
This suggests that the upper mantle was exposed on the sea floor of North Makran at that
time. There is no sign of increased serpentinization in the presence of troctolite intrusions,
or gradual decrease with distance from the troctolite/dunite contact. Additionally, nonintruded harzburgite show stronger serpentinization, suggesting that serpentinization is
unrelated to hydrothermal alteration related to the magmatic activity and rather due to
seafloor metasomatism (Coulton et al., 1995). However, unaltered diorite and late
Cretaceous granite dykes cut these harzburgites, suggesting that serpentinization
happened prior to these intrusions, in accordance with the above discussed sedimentary
and volcanic cover. Increased serpentinization in some harzburgites can be attributed to
local fault zones. (2) Mantle harzburgites of the Kuchog and Kuh-e Niran bodies are up to
2km thick and developed a rugged topography. Both bodies are below large mafic
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intrusions and were significantly affected by percolating melt. The harzburgite foliation is
gradually steeper towards dunite and disappears very close to the dunite contact. Similar
structural and petrological characteristics in the Oman ophiolites are related to upward
melt flow in mantle diapirs at the axis of spreading centres (Nicolas and Violette, 1982;
Benn et al., 1988; Ceuleneer et al., 1988; Nicolas et al., 1994; Boudier and Nicolas, 1995).
(3) Harzburgites in the limbs of the RMS are <400m thick. The discontinuous and missing
or only narrow zones (<50m) of dunite or plagioclase-bearing dunite suggest that minor
effects from mafic intrusions. The generally shallow dipping foliation was flat-lying before
folding. Comparable structural and petrological characteristics are described in off-axis
positions of the Oman ophiolites, where mantle flow was nearly horizontal and the
spreading rate and melt flux were lower than around diapirs (Nicolas et al., 1988; Boudier
and Nicolas, 1995).

3.6.2 Mantle-crust transition zone: Dunites and plagioclase-bearing dunite
3.6.2.1 Dunite formation in the North Makran ophiolites
In oceanic settings, dunites are mostly residues of depleted harzburgite after all pyroxene
is dissolved in the circulating melt (Kelemen et al., 1990; Kelemen et al., 1995; Dick and
Natland, 1996). The chemistry of such dunites is very distinct, since partial melting
drastically reduces the Fe and Mn contents in the residual mantle. This leads to extremely
depleted, high XMg(olivine) and high XCr(spinel) compositions. The Makran dunites are less
depleted and MnO-richer than harzburgite. A residual origin can thus be excluded. Type 1
tectonized dunites occur only in small volumes in the RMS. The olivine and spinel
chemistry is comparable to that of harzburgite. We suggest that these dunites represent
local mantle heterogeneities. Type 2 dunites of are abundant in the Kuh-e Niran and
Kuchog bodies. They occur in association with plagioclase-bearing zones where the
troctolite forming melt percolated. Si-undersaturated melt re-equilibrated with the
percolated mantle, pyroxene incongruently dissolved and olivine recrystallized (Kubo,
2002). Such processes form replacive dunite (Kelemen et al., 1995; Kelemen et al., 1997;
Parkinson and Pearce, 1998; Braun and Kelemen, 2002). As a consequence, mineral
chemistry progressively increases in basic components. Olivine and spinel compositions
close to the mantle array indicate equilibration between a dominant mantle source and
subordinate moderately Mg-rich melt contribution (Roeder and Emslie, 1970; Hart and
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Dunn, 1993; Ionov et al., 2002). Clinopyroxene trace element pattern of dunites and
troctolite is comparable, confirming a conjoint melt-related formation. LREE enrichment in
bulk trace element plots (Fig. 14e) and positive Ti anomalies highlight the role of melt
during the formation of dunite in the Kuh-e Niran and Kuchog ultramafic bodies. In
accordance with field and petrographical observations and geochemical data, we suggest
that dunites of these two bodies were focused melt travel paths and represent replacive
dunites.

3.6.2.2 Plagioclase-bearing dunite: product of melt impregnation
Plagioclase in peridotites meets two explanations: (1) In situ segregation product of partial
melting of the host peridotite with incomplete melt extraction (Menzies, 1973); depletion
haloes (pyroxene-free zones around plagioclase lenses) are typical in such rocks (Nicolas,
1986, 1989) or (2) Pervasive melt impregnation by basaltic magma within spinel
peridotite facies (Dick, 1989); this impregnation can be coeval with orthopyroxene melting
(Nicolas and Prinzhofer, 1983).
In the North Makran Ophiolites, plagioclase-bearing dunite is mostly observed in the
Kuchog and Kuh-e Niran bodies. Plagioclase-bearing dunite and troctolite both contain
anorthite-rich plagioclase (>0.73), indicating a primitive melt source. Trace element
concentrations of plagioclase in dunite are slightly lower than in troctolites but show the
same pattern. Clinopyroxene of both rock types also shows equivalent trace element
patterns, which suggests a related melt source. The structural alignment of the plagioclase
clusters typifies melt percolation pathways (Harte et al., 1993). Since plagioclase is
undeformed, thus did not suffer subsolidus deformation in the lithospheric mantle, we
suggest crystallization under shallower conditions than harzburgite. Clinopyroxene in
direct contact with plagioclase is another argument against the in situ segregation origin of
the Makran plagioclase-bearing dunite, where rock around plagioclases is usually depleted
and therefore devoid of clinopyroxene. Finally, the Fe and Cr contents of dunite spinels are
too low for cumulates crystallized in a magma chamber (Hebert et al., 1989). Based on
these observations, we favour impregnation to explain the origin of the plagioclase-bearing
dunites in the NMO and refer to them as impregnated dunites from here on.
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3.6.2.3 Mantle-Crust Transition Zone
Different authors place the mantle-crust boundary differently: (1) At the lowest dunite
level of a cumulate sequence precipitated from one main magma chamber (Coleman, 1977;
George, 1978; Pallister and Hopson, 1981); (2) between a primarily residual dunite of
mantle origin and an overlying mafic cumulate (Nicolas and Prinzhofer, 1983) or (3)
between replacive dunite and impregnation features (Bodinier, 1988; Korenaga and
Kelemen, 1997). In cases (2) and (3), MTZ’s can reach meter to several hundred meters
thickness. Following these descriptions, we identify the dunites as lower, and impregnated
dunites as upper boundary of the MTZ of the North Makran Ophiolites. The MTZ is
accordingly <50m thick in the RMS and up to 800m thick around the Kuchog and Kuh-e
Niran bodies.

3.6.3 Troctolite: Least differentiated cumulates of a tholeiitic intrusion
The positively correlated XMg and NiO and negative XMg vs. MnO in olivines of impregnated
dunites and troctolite indicates that they followed the same differentiation trend. The
common melt source is responsible for the similar clinopyroxene and plagioclase trace
element geochemistry. This suggests that layered troctolite represents the cumulate of the
melt that produced the replacive dunites, whereas the higher level isotropic troctolite
represents crystallized magma. Three major troctolite intrusions are several hundred
meters thick: (1) to the east and south of Kuchog, (2) at the southern flank of Kuh-e Niran
and (3) as the outermost “ring” of mafic rocks in the Remeshk-Mokhtaramabad Synform
(Fig. 3.1). These three bodies are parts of magma chambers that intruded the mantle.
Higher XMg in olivines and higher anorthite content in plagioclase of the layered cumulates
than in higher level isotropic troctolites suggest fractional crystallization of olivine and
plagioclase within the magma chamber.
The bulk chemistry of all troctolite samples falls in the tholeiite field. The slightly negative
trend in REE pattern with a Nb/Ta depletion (Fig. 3.18b) points towards enrichment of the
mantle source. Assuming that troctolites are cumulates and that clinopyroxene crystallized
from a melt, estimations of the trace element melt composition can be done. We used
partition coefficients for clinopyroxene in basaltic melts from (Hart and Dunn, 1993). The
suggested melt composition is enriched in LREE with a negative trend towards HREE (Fig.
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3.18c). Such melts are expected in enriched environments such as supra-subduction or
continental settings. Structural intrusive relationships show that troctolites are the oldest
mafic rocks on the NMO and have at least Barremian (130-125Ma) age, according to
hemipelagic limestone and lava that covers the ophiolites. Serpentinization in troctolites
unconformably covered by the same sediment and lava that also overlays harzburgites
suggest that the intrusive bodies were exhumed on the ocean floor during Cretaceous as
well.

Figure 3.18: Trace element data of troctolite normalized with chondrite and primitive mantle after Sun &
McDonough (1989). RMS = Remeshk/Mokhtaramabad Synform. Sample location in Table 3.1 and Figs. 3.2 and
3.3. a) REE patterns of troctolites, b) trace element compositions of troctolites, c) clinopyroxene REE
compositions (Table 3.5) of dunite and troctolite used to estimate melt composition.
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3.6.4 Origin of lherzolite and olivine-orthopyroxenite
Two types of clinopyroxene-bearing rocks were identified in the NMO: Lherzolite patches
and dykes and olivine-orthopyroxenite dykes within harzburgite. Lherzolite patches show
tectonized texture and have clinopyroxenes in textural equilibrium with orthopyroxenes.
Clinopyroxene in lherzolite patches (Mak-09-136) have a depleted LREE chemistry like
clinopyroxenes in harzburgites, but generally have higher trace element concentrations
(Fig. 3.15c). High XMg (0.90-0.91) and NiO (>0.37wt%) in olivine are in equilibrium with
mantle compositions. These lherzolite patches represent mantle heterogeneities where
clinopyroxene was incompletely dissolved.
Olivine-orthopyroxenite and lherzolite dykes contain clinopyroxene with LREE patterns
enriched compared to harzburgite, but lower than the basaltic pattern of the dunites. The
chemical features of these dykes are significantly more depleted than those of dunite and
impregnated dunite. We suggest that they are not derived from the same melt as that
which formed dunite and impregnated dunite. Instead, they may represent melt produced
by the incongruent melting of orthopyroxene after melt/rock reactions (e.g. Niu, 1997;
Lenoir et al., 2000).

3.6.5 Melting processes
Melting processes in the oceanic mantle are variable (Nicolas, 1989; Kelemen et al., 1995;
Niu and Hekinian, 1997; Asimow, 1999). Decompression melting beneath spreading
centres and extensional basins depletes the mantle of basaltic components such as Na2O,
Ti2O, strongly incompatible light rare earth elements (LREE), high field strength elements
(HFSE) as well as Ba, Th, U, Ta, Nb and Pb in deeper levels (e.g. Jaques and Green, 1980;
McKenzie, 1984; Nicolas, 1986; Langmuir et al., 1992). The resulting strongly depleted
mantle typically has XMgolivine = 0.94-0.96 and XCrspinel <0.4 (Dick and Bullen, 1984; Arai,
1994; Gaetani and Grove, 1998). The NMO mantle is harzburgitic, which is most common
in oceanic settings such as MORs and BABs, while lherzolite is mostly assigned to more
fertile environments such as sub-arc and –continental mantle (Dick et al., 1984). If the
NMO mantle was fertile, extensive partial melting would have been necessary to dissolve
all clinopyroxene. However, based on the melting trend in the olivine-spinel mantle array
(Arai, 1994) the Makran harzburgite suffered only low (~10%) degrees of partial melting
(Fig. 3.19). The presence of impregnated dunite supports the interpretation of a low
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melt/rock ratio and thus limited partial melting (Dick, 1989; Seyler and Bonatti, 1997;
Suhr, 1999). Degrees of partial melting in harzburgite are lower (~5-7%) in the RMS than
in the Kuh-e Niran and Kuchog bodies (<15%; Fig. 3.16).

Figure 3.19: Geochemistry of olivine and spinel in North Makran samples. Olivine-spinel mantle array and
melting trend after Arai (1994), compositions for abyssal and passive margin peridotites from Dick and Bullen
(1984) and supra-subduction (SSZ) peridotite after Pearce et al. (2000).

3.6.6 Mantle re-fertilization
Bulk LREE enrichment of harzburgites (Fig. 3.17a) is not expected for a refractory mantle
that should have strongly depleted LREE with respect to MREE and HREE (Johnson et al.,
1990; Johnson and Dick, 1992). Depletion of the HFSE in harzburgite clinopyroxene
combined with a negative Ti anomaly in the bulk rules out a cumulative origin. The LREE
enrichment might be attributed to re-fertilization by melt. There is practically no
macroscopic evidence of melt interaction outside the impregnation zones in the Makran
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harzburgites. However, at low melt/rock ratios, porous flow is the most important melt
migration process in the shallow mantle (McKenzie, 1984). It leads to melt impregnation
where the mantle is melt saturated (Dick and Bullen, 1984; Seyler and Bonatti, 1997) and
to re-fertilization of the host peridotite at lower levels without leaving visible enrichments
as for example plagioclase (Brunelli et al., 2006; Seyler et al., 2007; Rampone et al., 2008).
Petrography and geochemistry, however, reveals two clinopyroxene and spinel
generations in the NMO. Secondary clinopyroxene and spinel have vermicular and
amoebial textures and are mostly associated or intergrown with each other. The
association of secondary clinopyroxene and spinel at orthopyroxene grain boundaries
suggests that these minerals crystallized at the expense of orthopyroxene through
exsolution melting (Lindsley, 1983; Boudier and Nicolas, 1995). The increased LREE
concentrations in secondary clinopyroxene and Cr content in secondary spinel require
melt contribution. Since many primary clinopyroxenes and spinels are preserved, we
suggest that secondary minerals crystallized along grain boundaries where porous melt
flow led to local re-fertilization of the harzburgite. Clinopyroxene in dunite is more
enriched in most incompatible elements than that of harzburgites. Such a change in trace
element availability needs a greater influence of an external source. We thus suggest that
clinopyroxene in dunite represents trapped melt that crystallized after re-equilibration
between ultramafics and the percolating melt (Kelemen et al., 1995; Parkinson and Pearce,
1998).

3.6.7 Equilibrium depth and temperature of impregnation
Troctolites of the NMO show the same crystallization sequence as in various studies of
MOR-basalts: ol – ol+plag – ol + plag + cpx – plag + cpx + opx + FeTi-oxides (e.g. Grove et al.,
1992 and references therein). This sequence defines a low pressure system and thus
shallow intrusion of troctolites. The large amount of plagioclase is also typical for low
pressure systems (Ohara, 1968; Kushiro, 1969; Grove et al., 1992). Reactional rims of
orthopyroxene and clinopyroxene between olivine and plagioclase in impregnated dunites
are features of melt-rock interaction. Equilibrium temperatures were calculated using the
two-pyroxene solvus thermometer (Wells, 1977; Brey and Köhler, 1990). These
thermometers are slightly pressure-dependent (~5°C/5kbar). The pressure estimate of
5kbar is an upper bound based on the stability field of olivine and orthopyroxene without
garnet, which would appear at higher pressures. Stability fields were generated using the
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Perple_X program and bulk compositions of the analysed harzburgite and dunite samples.
Reactional pyroxenes rimming olivine of impregnated dunite yield equilibrium
temperatures of 760 ±40°C (Brey and Köhler, 1990), and 830 ±30°C (Wells, 1977),
respectively. Similar reactional rims around olivine in troctolite yield temperature of 1050
±40°C (Brey and Köhler, 1990), and 1050 ±30°C (Wells, 1977), respectively. These
temperatures represent crystallization conditions. The lower temperatures in impregnated
dunites are due to lower melt/rock ratio and thus show the equilibrium temperature of
~800°C in a cooled upper mantle well below the solidus at about 3-5kbar. The higher
equilibrium temperature in troctolite is explained by crystallization at a high melt/rock
ratio from a hot magma in the chamber.

3.6.8 Geotectonic environment of the North Makran ultramafic rocks
The North Makran ophiolites have formed before the Early Cretaceous, when pillow lava
and hemipelagic marl of at least Barremian age (130-125Ma) deposited on them (Dolati,
2010; Burg et al., 2012). Several authors suggest that the NMO formed in an extensional
basin between the Central Iranian microcontinents, to the north, and the continental sliver
and shelf deposits of the Dur Kan Complex (Fig. 3.20a and b) to the south (Stöcklin, 1968;
Berberian and King, 1981; McCall et al., 1985). Other authors favour a back-arc basin in an
active continental margin (Farhoudi and Karig, 1977; Sengör, 1990; McCall, 1997). In that
case, subduction should leave geochemical signatures in the mantle and intrusions of the
NMO. The harzburgites of the NMO fall into the mantle array of passive margin and oceanic
peridotites (Fig. 3.19) without the strong supra-subduction affinity characteristic of forearc or arc environments (Dick and Bullen, 1984; Dick, 1989; Arai, 1994). The uneven
distribution of the variously sized mafic intrusions suggests several magma chambers
(RMS, Kuh-e Niran, and Kuchog) in North Makran. The large ultramafic bodies around
Kuchog and Kuh-e Niran resemble mantle up-welling found in slowly extending systems
such as transform faults and rifts (Fig. 3.20c). Mantle exposed on ocean floor without lava
cover points to a slowly extending basin with low magma supply (Cannat, 1993). The
widespread plagioclase-dominated troctolite and gabbro intrusions confine a water-poor
source, since plagioclase crystallization is suppressed in water-rich systems such as forearc environments (Kushiro, 1975). All of these factors are consistent with the formation of
troctolites in a back-arc or a marginal basin.
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Figure 3.20: Formation environment of the North Makran ophiolites. a) Position of the NMO in a rifting
marginal basin. Dashed line indicates proposed subduction (e.g. McCall, 1997; Agard et al., 2011), b) Section
through the extensional continental margin where decompression melting leads to troctolite and dunite
formation, c) The distribution of the North Makran gabbroic intrusions indicate isolated magma chambers
comparable to a slow spreading ridge.
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3.7 CONCLUSIONS
The petrological and geochemical investigations of ultramafics rocks of the Northern
Makran Ophiolites show that harzburgites have chemical features of depleted upper
mantle that was denuded and serpentinized on the sea floor during or before Early
Cretaceous times. The Kuchog and Kuh-e Niran bodies represent places of mantle
upwelling and enhanced melt percolation that resulted from the intrusion of large
troctolite bodies.
The mantle-crust transition zone around the Kuchog and Kuh-e Niran bodies is several
hundred meters thick and consists of a lower dunite zone that results from reequilibration between a Si-undersaturated melt and the upper mantle harzburgite.
Plagioclase in the higher plagioclase-bearing dunite zone is an impregnation feature,
revealing where the rock was saturated in percolating melt. The Kuchog and Kuh-e Niran
bodies represent dome-like percolation zones close to the spreading centre of the
extending marginal basin.
The mantle-crust transition zone in the Remeshk-Mokhtaramabad Synform is a few to <50
m thick. It is dominated by dykes and percolation channels of plagioclase-rich melt locally
forming dunite and impregnated dunite. The Remeshk-Mokhtaramabad Synform exposes a
section through a magma chamber forming dominantly through focused melt flow, where
troctolite represents the earliest intrusion. This suggests that the RMS represents a meltdeprived off-axis position closer to the basins margin than the Kuchog and Kuh-e Niran
bodies.
Troctolite represents the least differentiated crustal intrusions into North Makran upper
mantle with a tholeiitic but slightly enriched composition consistent with the formation in
a marginal basin. Corresponding magmatism was driven by decompression melting in a
dry and rather shallow environment with low melt production. The melt re-fertilized the
previously weakly depleted upper mantle. Porous flow at a low melt/rock ratio was the
dominant melt transport process in the on-axis area, namely the Kuchog and Kuh-e Niran
area whereas focused flow is dominant in the RMS.
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Magma evolution and fractional crystallization of a low-K tholeiite in a
marginal basin: The North Makran Ophiolites, SE Iran

Abstract
Multi-elemental bulk and mineral compositions of the plutonic sequence of the North
Makran ophiolites were analysed with inductively coupled plasma-source spectroscopy
(ICP-MS). The well-preserved ophiolitic plutonic crust includes, from top to bottom, lowercrustal troctolites, lower- to upper-crustal gabbros and upper-crustal subvolcanic diabase.
These rocks show MORB-like trace element patterns with small LILE enrichment and Nb
negative anomaly. Major element variation diagrams show linear relationships between
XMg and incompatible elements such as TiO2, MnO or Zr. This suggests that these rocks
generated from the same source via fractional crystallization. Mineral trace element
measurements suggest low pressure plagioclase fractionation magma evolution. The North
Makran ophiolites result from shallow decompression melting and subsequent intrusion of
troctolite and gabbro into an extending marginal basin.
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4.1 INTRODUCTION
Plutonic intrusions often represent cumulates and frozen magma chambers with different
rock types recording magma evolution through crystal fractionation and crustal
assimilation or melting (Grove and Kinzler, 1986). The composition of the parental magma
defines whether the liquid line of descent, which documents the continuous change of the
residual melt composition with progressive fractional crystallization, leads to the
formation of calc-alkaline or tholeiitic lava sequences. The low-pressure tholeiitic trend is
controlled by the early crystallization of olivine – plagioclase – clinopyroxene. The
moderate pressure calc-alkaline trend is dominated by the early fractional crystallization
of olivine – clinopyroxene and/or amphibole. These trends characterize the geotectonic
setting in which magmatism took place.
In the Iranian North Makran, a complete ophiolitic sequence crops out between the
accretionary wedge and the Jaz Murian Depression, the presumed fore-arc basin of the
current subduction of the Oman oceanic lithosphere below the Eurasian continent
(Farhoudi and Karig, 1977; Berberian and King, 1981; McCall et al., 1985; McCall, 2002).
The North Makran Ophiolites (NMO) represents a scarcely known, yet excellently exposed
remnant of the Tethys lithosphere (e.g. McCall and Kidd, 1982; Sengor, 1990). Mantle rocks
include harzburgites and dunites overlain by a plutonic crustal sequence, in turn covered
by tholeiitic basalts. The well preserved relations between the plutonic and upper, effusive
crustal levels permit studying the melt evolution through several stages of cumulates and
their corresponding melt.
This study presents the bulk and mineral geochemistry of the plutonite section of the
North Makran ophiolites to specify the tholeiitic sequence. Results allow concluding that
the NMO plutonic sequence evolved through fractional crystallization of dominantly
plagioclase and olivine in a dry low pressure system comparable to a slow spreading ridge.
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4.2 GEOLOGICAL FRAMEWORK
4.2.1 North Makran Ophiolite
The North Makran Ophiolites (NMO) are located along the northern border of the Makran
accretionary wedge with the Jaz Murian Depression (Fig. 4.1). The studied part of the NMO
extends over an area of 220 x 60km from west of Remeshk to Espakeh (Fig 4.1). It is
covered by Quaternary deposits to the west of Remeshk.

The ophiolites are little

dismembered, so that the primary contacts are preserved in many places. To the south,
they are thrust onto the sediments and lavas of the continental Dur Kan Complex (Fig. 4.1),
which is thrust over the Inner Makran part of the wedge along the Bashakerd Fault (Dolati,
2010; Burg et al., 2013). To the east of Espakeh (Fig. 4.1) the NMO vanish into the SW-NE
trending ophiolite mélange (McCall et al., 1985).
The NMO are subdivided into three levels: (1) ultramafic rocks include upper mantle
harzburgites and a dunitic mantle-crust transition zone, (2) the overlying lower crust
consists of troctolite, olivine gabbro, gabbro and (3) the upper crust is made of gabbro,
diabase, basaltic to dacitic lavas and their sedimentary cover. The different rock types of
the NMO are unevenly distributed. Three schematic logs at different locations show the
relative abundance of igneous rocks (Fig. 4.2).
In the synformal structure between Remeshk and Mokhtaramabad (RemeshkMokhtaramabad Synform = RMS) and its along-strike continuation towards Fannuj (Fig.
4.1), ultramafic and gabbroic rocks are covered by only a thin lava and sediment sequence
(Fig. 4.2a). Harzburgites in the limbs of this synform are the structurally lowest lithology,
overlain by intrusions of troctolite, gabbro and subvolcanic diabase (<50m) in upsequence order. Lava and sediments often cover igneous rocks unconformably, indicating
that the igneous rocks were exhumed prior to pillow deposition. The RMS is thrust
towards south on the granitoids, lavas and sediments of the Dur Kan Complex (Fig. 4.2a).
Around Yagri Jaan, large ultramafic massifs are intruded by thick troctolite and gabbro
intrusions. These units are thrust on the metamorphic Deyader Complex (Fig. 4.2b).
Harzburgite mark the structurally lowest level of the ophiolites, overlain by dunite, which
is intruded by troctolite and gabbro. In this part of the area, there is no upper crust
exposed.
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Figure 4.1: Simplified geological map of the North Makran Ophiolite with sample locations (numbered red stars). Late intrusions: blue stars = diorite, pink stars =
plagiogranites, green stars = granite.
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The third, volumetrically largest igneous province of the NMO covers the area between
Fannuj, Yagri Jaan and Maskutan (Fig. 4.1). There, gabbroic intrusions lie at the base of
several hundred meter thick diabase, lava and sediment sequences (Fig. 4.2c). In the lower
diabase section of this log, diabase forms a sheeted dyke complex overlain by various types
of lava and sediments.

Figure 4.2: Schematic lithological logs of the Northern Makran ophiolite around a) Remeshk, b) Yagri Jaan and
c) Maskutan (Fig. 4.1).

4.2.2 Mantle and mantle-crust transition zone
The mantle section of the NMO mostly consists of harzburgites with few lherzolites and
dunites (Chapter 3). The rocks are little serpentinized (<15%), in the two bodies around
Guank and Kuchog and the RMS (Fig. 4.1). In other outcrops serpentinization is more
thorough (<40%), especially along major fault zones. Harzburgites show porphyroclastic
textures with coarse, often stretched or bent orthopyroxene grains (<5mm). Massive
dunite bodies and melt percolation channels (Fig. 4.3a) occur around Guank and Kuchog
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towards the contact with the overlying mafic intrusions. The top 20 meters of the several
hundred meters thick mantle-crust transition zone are marked by plagioclase-impregnated
dunites (Fig. 4.3b). This transitional contact makes it difficult to differentiate between
plagioclase-bearing dunite and layered troctolite of the lowest crustal level.

4.2.3 Lower crust
The lower crust is composed of various gabbroic intrusions, which are prevailing in the
synform between Remeshk and Mokhtaramabad and east and south of Kuchog (Fig. 4.1).
These plutonic bodies contain enclaves of ultramafic rocks reflecting their intrusive
relationship (Fig. 3c). The structurally lowest unit is in most places layered troctolite with
alternating, 0.5-5cm thick olivine- and plagioclase-rich layers (Fig. 4.3d).

Figure 4.3: Lithologies of the North Makran ophiolites: (a) dunite channel in harzburgite (N26°54’44.3’’/
E59°28’54.9’’), b) impregnation features in dunites (N26°48’35.1’’/E59°17’51.5’’), c) enclave of serpentinized
harzburgite in troctolite (N26°44’39.5’’/E59°14’29.9’’), d) layered troctolite (N26°49’42.2’’/E59°04’37.2’’).

112

CHAPTER 4 MARGINAL BASIN MAGMATISM
At structurally higher levels, troctolite has a cumulate texture; the variable olivine content
generally remains low (~10-20%). Olivine-gabbros and fine grained gabbros occur as
dykes and chimney-like intrusions within troctolite (Fig. 4.4a). Up-sequence, coarse
isotropic gabbros with variable clinopyroxene contents (5-30%wt) intruded into troctolite
(Fig. 4.4b). Troctolite enclaves in gabbro and gabbro dykes cutting troctolite confirm this
relationship. Dykes and small bodies of pegmatitic gabbro with up to 20cm big
clinopyroxene crystals intrude isotropic gabbro (Fig. 4.4c and d).

Figure 4.4: Lithologies of the North Makran ophiolites. a) olivine gabbro intrusion into troctolite
(N26°45’48.6’’/E59°37’47.1’’), b) troctolite intruded by gabbro (N26°45’36.5’’/E59°35’14.0’’), c) coarse,
pegmatitic gabbro dykes into isotropic gabbro (N26°43’14.9’’/E59°32’36.0’’), d) large clinopyroxene crystals in
gabbro (N26°42’56.1’’/E59°32’43.3’’).

All lower crustal rocks are intruded by more differentiated granitoid sills (Fig. 4.5a) and
dykes. Diabase marks the lower boundary of the upper crust. This boundary is locally a
smooth transition from an isotropic gabbro with tabular plagioclase (= tabular gabbro) to
finer grained diabase. Pockets of tabular gabbro with diffuse contacts in diabase are
frequent (Fig. 4.5b) and indicate that the gabbro was not completely solidified when
diabase emplaced.
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4.2.4 Upper crust
The upper crustal section includes diabase, lava flows and pillow lavas with their
sedimentary interlayers and cover. Diabase becomes finer grained upwards to gradually
shade into lava in parts of the Remeshk section, while in other locations lavas cover gabbro
and diabase unconformably (Fig. 4.2a). Around Maskutan (Fig. 4.1) thick diabase form in
sheeted dykes (Fig. 4.5c and d) and subvolcanic laccoliths above gabbro, whereas in the
west diabase intrusion is no more than ~20m thick.

Figure 4.5: Lithologies of the North Makran ophiolites. (a) leucogabbro sill (Mak-10-59) intruding gabbro
(N26°46’01.9’’/E59°37’43.7’’), b) gabbro with tabular plagioclase as pockets in diabase (N26°46’40.4’’/
E59°03’53.1’’), c) sheeted dykes diabase, white square marks zoomed in area in d (N26°44’59.1’’/E59°41’22.3’’),
d) diabase dyke intruding in diabase (N26°44’59.1’’/E59°41’22.3’’).

Lavas that cover diabase have mostly basaltic to andesitic compositions. In many places,
lavas unconformably cover the plutonic rocks indicating that plutonites were already
exhumed during effusive magmatism. Lavas in the RMS are interbedded with pelagic
limestones and rare radiolarites. Lavas are more abundant to the east of Fannuj in the
Maskutan section (Fig. 4.2c), where they mostly occur as pillow sequences with limestone
cover (Fig. 4.6a), limestone enclaves and interpillow fillings (Fig. 4.6b) and interlayered
with

hemipelagic

limestones

and

marls.
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paleontologically dated Barremian or older with Nannoconus colomi (Dolati, 2010), in the
Maskutan section (Fig. 4.2c). All of these rocks were partly eroded and covered by Late
Cretaceous shallow water limestone and conglomerates (Dolati, 2010). This imparts the
North Makran Ophiolites an Early Cretaceous or older age.

Figure 4.6: Lithologies of the North Makran ophiolites. a) normally oriented pillows covered by limestone
(N26°47’31.1’’/E59°50’11.2’’), b) normally oriented pillow lava with interpillow limestone filling (N26°40’41.6’’/
E59°47’27.9’’), c) diorite intruding diabase (N26°49’21.1’’/E59°58’10.0’’), d) pegmatitic granite dyke
(N26°45’42.7’’/ E59°03’40.4’’).

4.2.5 Late Intrusions
Several granitoid dykes and larger bodies (<8km2) intruded the North Makran ophiolites.
Largest bodies of hornblende gabbro cut harzburgite near Guank and west of Kheyrabad
(Fig. 4.1). Diorite bodies intruded diabase (Fig. 4.6c) to the south of Halakabad, Kheyrabad
and Jamorgh (Fig. 4.1). Plagiogranite intrusions south of Guank (Fig. 4.1) intrude gabbro
and harzburgite. Southwest of Yagri Jaan granite intruded gabbro and troctolite. Northsouth striking peraluminous granite dykes cut ultramafic rocks (Fig. 4.6d) around Kuchog
and east of Remeshk. These rocks contain plagioclase and large muscovite crystals. These
intrusions have Late Early Cretaceous ages (work in progress).
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4.3 SAMPLING AND METHODS
About one hundred NMO samples have been selected for petrographical and geochemical
analysis. This work focusses on samples of the lower crustal section including 30
troctolites and gabbros of the lower crust and 16 diabases to investigate the magma
evolution and fractional crystallization processes. A list of representative samples, their
location and mineral assemblages is given in Table 4.1. Most lavas unconformably cover
the ophiolites and thus represent another magmatic history. The NMO lavas are identical
to diabase and are treated in Chapter 5.

4.3.1 Bulk rock analyses
Bulk rock major and trace elements were measured on fussed glass pills with X-ray
fluorescence (XRF) at ETH Zurich. Twelve major and minor elements (SiO 2, TiO2, Fe2O3,
MnO, MgO, CaO, Na2O, K2O, P2O3, Cr2O3, NiO) and 19 trace elements (Rb, Ba, Sr, Nb, Zr, Hf, Y,
Ga, Zn, Cu, Co, V, Sc, La, Ce, Nd, Pb, Th, U) were analysed with the Panalytical Axios wavelength dispersive spectrometer (WDXRF, 2.4 KV). The calibration is based on ~40 certified
international standards for igneous and metamorphic rock compositions.
Trace elements of 20 samples were analysed by solution ICP-MS on an Element XR highresolution ICP-MS at Géosciences Montpellier. We used the HF-HClO4-HNO3 digestion
procedure described by Ionov et al. (1992) for sample dissolution. Data was calibrated
with an internal standard analysed with XRF. Detection limits obtained by long-term
analyses of chemical blanks can be found in Ionov et al. (1992) and Garrido et al. (2000).
Additional analyses of trace elements for 26 samples have been done by laser ablation
inductively coupled plasma-mass spectrometry (LA-ICP-MS) on the fussed glass pills at
ETH Zurich. Bulk geochemical data are given in Table 4.2.

4.3.2 Mineral analyses
Major elements were measured on polished thin sections with the electron microprobe
JEOL JXA 8200 Superprobe at ETH Zurich. We used an acceleration voltage of 15 kV, beam
current of 20 nA and beam diameter of 1μm. Measuring time on the peak was 40 s for Si,
Al, Na, Mg, Ca, Cr, K, Ti, Ni and 20s for Fe and Mn. Standards are natural and artificial
silicates and oxides. Detection limit is smaller than 0.01wt% for major and minor elements
and measuring error is less than 0.5%.
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In-situ trace elements of clinopyroxene, plagioclase and amphiboles were measured on
polished thick sections (150μm) by La-HR-ICP-MS (ArF 193nm Complex 102 laser from
LambdaPhysik) at Géosciences Montpellier. Samples were placed in an ablation cell with
helium atmosphere to enhance sensitivity and reduce inter-element fractionation (Gunther
and Heinrich, 1999). We used an energy density of 15J/cm2 at a frequency of 10Hz with
120μm spot size for plagioclase and 7Hz with 77μm diameter for clinopyroxene and
amphibole. Measuring time was 2 minutes for the background and 1 minute for the
mineral analysis.

29Si

was used as internal standard for plagioclase and

43Ca

for

clinopyroxene and amphibole. The analyses were calibrated against the NIST 612 rhyolitic
glass (Pearce et al., 1997). Data was reduced with the GLITTER software (van Achterbergh
et al., 2001). At least 4 spots per mineral have been analysed within each thick section to
guarantee result representativity. Additional analyses of clinopyroxene and plagioclase
were measured on 7 thick sections with La-ICP-MS at ETH Zurich. Measuring time per spot
was about 1 minute and energy density was 15J/cm2 at a frequency of 12Hz. We analysed
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3 spots on each mineral with 90-120μm beam diameter on at least 3 grains per section.
CaO and SiO2 values of microprobe measurements were used as internal standards and
calibrated against the NIST 610 for the data correction with SILLS. The expected
measurement error is ~2% close to the detection limit and even smaller in higher
concentrations. Representative pyroxene and amphibole major and trace element data is
shown in Tables 4.3 and 4.4.

4.4 PETROGRAPHY
Observation of >400 thin sections of the North Makran Ophiolite rocks are now
summarized.

4.4.1 Troctolite
In many places, the lowest few to tens of meters of troctolite are layered (mm to several
cm thick). However, troctolite in general has an isotropic texture with plagioclase and
olivine as cumulate phases and minor intercumulus clinopyroxene. Olivine is often
poikilitic (Fig. 4.7a), whereas in other outcrops clinopyroxene is poikilitic (Fig. 4.7b).
Although the olivine content may reach up to 90% in the layered troctolite, the dominant
phase is generally plagioclase. Olivine is a minor component (<20%) of isotropic troctolite.
Cumulus olivine usually has rounded subhedral shapes and plagioclase occurs as large
euhedral grains. Clinopyroxene is often poikilitic and few Cr-spinel grains are present.
Reactional rims of clinopyroxene around olivine locally include vermicular spinel.
Tremolite replaces olivine and pyroxene; epidote replaces plagioclase in altered troctolite.
Plagioclase commonly makes coarse (up to 5mm) euhedral grains with growth twins.
Olivine and spinel are generally smaller (<2mm).

4.4.2 Olivine gabbro
In olivine gabbros rounded olivine grains and plagioclase with ~10-20% clinopyroxene are
medium grained (<1-2mm; Fig. 4.7c). Plagioclase surrounded by poikilitic olivine and
interstitial clinopyroxene was the first crystallizing phase. Spinel is the main accessory
mineral (~5%).
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Figure 4.7: Photomicrographs of the intrusive rocks of the North Makran Ophiolites. Mineral abbreviations
after (Kretz, 1983; Whitney and Evans, 2010). a) troctolite with poikilitic olivine (Mak-09-146), b) troctolite
with poikilitic clinopyroxene (Mak-10-62), c) olivine gabbro (Mak-10-58), d) Isotropic gabbro (Mak-10-3).
Sample GPS locations in Table 4.1.

4.4.3 Gabbro
The main gabbro laccolith (<400m thick) above troctolite is coarse grained and has a
dominantly cumulate, equigranular texture with grains of ~2-5mm sizes (Fig. 4.7d).
Anorthositic gabbros occur mostly towards the contact with troctolite and consist of 95%
of plagioclase. Clinopyroxene and accessory mineral contents increase up section. In some
gabbros rare hornblende is intergrown with clinopyroxene (Fig. 4.8a).

4.4.4 Fine gabbro
Fine grained gabbro in dykes (<2m thick) have sharp contacts and finer grained contact
zones suggesting intrusion into already cooled troctolite. Fine grained gabbro
(mesocumulate) shows rounded plagioclase and clinopyroxene crystals smaller than
0.5mm in diameter (Fig. 4.8b). Oxides make up at most 3% of the modal composition.
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Figure 4.8: Photomicrographs of the intrusive rocks of the North Makran Ophiolites. Mineral abbreviations
after (Kretz, 1983; Whitney and Evans, 2010). a) Isotropic gabbro with hornblende (Mak-10-50), b) fine grained
gabbro dykes, c) diabase (Mak-09-48), d) fine grained diabase with plagioclase phenocrysts (Mak-09-242).
Sample GPS locations in Table 4.1.

4.4.5 Tabular gabbro
Tabular gabbro contains euhedral, lath-shaped plagioclase with interstitial clinopyroxene.
This texture looks very similar to that of diabase but the grain size (0.5 to 1cm) is bigger.
Ilmenite and sphene commonly crystallized later than plagioclase and clinopyroxene.

4.4.6 Diabase
Diabase is mostly homogeneous and (<2mm) fine grained. Lath shaped plagioclase and
interstitial clinopyroxene are the major phases, ilmenite and titanite are accessories (Fig.
4.8c). Large (<1cm long) euhedral plagioclase phenocrysts (Fig. 4.8d) and clinopyroxene
oikoclasts are common. Alteration in diabase is usually important with amphiboles
replacing clinopyroxene and chlorite and epidote replacing plagioclase.
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4.5 GEOCHEMISTRY
4.5.1 Major elements
The lower crustal sequence, including the plutonic diabase, has XMg between 0.6 and 0.94
(Table 4.2). Troctolites show highest and diabase lowest values. Major oxides and trace
elements are plotted versus XMg, a proxy to magma differentiation (Fig. 4.9). SiO2 (36 77wt%) shows a negative correlation to XMg (Fig. 4.9a). Troctolites have the lowest SiO2
values while gabbros and diabase have about 50wt%, slightly increasing with decreasing
XMg. The increase in SiO2 is attributed to olivine fractionation, which is mostly reflected in
the steep trend in troctolites and overlying gabbros. The trend becomes flatter once
fractionation of plagioclase and pyroxene is dominant. The iron content of troctolite is
scattered along XMg ~0.9. It is higher, increasing with decreasing XMg in gabbros and
diabase (Fig. 4.9b).
In troctolite, Fe2O3 is controlled by the modal olivine content, which explains the large
range between 2 and 10wt%. The linear trend in diabase and gabbro is an effect of olivine
and clinopyroxene fractionation. The aluminium content is scattered in troctolite,
according to the modal amount of plagioclase (Fig. 4.9c). Al2O3 values are stable around
15%, with a slight positive trend controlled by plagioclase fractionation in diabase. TiO 2 is
increasing with decreasing XMg for all rocks (Fig. 4.9d). The two samples with lowest XMg
yield a positive trend with TiO2, controlled by the fractionation of ilmenite.
Y shows a negative trend with highest values in diabase (Fig. 4.9e). Like Ti, it is
incompatible and stays in the melt while fractional crystallization progresses. V is also
incompatible and shows a linear negative trend with respect to XMg (Fig. 4.9f). The
consistent linear trend of the lower crustal intrusions and subvolcanic diabase indicates a
common evolution and magma source.
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Figure 4.9: Variation diagrams of the plutonic and subvolcanic rocks of the North Makran Ophiolites. a) SiO2, b)
Fe2O3, c) Al2O3, d) TiO2, e) Y, f) V is plotted versus XMg.
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4.5.2 Trace elements
Troctolite has trace element values around 0.2-7x chondrite composition. Most layered
troctolites have a slightly negative and isotropic troctolites a flat LREE segment (Fig.
4.10a). MREE and LREE are horizontal and all troctolites have a positive Eu anomaly
reflecting plagioclase crystallization. N-MORB normalized trace element patterns for
troctolite show spikes in Pb, Sr and Ti and a negative anomaly relative to REE for Nb and
Ta (Fig. 4.10b). Such features are consistent with T-MORB compositions.

Figure 4.10: Trace element chemistry of the plutonic rocks of the North Makran Ophiolites. a) Chondrite
normalized (Sun and McDonough, 1989) trace element pattern of troctolite, b) MORB normalized trace element
pattern of troctolite, c) Chondrite normalized trace element pattern of olivine gabbro, d) MORB normalized
trace element pattern of troctolite.

Olivine gabbros have 1-15x chondrite composition and show a positive trending LREE
section. MREE and HREE have a flat trend. The Eu anomaly is also positive, but less
pronounced than in troctolite (Fig. 4.10c). LILE are enriched and a negative Nb anomaly
occurs in all olivine gabbros (Fig. 4.10d). They show no Ti anomaly. The trace element
pattern indicates the same environment with T-MORB affinity.
Isotropic gabbros have 2-19x chondrite composition. Most have positive LREE sections,
Mak-09-61, Mak-09-149 and Mak-10-48 show a flat LREE segment (Fig. 4.11a). MREE and
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HREE segments are flat. All gabbros show a small positive Eu anomaly. Enriched LILE and
Nb depletion with respect to REE occurs in all isotropic gabbros (Fig. 4.11b). Pb, Sr and Ti
show a positive anomaly.

Figure 4.11: Trace element chemistry of the plutonic rocks of the North Makran Ophiolites. a) Chondrite
normalized (Sun and McDonough, 1989) trace element pattern of gabbro, b) MORB normalized trace element
pattern of gabbro, c) Chondrite normalized trace element pattern of fine grained gabbro dykes, d) MORB
normalized trace element pattern of fine grained gabbro dykes.

Finer grained gabbro dykes have trace element compositions 2-36x chondrite composition.
They have a slightly positive LREE trend similar to that of isotropic gabbros (Fig. 4.11c).
Three gabbro dykes have a positive Eu anomaly whereas Mak-09-157 displays a negative
Eu anomaly. MREE and HREE patterns are flat or slightly down for these gabbro types.
They have a negative Nb anomaly, positive Sr anomaly and a positive or no Ti anomaly
(Fig. 4.11d).
Mak-09-59 is a very coarse tabular gabbro more enriched that other gabbros (<55x
chondrite) with a generally flat, slightly negative REE trend. MREE and HREE trends are
slightly negative dipping for this gabbro type (Fig. 4.11c). It has a negative Eu, Nb and Sr
and no Ti anomaly (Fig. 4.11d).
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Diabase REE patterns are generally flat with a very small negative trend from LREE to
HREE. The values are set between 10x and 80x chondrite composition. Eu anomalies are
small or inexistent, showing that plagioclase fractionation is no longer dominant (Fig.
4.12a). Measurements on phenocrysts-bearing diabase have to be considered carefully
because one does not know how big the contribution of the early crystallized minerals is.
Most elements in diabase show values between 1 and 10 times MORB composition. Nb and
Ta depletion also occurs. Pb anomaly is mostly negative, while Sr and Ti are positive (Fig.
4.12b).

Figure 4.12: Trace element chemistry of the subvolcanic rocks of the North Makran Ophiolites a) Chondrite
normalized (Sun and McDonough, 1989)trace element pattern of diabase, b) MORB normalized trace element
pattern of diabase.

4.6 MINERAL COMPOSITION
We mainly focus on major and trace elements of clinopyroxene and amphibole. Only fresh
samples with well-preserved minerals have been considered.

4.6.1 Clinopyroxene
4.6.1.1 Major elements
Clinopyroxene is often well preserved but may be altered to amphibole or chlorite.
Clinopyroxene in troctolites and gabbros is mostly diopsidic and evolves towards augite
with the differentiation to diabase. Clinopyroxene of troctolite and isotropic gabbro has
high XMg between 0.80 and 0.92 and TiO2 ranging from 0.6 to 1.5wt% (Fig. 4.13a). Very
coarse grained gabbro and coarse gabbro east of Fannuj and to the south of Kheyrabad
(Mak-10-3, Mak-10-48, Mak-10-50, respectively; Fig. 4.1,) have lower TiO2 (<0.5wt%) over
a widespread XMg. Diabase has XMg values between 0.65 and 0.80 and shows lower
(<0.5wt%) TiO2 content in the RMS diabase than in the other locations (<1.5wt%). Al 2O3
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content is higher in clinopyroxenes of troctolite and isotropic gabbro (>2wt%) than in
coarse grained gabbro and most diabase (Fig. 4.13b). Clinopyroxene of diabase of the RMS
show lower Al2O3 values than other diabases.

Figure 4.13: Major element geochemistry of clinopyroxenes of the lower crustal sections of the North Makran
Ophiolites a) TiO2 and b) Al2O3 vs. XMg.
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4.6.1.2 Trace elements
The chondrite normalized REE patterns of clinopyroxene in troctolite and olivine gabbro
are similar ~1-10x chondrite composition (Fig. 4.14a). They yield a flat HREE
(0.40<DyN/LuN<1.39) and MREE segment (0.74<SmN/DyN<1.35) and a fractionated LREE
segment (0.10<LaN/SmN<0.29). The negative Eu anomaly is discernible except for one
olivine gabbro (Mak-10-65) that shows no depletion (Fig. 4.14a). This sample is a dyke and
does not imply earlier plagioclase fractionation in its melt origin. Clinopyroxene in
troctolite and olivine gabbro have negative Nb-Ta, Pb, Sr and often Zr/Hf anomalies
normalized to MORB. Clinopyroxene of olivine gabbro has mostly negative Ti anomalies,
whereas clinopyroxene of troctolite shows no or a positive Ti anomaly. Th and U values are
around 0.1-1x MORB composition.
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Clinopyroxenes of gabbros have also flat HREE (0.51<DyN/LuN<1.44) and MREE
(0.72<SmN/DyN<1.65) and a fractionated LREE section (0.13<LaN/SmN<0.37; Fig. 4.14b).
Nb-Ta, Pb, Sr and Zr anomalies are negative. The Ti anomalies are positive in coarse
gabbros and negative in fine grained gabbros and hornblende gabbro. U and Th values are
lower, between 0.0001 to 1x chondrite concentrations.
Clinopyroxene of diabase has ~10-100x chondrite compositions with flat HREE
(1.21<DyN/LuN<1.37) and MREE (0.82<SmN/DyN<0.95) segments and a fractionated LREE
section (0.17<LaN/SmN<0.43; Fig. 4.14c). Diabase clinopyroxene has negative Nb-Ta, Sr, Zr
and Ti anomalies. U and Th are 0.04 – 3x chondrite concentration.

Figure 4.14: Chondrite normalized (Sun and McDonough, 1989) REE pattern of clinopyroxene a) troctolite and
olivine gabbro, b) gabbro, c) diabase, d) Chondrite normalized (Sun and McDonough, 1989) REE pattern of
amphiboles in troctolite, gabbro and diabase.

4.6.2 Amphiboles
4.6.2.1 Major elements
Amphibole occurs as primary grains only in few, mostly pegmatitic gabbros and diabase. In
troctolite and gabbro, it occurs as reaction rims around pyroxene that in turn forms
reaction rims around olivine.
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Reactional rims in troctolite have XMg between 0.78 and 0.92 (Fig. 4.15a) and yield low
TiO2 contents (<0.1wt%) and high (~2wt%) Na2O values (Fig. 4.15b). Other amphiboles
that replace pyroxene grains in troctolite contain higher TiO2 (>0.3wt%).
In gabbro, amphibole is often actinolite/or tremolite pseudomorph after clinopyroxene
and rarely magnesio-hornblende of magmatic origin. Replacive amphiboles have higher
TiO2 (>0.3wt%) and (~2wt%) Na2O values (Fig. 4.15a and b). Primary amphibole in coarse
gabbro has low TiO2 (<0.3wt%) at XMg ~0.65. Magmatic amphiboles in pegmatitic gabbros
contain less Na2O (<1wt%).
Actinolitic hornblende, ferro- and magnesio-hornblende or edenite replaces clinopyroxene
but may also be magmatic in diabase. In magmatic amphiboles, XMg is between 0.53 and
0.73; TiO2 (0.15-0.4wt%) and Na2O (<1wt%) is low. Replacive amphiboles have high TiO2
(1.1 - 2.1wt%) and Na2O (<2.5wt%).

Figure 4.15: Major element geochemistry of amphiboles of the lower crustal sections of the North Makran
Ophiolites a) TiO2 and b) Na2O vs. XMg.

4.6.2.2 Trace elements
Normalized to chondrite, magnesio-hornblende coronas around olivine in troctolites show
a continuously positive trend from LREE to HREE (DyN/LuN~0.4; Fig. 4.14d). Amphiboles
with slightly negative anomalies are magmatic. Conversely, the Europium anomaly is
positive in amphiboles replacing clinopyroxene.
Amphibole in gabbros have a fractionating LREE section (LaN/SmN= 0.3-0.5), MREE
(SmN/DyN~1.1) and HREE (DyN/LuN=1.1-1.4) are flat. Like in troctolites, gabbro
amphiboles with slightly negative anomalies are magmatic; the Eu anomaly is positive in
secondary amphiboles.
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Most amphiboles in diabase are similar to those in gabbro with slightly fractionating LREE
(LaN/SmN= 0.4-0.8), MREE (SmN/DyN~0.9) and HREE (DyN/LuN=0.8-1.0), except for one
sample with steep LREE section (LaN/SmN ~2.3), negative dipping MREE (SmN/DyN~1.6)
and HREE (DyN/LuN=0.4).
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4.6.3 Plagioclase
Anorthite content in plagioclase of the NMO is decreasing with differentiation (Fig. 4.16).
Troctolite and olivine gabbro contain mostly bytownite with 75-83%An and 62-75%An,
respectively. Gabbro has labradorite with 50-60%An. Rare albite is due to low temperature
alteration close to diabase intrusions. Potassium is absent in the feldspars (Fig. 4.16).
Phenocrysts in diabase have high An content (67-86%An), where the matrix is 41-62%An.
The composition of the plagioclase and pyroxene obtained from the troctolites, gabbros
and diabase suggests an N-MORB-like origin (Beard, 1986). Late plagiogranite and granite
dykes have ~35%An content and also contain potassic feldspar. These rocks are more
evolved than troctolite and apparently result from a magmatic pulse unrelated to ophiolite
formation.

Figure 4.16: Classification of plagioclase in plutonic rocks of the North Makran Ophiolites.
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4.7 DISCUSSION
The North Makran Ophiolites contain a practically complete sequence from upper mantle
harzburgite and dunite through lower crust troctolite – olivine gabbro – gabbro - diabase
to an upper crust comprised of various types of lava and marine sediments. The excellent
outcrop conditions and preserved intrusive relationships make them an excellent subject
for studies of magma evolution.

4.7.1 Formation of the NMO: Low pressure fractional crystallization
The negative Eu of clinopyroxene and positive Eu anomaly in plagioclase indicate that
most of the plutonic crust is cumulate (Kelemen et al., 1997).
4.7.1.1 Troctolite and Gabbro
Crystallization processes control the composition of cumulate rocks and the differentiating
melt (e.g. O'Hara and Herzberg, 2002). If crystals settle in the main chamber, the melt will
follow a differentiation trend that represents almost perfect fractional crystallization. In
reality, magma chambers cool from the wall rocks inward, so that crystallization of a
saturated phase occurs in outer parts of the chamber to form mush zones while melt in the
inner chamber is unsaturated. This may lead to complex differentiation trends that do not
follow the cotectics (Langmuir, 1989).
The transition from impregnated dunite to troctolite in the NMO indicates that troctolite is
the most primitive melt product from early in-sequence fractionation of olivine,
plagioclase, spinel and clinopyroxene. Olivine fractionation was not dominant since there
is no sharp decrease in MgO, Cr, Ni and strong increase in SiO 2 with decreasing XMg.
Reaction rims around the earliest olivine grains in troctolites denote re-equilibration with
the surrounding melt. The high Eu/Sm and Sr/Nd ratios are consistent with a cumulate
origin of troctolites (Pallister and Knight, 1981; Kelemen et al., 2003). The negative slope
of LREE and the positive Eu anomaly reflect plagioclase fractionation, which is also
manifested in the negative Eu anomaly in clinopyroxene of these troctolites. Dykes of
olivine gabbro display no negative Eu anomaly; low Eu/Sm and Sr/Nd ratios in samples
Mak-10-116 and Mak-10-58 point to a melt rather than cumulate origin (Kelemen et al.,
1997). Thus, their chemistry may represent melt composition of the magma from which
the troctolite crystallized.
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Isotropic gabbro has mostly a cumulate origin with positive LREE section and positive Eu
anomaly. Plagioclase was the main cumulus phase. Some samples (e.g. Mak-09-61, Mak-1048) show a flat REE trend with weak Eu/Sm and Sr/Nd ratios and may represent melt
compositions.
Fine grained gabbroic dykes show REE patterns similar to those of isotropic gabbros. Low
Eu/Sm and Sr/Nd ratios in some dykes (Mak-09-157) suggest that they may represent
melt from which the isotropic gabbro crystallized. Sample Mak-09-59 (Fig. 4.11d) was
samples in a sill chemically equal to diabase, and also represents melt composition.

4.7.1.2 Diabase
The texture and local transition of diabase to lava flows suggest that diabases crystallized
relatively close to the surface. Diabase compositions come in line with the differentiation
trend of troctolite and gabbro, pointing to a common magma source. The trace element
pattern and mineral textures suggest that diabase retained melt compositions rather than
cumulates. The high XMg (0.65 - 0.76), Ni (99-239ppm) and Cr (102-280ppm) reflect
equilibrium with mantle olivine and thus a rather primitive source. These results confirm
that diabases represent subvolcanic intrusions that also followed the crystallization
sequence plagioclase – clinopyroxene – amphibole - illmenite. Primary amphibole and
ilmenite crystallized from melt sources below the oxygen partial pressures of the quartzfayalite-magnetite buffer, which is relatively rare in MORB’s (Juster et al., 1989).

4.7.1.3 Low pressure MOR-like system
The crystallization order of the NMO intrusive rocks is olivine => cr-spinel => plagioclase
=> clinopyroxene => Fe-Ti oxides. This sequence is typical for low pressure systems and
comparable to a MORB-crystallization sequence (Ohara, 1968; Kushiro, 1969; Grove et al.,
1992). The dry and shallow intrusion conditions and distribution of dispatched gabbro
bodies suggest a rather melt-deprived region, such as a slow-spreading basin (Kushiro,
1975).
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4.7.2 Magmatic evolution of the NMO
Variations in major elements between troctolites, gabbros and diabases depend largely on
modal proportions of accumulated minerals and reflect the crystallization sequence. The
variable SiO2, MgO and CaO contents in high XMg lower crustal rocks depend on the modal
proportions of plagioclase, olivine and clinopyroxene. The aluminium content is dominated
by accumulated plagioclase. The rise of TiO2, V and Y with decreasing XMg suggests that the
sequence is a co-genetic suite of cumulates from the same parental melt. The negative Pb
and Sr anomalies reflect plagioclase fractionation from the melt prior to clinopyroxene
crystallization.
The overall sequence indicates that the NMO formed continuously from a single magma
source. Major element geochemistry shows that the NMO follow consistent, linear trend
with differentiation (Fig. 4.9). A small variation is observed in very coarse grained gabbros.
These rocks show also a linear trend, but are enriched in incompatible elements with
respect to their XMg (e.g. V, Ti). The distribution of the main plutonic units and the small
chemical variations suggest magma production in two main magmatic centres. One
produced the largest magmatic bodies between Kuchog and Maskutan (Fig. 4.2b and c) and
the other sourced the RMS (Fig. 4.2a) and probably most troctolites and gabbros to the
east of Fannuj (Fig. 4.1).

4.7.3 Geotectonic setting
Several plate reconstruction models place subduction below the Sanandaj/Sirjan
continental sliver, including the Dur Kan Complex of North Makran, since at least the Early
Jurassic (e.g. Stampfli and Borel 2002, Alavi 2004). In Makran, however, general agreement
is that subduction began in Late Cretaceous times (e.g. Berberian and King, 1981).
Cumulate troctolite and gabbro of the NMO are comparable to T-MORB. Their small
enriched LILE component and Nb depletion (Fig. 4.10) are typically assigned to a suprasubduction environment (Kelemen et al., 2003). Yet, the NMO plutonic rocks have high
HREE, Ni and Cr values atypical for subduction-related magma. The moderate enrichment
in alkalis, depletions in Ti, Y and Nb and no HFSE depletion is often detected in MORB and
back-arc basins because of limited interaction between liquids and mantle peridotite
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(Kelemen et al., 1990; Sinton et al., 2003). Such features may also result from an enriched
mantle source, as for example in a continental rift setting or a marginal basin. Diabase,
most likely representing melt composition, has low K tholeiite to alkaline features,
indicating MOR-like magmatism in a continental environment. These factors suggest the
formation of the North Makran Ophiolites in the extensional Eurasian continental margin.
There is no indication of an existing subduction input.

4.7.4 Regional implications
Structural, stratigraphic and geochemical data in the studied area and surrounding
ophiolitic complexes in Iran are incomplete. Thus, correlating the NMO with neighbouring
Tethys elements remains challenging (Fig. 4.17). Most of these ophiolites were interpreted
as supra-subductions-zone ophiolites formed ~90-100Ma ago (e.g. Dilek and Flower, 2003;
Moghadam et al., 2013). Late Cretaceous timing and setting both reflect a major
subduction event (Dilek et al., 1991; Ishizuka et al., 2006; Dilek et al., 2007; Pearce and
Robinson, 2010; Reagan et al., 2010).
Ophiolites in the Zagros belt have met several interpretations: (1) a narrow Red Sea-like
ocean (e.g. Berberian and King, 1981; Babaie et al., 2001), (2) a Cretaceous arc basin active
from Upper Triassic to Miocene over the Tethyan subduction (e.g. Delaloye and Desmons,
1980; Ghazi and Hassanipak, 1999), (3) a Late Cretaceous back-arc basin (e.g. Shahabpour,
2005; Agard et al., 2006; Moghadam et al., 2009) and (4) a Late Cretaceous fore-arc region
after subduction initiation (Moghadam et al., 2010; Moghadam and Stern, 2011). The NMO
are situated to the north of the continental Dur Kan Complex, the southeastern
continuation of the Sanandaj/Sirjan zone (Berberian and King, 1981).
It is difficult to correlate the NMO with the Zagros ophiolites, which are dismembered
serpentinites and lavas with only few plutonites. The only other mostly complete sequence
is the Band-e Zeyarat ophiolite (Fig. 4.17). This ophiolite is chemically comparable to NMO
and also contains Earliest Cretaceous lavas (140-142Ma, Ar/Ar, Ghazi and Hassanipak,
1999; Ghazi et al., 2004). It is therefore likely, that the Band-e Zeyarat ophiolite marks the
continuation of the basin in which the NMO formed.
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Figure 4.17: Tectonic units of Iran. Red rectangle=study area.

4.8 CONCLUSIONS
The North Makran Ophiolites comprise a plutonic sequence of troctolite – olivine gabbro –
various types of gabbro and diabase. Geochemistry confirms the same magma chamber
feeding two magmatic centres, one between Kuchog and Maskutan and another along
strike of the RMS. These magmatic centres were contemporaneous. Trace elements
document a consistent magmatic sequence evolving from cumulates to diabase with a low
K-tholeiite signature. Geochemical and geological features indicate that the Makran
ophiolites were formed during the Early Cretaceous times, or before, in a marginal basin or
an extending continental margin with no distinguishable and conclusive subduction slab
influence. Their western continuation is found in the Band-e Zeyarat ophiolites and
probably the Nain-Baft ophiolites further to the northwest.
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CHAPTER 5 NORTH MAKRAN LAVAS

Geochemical variability of lavas in North Makran, SE Iran: From
Early Cretaceous MORB-type to Late Cretaceous calc-alkaline
magmatism

Abstract
Multi-elemental compositions of the extrusive rocks of North Makran allow characterizing
five lava types. 1) Tholeiitic lavas (older than 125Ma) are melt products of the ophiolitic
diabases; their geochemistry suggests formation in a marginal basin; 2) alkaline lavas
(older than Valanginian) spilled on an extensional continental margin; 3) alkaline to
tholeiitic lavas (older than Barremian) unconformably covered the North Makran
Ophiolites during further opening of the marginal basin; 4) Younger (Late Cretaceous)
basaltic to andesitic lavas with Island Arc Tholeiite chemistry and Nb and Ta anomalies
unconformably cover all previous rocks in an arc or fore-arc domain; 5) calc-alkaline
basaltic to dacitic lavas associated with Late Cretaceous to Eocene deep sea sediments
exposed in tectonic windows below the ophiolites.
These five lava types represent two major magmatic events: (i) Early Cretaceous
continental rifting/ opening of a marginal basin (types 1, 2 and 3) and (ii) subduction in
the Late Cretaceous and Eocene, while the North Makran marginal basin became part of
the arc/fore-arc region (types 4 and 5). εNd(t) values change from 7.4 to 2.6; younger lavas
correspond to lower values, which is related to a subduction component. Initial
between 0.7041 and 0.7064 indicate seafloor alteration of all lavas.
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5.1 INTRODUCTION
Ophiolites represent remnants of obducted oceanic lithosphere (Coleman, 1971; Dewey
and Bird, 1971). They record tectonic and magmatic processes from their creation in a
rifting/drifting environment through subduction, obduction and eventual collision (Dilek
and Furnes, 2011). Geochemical investigations are traditionally used to conclude on the
geotectonic environment in which the ophiolites formed. Because plutonic rocks in
ophiolites are commonly cumulates, most studies focus on lava compositions. In several
well-described ophiolites, such as Troodos and Oman, the chemical signals of lavas are
variable from tholeiitic, alkaline to calc-alkaline (e.g. Godard et al., 2003; Saccani and
Photiades, 2004; Bagci et al., 2008). This chemical variability perpetuates discussions
about the formation scenario (e.g. Miyashiro, 1973; Abbotts, 1981; Abelson et al., 2001;
Tamura and Arai, 2006; Akizawa et al., 2012; Osozawa et al., 2012; MacLeod et al., 2013).
For example, some earlier interpretations as crystallization at mid-ocean spreading
centres have been changed to formation in back-arc or marginal basins (e.g. Dilek et al.,
2007; Pearce and Robinson, 2010; Pearce et al., 1984).
The North Makran ophiolites (NMO), between the Makran accretionary wedge to the south
and the Jaz Murian Depression, to the north (Fig. 5.1), represent a scarcely known, yet
excellently exposed segment of the Alpine-Himalayan sutures (e.g. Berberian and King,
1981; McCall and Kidd, 1982; McCall et al., 1985; Sengor, 1990; McCall, 2002). The plutonic
sequence is a typical tholeiite sequence, whereas lavas that cover the NMO, some
conformably, others unconformably, range from MORB-like basalts to andesites and calcalkaline sequences. Since the geological history of southern Iran is ruled by the
convergence between Arabia and Eurasia (e.g. Hafkenscheid et al., 2006; DeMets et al.,
2010) and subduction of the Tethys Ocean below the Eurasian continent (Fig. 5.1),
information about the Makran subduction initiation could be stored in the geochemical
pattern of the North Makran lavas.
This work describes field relationships and presents new petrological observations, bulk
rock chemistry and Sr-Nd isotope data of the North Makran lavas. Constraining and
correlating the magmatic history preserved in these lavas to the geotectonic evolution of
North Makran, we suggest that their chemical variability is mainly controlled by different
deposition environments in Early Cretaceous and by subduction input in the Late
Cretaceous and younger lavas. Five types of volcanic rocks are identified, of which type 1 is
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directly related to the plutonic sequence of the North Makran Ophiolites (NMO). The other
four are classified as: Type 2 and 3, of Early Cretaceous age with alkaline and tholeiitic
signatures, reflecting spreading in a narrow marginal basin, one off- (type 2), one on-axis
(type 3); Type 4, of Late Cretaceous age with Island Arc Tholeiite (IAT) to calc-alkaline
chemistry; and Type 5, of Late Cretaceous to Eocene age with fore-arc signatures. The
protracted volcanic history reflects the geotectonic evolution of a marginal basin
overprinted by a fore-arc setting.

Figure 5.1: Distribution of the Iranian Mesozoic ophiolites and main tectonic units of Iran. Red rectangle=study
area.
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5.2 GEOLOGICAL SETTING
5.2.1 North Makran
North Makran is the area between the Eocene turbidites of the Makran accretionary wedge
to the south of the Bashakerd Thrust and the Jaz Murian Depression to the north (Fig. 5.2).
North Makran includes four major tectonomagmatic domains from south to north: (1) the
Dur Kan Complex, a continental sliver interpreted as the SE prolongation of the SanandajSirjan zone (Fig. 5.1); (McCall et al., 1985), (2) the southern part of the North Makran
Ophiolites (NMO), a tholeiitic sequence formed in the proximal off-axis region of a
marginal basin in the Remeshk-Mokhtaramabad Synform (RMS), (3) the northern part of
the NMO representing a distal on-axis domain in the Fannuj-Espakeh Complex and (4) the
low grade metamorphic Deyader Complex (Fig. 5.2). We focus on the upper crustal
sections of these four domains to document several types of lavas, some unrelated to the
underlying plutonic rocks. These lavas have been separated in 5 types, some based on
geographical boundaries, others based on structural unconformities, petrography and
ultimately geochemistry. Additionally, we describe diabase sequences because they are the
only lithology conformably covered, in places, by lava and probably represent the
subvolcanic section of such lava cover.

5.2.2 Diabase
Diabase was defined as lowest unit of the ophiolitic upper crust because it is subvolcanic
and often passes progressively upward to lava (Chapter 2).

5.2.2.1 Diabase of the continental Dur Kan Complex
Diabase occurs as a large subvolcanic intrusion and as E-W oriented dykes among
granitoids of the northern Dur Kan Complex. The main diabase outcrop runs along the
WNW-ESE regional strike from Kotij to Fannuj (Fig. 5.2) and contains granitoid enclaves.
This subvolcanic diabase is relatively coarse grained (<1mm) and locally contains
plagioclase phenocrysts (<5mm). It is conformably overlain by brown lava and
unconformably overlain by hemipelagic sediments, cherts and red pillow lavas (ArshadiKhamseh, 1982).
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Figure 5.2: Simplified geological map of the North Makran Ophiolite with sample locations (numbered red stars). Sample GPS locations in Table 5.1.
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5.2.2.2 Diabase of the off-axis ophiolitic RMS
Diabase is restricted to the core of the RMS (Fig. 5.2), where it intruded as <50m thick
subvolcanic intrusions into gabbro. It is relatively coarse in lower levels with porphyric
tabular plagioclase; grain size decreases progressively upward. The transition into
doleritic lava is gradual and thus difficult to pinpoint.

5.2.2.3 Diabase of the on-axis ophiolitic FEC
Diabase is abundant in the FEC between Fannuj, Jamorgh and Maskutan (Fig. 5.2), where it
reaches up to 300m thickness. Around Jamorgh, diabase forms a sheeted dyke complex
(Chapter 2 and 4), whereas in other places it represents the subvolcanic equivalent to
lower level gabbros. In the FEC like in the RMS, the grain size decreases progressively
upward, up to the contact with doleritic lava flows. The contact between subvolcanic
diabase and lavas is generally difficult to identify because doleritic lavas commonly contain
plagioclase phenocrysts, like diabase, albeit a slightly smaller grain size. Interlayered
shales and cherts are rare but help differentiating flows from plutonic diabase.

5.2.3 Type 1 lava
Type 1 is a sequence of black doleritic to brown (weathering colours) basaltic lavas that
cover diabase to the west of Remeshk (Fig. 5.3a) and around Jamorgh (Fig. 5.2). The
doleritic flows contain enclaves of diabase and euhedral plagioclase phenocrysts near the
bottom contact of the sequence (Fig. 5.3b). These bottom doleritic and basaltic flows are
locally interlayered with thin layers (<30cm) of deep sea silt, radiolarite and chert, all too
recrystallized to identify microfauna (Fig. 5.3c). These sediments represent pelagic
(>200m) marine deposits. In higher levels, doleritic lavas contain enclaves of red
recrystallized limestone (Fig. 5.3d). Upper levels of this sequence preserve normally
oriented pillow sequences with recrystallized red and yellow limestone fillings (Fig. 5.3e).
These pillows regularly display calcite-filled vesicles. In several locations diabase and
doleritic lava are associated with deep marine Early Cretaceous sediments (Fig. 5.4; McCall
et al., 1985; Dolati, 2010).
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Figure 5.3: Field relationship of type 1 lava with diabase. a) Sketched outcrop (N026°52’54.3’’/E058°43’39.3’’),
b) plagioclase phenocrysts in diabase/lava transition, c) shale between lava flows, d) recrystallized limestone
enclave in lava, e) normally oriented pillows.

5.2.4 Type 2 lava
Type 2 occurs between the Abnama and Dar Anar Faults (Fig. 5.2) and to the north of the
Bashakerd Fault, to the east of Fannuj. They unconformably cover granite, diorite and
trondhjemite of the continental Dur Kan Complex. These lavas are red to brown basaltic
flows and pillows interlayered with Early to Late Cretaceous deep sea shales, cherts and
limestones (Fig. 5.4; Eftekhar-Nezhad et al., 1979; Arshadi-Khamseh, 1982; McCall et al.,
1985; Dolati, 2010). Lavas commonly contain phenocrysts of plagioclase in a fine grained
matrix.

5.2.5 Type 3 lava
Type 3 forms the most extensive lava sequence of North Makran, in particular between
Maskutan and Bonrud (Fig. 5.2). Occasionally pillowed flows unconformably cover diabase,
gabbro and locally harzburgite of the on-axis ophiolites. They are thus younger than these
ophiolites. Red to violet basalts to andesitic basalts with calcite-filled vesicles (Fig. 5.2, e.g.
Mak-11-61) are interlayered with deep sea shales, pelagic to hemipelagic limestones and
marls that contain Barremian (ca. 130 – 125 Ma) or older microfossils (Dolati, 2010). They
were partly eroded and covered by shallow water limestones and conglomerates during
the Late Cretaceous (Dolati, 2010).
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Figure 5.4: Simplified map of the eastern FEC and Eocene turbidites of Inner Makran. Correlation of different
lava types with sedimentary ages. Fossil ages taken from McCall et al., 1985 and Dolati, 2010. Type 1 and 3
associated with Early Cretaceous fauna, Type 4 and 5 associated with Late Cretaceous fauna.

5.2.6 Type 4 lava
Type 4 lavas cover type 3 lavas unconformably. Porphyric basaltic to andesitic lavas are
mostly associated with Late Cretaceous ocre, neritic to continentally influenced turbidites
and limestones (Fig. 5.4). It is difficult to differentiate type 3 and type 4 in the field. It is
easier in thin sections, where quartz and plagioclase and clinopyroxene phenocrysts
characterize type 4 lavas.

5.2.7 Type 5
Type 5 lavas occur to the southeast of Esfand in a tectonic window beneath the NMO and
underlying metamorphic imbricates (Fig. 5.2). Red and green lavas are associated with red
and green shales and radiolarites. They are mostly flows interlayered with or covered by
Late Cretaceous to Early Eocene deep sea sediments (McCall et al., 1985) and radiolarian
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fauna, (Mak-09-128; Fig. 5.4). Brown-red lavas, also associated with pelagic sediments,
cover Late Early Cretaceous granitoids unconformably west of Kotij.

5.2.8 Tangeh Sareh and blueschist lavas
Lavas around Tangeh Sareh (Fig. 5.2) belong to Inner Makran, thus do not pertain to the
same major tectonic unit as the type 1-5 lavas. They form up to 400m thick sequences that
are interlayered with Early Eocene sediments, therefore equivalent in age to type 5 lavas in
North Makran. The Tangeh Sareh lavas have red and green weathering colour and
generally contain phenocrysts and quartz-filled vesicles. The sedimentary cover of these
lavas is of Early Eocene (Eftekhar-Nezhad et al., 1979).
Two blueschist meta-pillow lavas (Mak-09-170, Mak-09-171) are blocks close to Zeyarat in
the metamorphic window (Fig. 5.2). They are associated with Late Cretaceous deep sea
pelagic shales and radiolarites. These two additional lava types were considered in this
study to specify whether their origin fits any of the previous 5 types.

5.3 PETROGRAPHY
Nearly 300 thin sections were investigated to select representative, least altered samples
for geochemical analyses (locations in Table 5.1).

5.3.1 Subvolcanic diabase
Diabase shows similar petrographic features in all tectonomagmatic domains. Diabase is
mostly homogeneous and fine grained (<2mm), but may contain up to 5mm long
plagioclase phenocrysts and clinopyroxene oikoclasts (Fig. 5.5a). Euhedral plagioclase and
interstitial clinopyroxene are the major phases with accessory ilmenite and titanite.
Plagioclase often occurs as up to 1cm long phenocrysts (Fig. 5.5b). Alteration is common
with amphiboles replacing clinopyroxene and chlorite and epidote replacing plagioclase
(Fig. 5.5c).

5.3.2 Lavas
Type 1 lavas have ophitic textures like diabase but are finer grained (Fig. 5d). Pillow lavas
are usually aphyric, but may contain plagioclase porphyroclasts (<2mm). Fine grained
(<0.3mm) lath-shaped plagioclase form the framework of the matrix. Clinopyroxene grains
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are usually in the matrix but locally occur as <0.5mm interstitial grains and as phenocrysts.
The matrix is mainly comprised of plagioclase, magnetite and devitrified glass.
Clinopyroxene is often altered to chlorite.

Type 2 lavas are often porphyric with large (<1cm long) euhedral plagioclase phenocrysts
that include olivine and show polysynthetic twins (Fig. 5.6a). Olivine also occurs as smaller
(<0.5mm) grains within the matrix. Rounded clinopyroxene grains are included in the very
fine matrix of plagioclase and devitrified melt. Magnetite and minor ilmenite are accessory
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minerals. Some type 2 lava flows are fine grained with aphyric texture (Fig. 5.6b). Olivine
and magnetite grains occur within the matrix. The framework of plagioclase laths
dominates the matrix; devitrified melt and magnetite are interstitial.

Figure 5.5: Photomicrographs of the North Makran diabase and lavas under transmitted light. Mineral
abbreviations after (Kretz, 1983; Whitney and Evans, 2010), except dvM = devitrified melt, Pe = perthite. a)
diabase (Mak-09-48), b) diabase (Mak-09-242), c) dolerite (Mak-10-12), d) doleritic lava type 1 (Mak-10-9). GPS
locations in Table 5.1.

Type 3 lava flows and pillow lavas are mostly aphyric to weakly porphyric with plagioclase
phenocrysts. The relatively small plagioclase phenocrysts (<1mm long) are euhedral to
lath shaped and show twinning. The matrix is composed of plagioclase laths, magnetite and
devitrified melt. Vesicles are filled with quartz or calcite depending on the lava type.
Type 4 lavas are locally porphyric and have seriate texture with a wide range of grain size.
Large >1mm long plagioclase phenocrysts or accumulations of plagioclase laths occur with
clinopyroxene and magnetite within a fine grained matrix. Smaller rounded clinopyroxene,
euhedral to subhedral olivine and plagioclase crystals are embedded in the matrix (Fig.
5.6c). Many euhedral plagioclase phenocrysts are zoned. Altered subhedral olivine crystals
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(<0.8mm length) occur in the matrix. A green radial mineral (prehnite?) replaced a
primary, unidentified mineral (Fig. 5.6c) that had square to tabular euhedral and irregular
outline. The matrix of these porphyric lavas contains plagioclase laths, interstitial
clinopyroxene, magnetite and devitrified melt. Aphyric lavas contain plagioclase laths and
vesicles are filled with quartz (Fig. 5.6d).

Figure 5.6: Photomicrographs of the North Makran lavas under transmitted light. Mineral abbreviations after
(Kretz, 1983; Whitney and Evans, 2010), except dvM = devitrified melt, Pe = perthite. a) Large Plagioclase
phenocrysts Type 2 Lava (Mak-11-36) b) fine grained type 2 lava (Mak-11-35) c) Late Cretaceous Type 4 lava
close to Maskutan (Mak-10-17) d) Lava flow type 4 (Mak-10-20) e) Type 5 lava flow (Mak-10-129) interlayered
with Early Eocene radiolarite f) Pyroxene crystals in lava flows (Mak-09-139). GPS locations in Table 5.1.
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Type 5 lavas are mostly pillowed flows. Non-pillowed flows (e.g. Mak-09-129) contain
plagioclase laths (<1mm length), magnetite and devitrified melt (Fig. 5.6e). Samples are
strongly altered so that calcite replaced plagioclase and large parts of the matrix. Pillow
lavas contain >1mm long phenocrysts of altered clinopyroxene (Fig. 5.6f). These
phenocrysts are subhedral to euhedral or locally skeletal grain shapes. The matrix consists
of radiate clusters of plagioclase in devitrified glass. Vesicles are filled with calcite.

5.4 GEOCHEMISTRY
5.4.1 Methods
We analysed major and trace elements of 42 whole rock samples including 8 subvolcanic
diabases, 5 samples of the sheeted dyke complex and 29 lavas. Sample locations are
presented in Table 5.1 and Figure 5.2. Bulk rock major and trace elements were measured
on fussed glass beads by X-ray fluorescence (XRF) on the Panalytical Axios wave-length
dispersive spectrometer (WDXRF, 2.4 KV) at ETH Zurich. The calibration is based on ~40
certified international standards for igneous and metamorphic rock compositions. Trace
elements of 13 samples were analysed by solution ICP-MS on an Element XR highresolution ICP-MS at Géosciences Montpellier. We used the HF-HClO4-HNO3 digestion
procedure described by Ionov et al. (1992) for sample dissolution. Data was calibrated
with an internal standard analysed with XRF. Detection limits obtained by long-term
analyses of chemical blanks can be found in Ionov et al. (1992) and Garrido et al. (2000).
Additional analyses of trace elements for 29 samples have been done by laser ablation
inductively coupled plasma-mass spectrometry (LA-ICP-MS) on the fused glass pills at ETH
Zurich.

5.4.2 Major and minor elements
Major elements are presented in variation diagrams plotted versus XMg to represent
increasing differentiation. Oxide compositions without loss of ignition corrections were
used. MgO is considered as an index of differentiation because olivine and spinel
crystallization reduces the MgO contents of the coexisting melts. NiO, Cr2O3 and FeO are
positively correlated with MgO, whereas all the remaining oxides are negatively correlated
(Hess, 1992). Rare earth elements (REE) are normalized to chondrite composition and
trace elements with MORB (Sun and McDonough, 1989). Table 2 contains representative
major and trace element compositions of diabase and lavas of the North Makran.
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In variation diagrams, especially those using major elements, trends are also scattered. X Mg
ranges between 0.2 and 0.82 and SiO2 between 43-78wt%, reflecting a wide range of melt
evolution. SiO2 tends to increase with decreasing XMg in all lava types (Fig 5.8a), but there
is no clear trend.
Type 1 doleritic lavas plot along the alkaline basaltic line (Fig. 5.7). They show XMg between
0.52 and 0.68 and rather high TiO2 contents (>1.3wt%, Fig. 8d). High V (~300ppm)
suggests a differentiated melt source (Fig. 5.8f).

Figure 5.7: TAS diagram after Cox et al., 1979. Sample numbers without Mak-prefix for legibility.

Type 2 lavas plot in the alkaline basalt to basaltic andesite field (Fig. 5.7). Only Mak-11-36,
influenced by the chemistry of the large plagioclase phenocrysts, plots below the alkaline
line. The negative correlation of Fe2O3 and XMg (except Mak-11-63) is related to Fe
incompatibility (Fig. 5.8b). Al2O3 mostly constant to slightly negatively correlated to XMg
(Fig. 5.8c) suggesting that plagioclase fractionation plays a minor role in primitive melts,
while olivine, clinopyroxene and hornblende fractionation are dominant. Type 2 lavas from
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the western Dur Kan Complex have mostly high (>1.0wt%) TiO2 and lower (<0.8wt%) TiO2
in the eastern part. They have low Y values, slightly higher in the west (19-20ppm) than in
the east ~15ppm and show a negative trend with respect to XMg (Fig. 5.8e). Vanadium
shows a positive linear trend (Fig. 5.8f). Type 2 lavas have a relatively high V content (254295ppm) in the west and only slightly lower to the east of Fannuj (203-253ppm).
In contrast, Mak-10-100 has a different source than the other eastern type 2 lavas
indicated by the low (~0.34) XMg and high TiO2 (~1.5%wt; Fig. 5.8d). Mak-10-100 has
much higher Y content (43 ppm) and the lowest V value (~126ppm).
Type 3 lavas have more evolved chemistry between basaltic to trachy-andesite
compositions (Fig. 5.7). They show a negative subvertical relation between XMg and SiO2
(Fig. 5.8a) and Fe2O3 (Fig. 5.8b). Type 3 basaltic lavas have mostly high (>1.2 wt%) TiO2
concentrations (Fig. 5.8d). Mak-11-61 differs from the other two (Mak-11-41 and Mak-1021) showing low Y (~22ppm) and high V (178ppm), whereas the others have Y between
54 and 68ppm and lower V (178-196ppm).
Type 4 lavas have basaltic andesite to rhyolitic compositions and show mostly low TiO2
values (except Mak-10-18), probably due to ilmenite fractionation (Fig. 5.8c). They have Y
values between 38 and 53ppm, except Mak-10-122 (6ppm) and Mak-10-17 (15ppm),
suggesting that they involved differentiation through fractional crystallization (Fig. 5.8e).
Vanadium yields a rather scattered pattern (Fig. 5.8f).
Type 5 basalts, andesites and rhyolites line on a calc-alkaline trend (Fig. 5.7). XMg and TiO2
content are variable (Fig. 5.8d). Mak-09-129, for example, is primitive (XMg = 0.82) and has
low TiO2 with respect to MORB composition. Such features are often described in
subduction settings. They have low Y values (<54 ppm) and follow a negative internal
trend (Fig. 5.8e). V values are high (168 to 326 ppm) and mostly display a positive trend
with respect to XMg (Fig. 5.8f), probably due to ilmenite fractionation before lava
crystallization.
Tangeh Sareh lavas (Fig. 5.2) plot in the basalt and dacite fields, close to types 4 and 5 (Fig.
5.7). Dacites 06-244A and B have lower iron contents than most other lavas (except 10122), reflecting ilmenite fractionation (Fig. 5.8b). Aluminium is scattered, depending on
the modal amount of plagioclase phenocrysts (Fig. 5.8c). Low TiO2 values in Tangeh Sareh
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Figure 5.8: Variation diagrams of the NMO extrusive rocks a) SiO2 vs. XMg, b) Fe2O3 vs. XMg, c) Al2O3 vs. XMg, d)
TiO2 vs. XMg, e) Y vs. XMg, f) V vs. XMg. Sample numbers without Mak-prefix for legibility.
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basalt 08-72 drop even more in Tangeh Sareh dacites and andesite 06-225. Such low Ti
values in lavas are often a sign of arc magmatism (Pearce and Cann, 1973; Kelemen et al.,
2003). Low Y values (<16 ppm) suggest that these lavas derive from a source that did not
differentiate much (Fig. 5.8e). V decreases from basanite (<240 ppm in 06-229) to dacites
(<76ppm), which is due to ilmenite fractionation.
Blueschist facies meta-pillows are relatively primitive basalts and have low Y values (<17
ppm) suggesting that they are not much differentiated (Fig. 5.8e). High V contents (>300
ppm) indicates no ilmenite fractionation prior to eruption. They are comparable to types 4
and 5.

5.4.3 Trace elements
5.4.3.1 Diabase
Diabases vary between 12 and 40x chondrite concentrations apart from Mak-10-44 (up to
72 x chondrite), a diabase of the continental Dur Kan complex (Fig. 5.9a). Subvolcanic
diabases with larger phenocrysts have to be considered carefully because the contribution
of the early crystallized minerals is unknown.
REE patterns have slightly negative trends from LREE to HREE (Fig. 5.9a). Eu anomalies
are small or inexistent, showing that plagioclase fractionation is weak. N-MORB
normalized trace element patterns show that subvolcanic diabase from the core of the
Remeshk-Mokhtaramabad synform (Fig. 5.3) has a very flat pattern with no LILE
enrichment and a small Nb negative anomaly (Fig. 5.9b). Diabase from the sheeted dyke
complex near Jamorgh (Fig. 5.3) shows a small LILE enrichment and a negative Nb
anomaly. Mak-10-44 is enriched in LILE, shows a stronger Nb-Ta anomaly and a weak
negative Sr and Ti anomaly. All other diabase samples are characterized by negative Pb,
positive Sr and Ti anomaly.
5.4.3.2 Type 1 lava
Doleritic type 1 lavas resemble diabase in general and have 10-28x chondrite
concentrations (Fig. 5.9c). LREE is weakly positive; MREE and HREE are mostly flat. These
lavas have no to insubstantial Eu anomalies. Strongly positive U and weak negative
anomalies are coupled with positive Ti anomalies (Fig. 5.9d).
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Figure 5.9: Trace element plots normalized after Sun and McDonough, (1989). Chondrite normalized trace
element chemistry of the a) diabase, c) type 1 lava and e) type 2 lava. MORB normalized trace elements of b)
diabase, d) type 1 lavas and f) type 2 lavas.

5.4.3.3 Type 2 lava
Type 2 lavas have 10-180x chondrite concentrations (Fig. 5.9e). These lavas show LREE
enrichment with slight MREE fractionation and a flat HREE segment. Lavas with
plagioclase phenocrysts have a small negative Eu anomaly. Normalized to N-MORB, these
lavas show enriched LILE and depleted Nb-Ta with respect to LREE. Sample Mak-10-100
only is not depleted in HFSE and generally shows an enriched trace element composition.
Samples of type 2 lavas have often positive Pb, Sr and Ti anomalies (Fig. 5.9f).
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5.4.3.4 Type 3 lava
Type 3 lavas have 10-100x chondrite concentrations (Fig. 5.10a), a slightly negative LREE
segment, and a flat MRRE and HREE (Fig. 5.10b). They have no Eu anomaly. N-MORB
normalized trace element patterns have a weakly enriched LILE section and show Nb-Ta
depletion with respect to LREE.
5.4.3.5 Type 4 lava
Type 4 lavas have 6-100x chondrite concentrations (Fig. 5.10c). Andesites have a strongly
enriched LREE and fractionating MREE segment, while the HREE is flat. Mak-09-51 has a
negative Eu anomaly. N-MORB normalized trace element patterns have an enriched LILE
section and show clear Nb-Ta depletion with respect to LREE. Basalts have a positive Pb
and negative Sr anomaly, while andesites often show the opposite (Fig. 5.10d). They have a
small negative Sm anomaly. Mak-10-122 has adakite features with high SiO2, low MgO
strong LREE enrichment (La/Yb >9), high Sr/Y (>50) and low Y and HREE.
5.4.3.6 Type 5 lava
Type 5 lavas have a wide range of trace element concentrations between 5 and 81 x
chondrite compositions (Fig. 5.10e). They have an enriched LREE segment with rather flat
MREE and HREE. Samples around Guank (Fig. 5.2) have very small negative Eu anomalies;
others show none. Compared to N-MORB, type 5 lavas have enriched LILE concentrations
with a distinct Nb and Ta anomaly (Fig. 5.10f). Samples with plagioclase phenocrysts have
a negative Sr and Ti anomaly. All samples have a strong positive Pb anomaly.
5.4.3.7 Tangeh Sareh lavas and blueschists
Basalts and andesites from Tangeh Sareh have 6-70x chondrite concentrations (Fig. 5.10g).
These lavas have an enriched LREE segment, which is more evolved in dacites (Mak-06244A/244B/225) than in basalts (Mak-06-229, Mak-08-71/72), like in type 4 and type 5
lavas. MREE are slightly fractionated and the HREE section is flat. Eu anomaly is weak,
positive in andesites and negative in basalts. LILE are enriched with respect to LREE and a
defined Nb-Ta depletion (Fig. 5.10h). Andesites-dacites show negative Sr, whereas basalts
show positive anomalies. All Tangeh Sareh lavas have positive Pb and negative Ti
anomalies. Blueschist meta-pillows show LREE enrichment with a slightly negative MREE
and almost flat HREE section. They show a distinct negative Nb-Ta and a positive Ti
anomaly. They are comparable to type 4 and type 5 lavas.
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Figure 5.10: Trace element plots normalized after Sun and McDonough, 1989 of the types 3, 4 and 5 lavas,
Tangeh Sareh and blueschists metapillows. Chondrite normalized trace element chemistry of a) type 3, c) type 4,
e) type 5 and g) Tangeh Sareh (basalts black, andesites grey) and blueschist facies lavas. MORB normalized
trace elements of b) type 3, d) type 4, f) type 5 and h) Tangeh Sareh (basalts black, andesites grey) and
blueschist facies lavas.
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5.4.4 Nd and Sr isotope geochemistry
Initial εNd(t) values vary from 2.6 to 8.7 (Fig. 5.11a). They were calculated using 140Ma as
crystallization age for type 1, 2 and 3 lavas, based on fossil ages of interlayered sediments
(>Barremian 130Ma, Dolati, 2010) and U-Pb zircon ages of intrusive rocks (~125Ma) that
cut type 1 lava (dating work in progress). A 70Ma crystallization age was used for type 4,
according to the age of associated sediments. For sample Mak-09-129 type 5 lava, 45Ma
was used, corresponding to Early Eocene radiolarites in interlayers. A crystallization age of
80Ma was taken for the other type 5 samples because they unconformably cover 122Ma
old trondhjemite (work in progress) and the associated sediments resemble those
covering type 3 lavas.
Initial 87Sr/86Sr ratios calculated for individual crystallization ages are between 0.7036 and
0.7065. The higher values (~0.7060) may represent isotope exchange between sea water
and lavas during alteration (e.g. McCulloch et al., 1981) rather than magmatic signatures.
Variations of Nd and Th/Yb (Fig. 5.11b) represent the enriched components typical for
supra-subduction lavas or continentally-derived lavas.
Type 1 lavas show high (7.37) εNd(t) at

87Sr/86Sr(initial)

= 0.7052, indicating a dominantly

mantle component (Fig. 5.11a). The very low Th/Yb ratio of Mak-10-09 reveals no
enrichment.

Figure 5.11: Isotopic composition of North Makran lavas. a) εNd(t) vs. initial 87Sr/86Sr and b) εNd(t) vs Th/Yb.

Type 2 lavas yield εNd(t) values >6 at 87Sr/86Sr(initial) ratio ~0.7040 in the western part of the
continental Dur Kan complex. The two samples to the east of Fannuj (Fig. 5.3, Mak-10-100,
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Mak-08-73), have slightly lower εNd(t) values between 4.5 and 5.4 and higher 87Sr/86Sr(initial)
ratios of 0.7050-0.7063 (Fig. 5.11a). This suggests a mostly mantle-derived source more
enriched in the eastern part of the studied North Makran. The generally low Th/Yb in the
west, (Mak-10-36 contains large phenocryst and needs to be considered with caution),
compared to the east, corresponds to a mantle dominated source whereas alkali basalt
Mak-10-100 shows a slightly higher Th/Yb ratio (Fig. 5.11b).
Type 4 lavas show a high variability in εNd(t) from 4.5 to 7.9 and

87Sr/86Sr(initial)

of 0.7044-

0.7053 suggesting different melt sources. Adakite Mak-10-122 has the highest εNd(t) of all
lavas and shows the highest Th enrichment (Fig. 5.11b). The high εNd(t) is explained by remelting of oceanic crust to form this rock. The enrichment in Th is attributed to slab melts
or fluids implemented in the mantle melts (Pearce et al., 1995). Mak-10-17 has a high
Th/Yb and mixed εNd(t) signal, also consistent with supra-subduction lava.
Type 5 lavas yields lower εNd(t) values (2.4-4.4) than all other lava types, which reflects a
mixed melt source. Type 5 lavas have slightly higher Th/Yb ratios than type 1 and the
western type 2 lavas (phenocryst-bearing 11-36 excluded). The blueschist facies metapillows are in the range of type 2 lavas; no isotope analyses were done for Tangeh Sareh
lavas.

5.4.5 Ti vs. V
The lava groups of North Makran are reflected in the V vs. Ti discrimination diagram (Fig.
5.12). Vanadium has a crystal/liquid partition coefficient varying from >1 to <<1 with
increasing oxygen fugacity and is therefore taken as a marker of slab influence. When V is
low, as for example in andesites, where Ti-Fe oxide fractionation occurred prior to
eruption, the IAT may overlap with the MORB field (Shervais, 1982). Rocks of back-arc
basins also plot in MORB and Island arc volcanic fields but are generally less enriched in Ti
and V than fore-arc or arc-related lavas.
Type 1 lavas plot within the MORB field with high Ti and V concentrations (Fig. 5.12). Type
2 lavas lay mostly in the alkali and in the MORB fields. Type 3 lavas lie in the alkali to
MORB fields. Type 4 lavas plot in the MORB and IAT fields. Basalts show high, andesite and
dacites rather low Ti and V values reflecting ilmenite fractionation. Type 5 lavas plot
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within the IAT and in the MORB fields. Tangeh Sareh lavas are distributed in the IAT field
or with very low Ti and V concentration in the MORB field.

Figure 5.12: North Makran lava types and diabase in the Ti-Vanadium diagram after Shervais, (1982).

5.5 DISCUSSION
5.5.1 Origin of the lava types
This study defines five lava types affiliated to different magmatic episodes and geotectonic
environments in the North Makran. Each lava type was age-correlated with interlayered or
overlaying fossiliferous sediments (Fig. 5.4).
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5.5.1.1 Type 1 lavas
Type 1 lavas are the upper crustal part the North Makran ophiolites. The preserved
primary contact between the plutonic and effusive crust suggests a continuous magmatic
activity. Supportively, type 1 lavas show chemical similarity to subvolcanic diabase. Type 1
lavas overlap with diabase compositions (grey shaded area) in the V vs. Ti diagram (Fig.
5.12). Trace element distributions of type 1 lavas correspond well with diabase (Fig. 5.13).
These geochemical characteristics confirm that type 1 lavas and diabase share a common
melt source and pertain to the NMO ophiolitic sequence formed before or during Early
Cretaceous.

Figure 5.13: Trace element patterns of diabase and lava after Sun and McDonough, (1989). Grey shaded area =
field of North Makran diabase. a) Chondrite normalized trace element chemistry, b) MORB normalized trace
elements.

5.5.1.2 Type 2 Lavas
The most alkaline, Early Cretaceous type 2 lavas are restricted to the continental Dur Kan
Complex (Fig. 5.2). They are less primitive (XMg= 0.31-0.62) than other lava types. Primary
olivine and low bulk Ni (12-58ppm) and Co (11-35ppm) values point to an enriched
mantle source (Table 5.2). Trace element geochemistry is similar to diabase but slightly
enriched in LREE and LILE (Fig. 5.13). Sr-Nd isotope data indicate a mantle-dominated
source slightly more enriched in the eastern than in the western study area. Samples plot
along the mantle array (between E-MORB and OIB, consistent with their alkaline affinity
(Fig. 5.13). Their MORB-like bulk trace element chemistry suggests an environment where
there was nearly no interaction between melt and mantle (Kelemen et al., 1990).
Their continental situation is manifested in the bulk LREE enrichment. Low La/Yb and
relatively high U/Th ratios, except in sample Mak-10-100, indicate no subduction
component during type 2 volcanism (Fig. 5.15).
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Figure 5.14: Th/Yb versus Nb/Th diagram (after Leat et al., 2004) of North Makran volcanic rocks.

5.5.1.3 Type 3 Lavas
Type 3 basaltic to basaltic andesites with alkaline character plot close to EMORB (Fig. 5.14)
and thus are chemically similar to types 1 and 2 lavas. They are Early Cretaceous according
to microfauna in interlayered and covering sediments (McCall et al., 1985; Dolati, 2010).
With no Sr and Nd isotope data to interpret the melt source for type 3 lava and based on
geochemical evidence we suggest an enriched MOR-like system, such as a marginal basin.

5.5.1.4 Type 4 Lavas
Type 4 lavas of Late Cretaceous ages (Dolati, 2010), are primitive basalts and andesites
with negative Ti and distinct Nb-Ta anomalies (Fig. 5.10a and b). These lavas plot closer to
the volcanic arc field and the OIB than the types 1-3 (Fig. 5.14). Higher Pb/Ce ratios (Fig.
5.15) and elevated REE patterns suggest some slab influence. Sample (Mak-10-122) has
adakite signatures with dacite composition, high LREE (La/Yb~20) and low Y and Yb.
Adakitic lavas usually occur with calc-alkaline lavas and are products of partial melting of
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lower crust or eclogite facies basalts (Kelemen et al., 2003; Gill, 1974; Rapp et al., 1999,
Defant and Drummond, 1990; Ringwood, 1974, Boettcher, 1973). This dacite sample is
primitive (XMg = 0.72), suggesting that the Si-rich composition is due to an enriched melt
source such as found in a calc-alkaline sequence formed above a subduction zone or a
continental setting (Grove and Kinzler, 1986). The subduction component in type 4 lavas
that unconformably cover type 3 lavas indicates a change in the volcanic environment.

Figure 5.15: North Makran lava types in a) U/Th and b) Pb/Ce vs. La/Yb.

5.5.1.4 Type 5 Lavas
Type 5 lavas are primitive (>65 XMg), Mak-11-51 excepted, suggesting that no large
plutonic bodies were formed by their source (Hess, 1992; Langmuir et al., 1992).
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Clinopyroxene phenocrysts may be related to a higher pressure magma source than the
other lavas with plagioclase phenocrysts. Ce/Pb ratios between 1 and 10 (Fig. 5.15) are
common in calc-alkaline basalts, while oceanic systems generally have higher values (>20;
Noll et al., 1996). Type 5 lavas plot between the E-MORB mantle array and the volcanic arc
field in the Th/Yb vs. Nb/Yb diagram (Fig. 5.14). Low εNd and high initial

87Sr/86Sr

ratios

(Fig. 5.11), compared to other lavas, suggest an enriched mantle source, likely influenced
by a subducting slab. They overall show features compatible with formation above a
subduction slab (Kelemen et al, 2003).

5.5.2 Magmatic history
Geochemical analyses suggest three main phases and environments of lava production in
North Makran: (1) E-MORB-like low pressure tholeiites and alkaline type 1-3 lavas. Their
signatures reflect continental influence. We thus suggest that they erupted in an extending
marginal basin; type 2 formed on a thinned continental lithosphere, unconformably
covering and assimilating enclaves of granitoids, type 1 formed closer to the spreading
centre depositing conformably on diabase, type 3 which is found only in the FEC, erupted
along the spreading centre conformably on type 1 lava or unconformably on exhumed
peridotite and gabbro. (2) Type 4 lavas show MORB to IAT characteristics recording suprasubduction affinity in the Latest Cretaceous units. Sediment record confirms a shallowing
upward depositional environment from pelagic Early Cretaceous deep sea to neritic and
shallow marine Late Cretaceous sediments while simultaneously the source depth of the
magma increased. The absence of subduction-related lavas (comparable to the upper
section of type 4) in the core of the synform between Remeshk and Mokhtaramabad (Fig.
5.2) suggests that this area had either a low melt production after subduction initiation or
has been more deeply eroded than the eastern part of the field area. (3) Subductioncontrolled magmatism, likely in a fore-arc or arc environment as the geochemical
information (LILE, LREE enrichment, Nb-Ta negative anomaly, low TiO2) and geographic
position suggest, formed type 5, Tangeh Sareh and likely the blueschist facies lavas in Late
Cretaceous to Paleocene/Eocene times. The Tangeh Sareh andesites are evolved melts
with low XMg and follow the trend of Tangeh Sareh basalts (Fig. 5.8). This suggests that
these andesites evolved from a basaltic magma through differentiation and not a second
melt source.
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5.5.3 Implications on the geodynamic evolution of North Makran
Ophiolites delineate the Tethys suture from Greece and Turkey through the Zagros
Mountains, and continue in the Asian ophiolites of Sistan (Iran), Balouchistan-Waziristan
(Pakistan) and South Tibet (e.g. Alabaster et al., 1982; Sengor, 1990; Mahmood et al., 1995;
Gnos et al., 1998; Godard et al., 2006; Dilek et al., 2007). Cretaceous ages were assigned to
the Zagros, Oman and South Tibet ophiolites (Lippard et al., 1986; Dilek and Flower, 2003;
Dilek and Robinson, 2003). As several adjacent ophiolites, such as in Oman and Zagros, the
North Makran lavas have characteristics that suggest different melt sources.
The studied North Makran lavas are situated between the continental Dur Kan Complex,
representing the southeast end of the Sanandaj/Sirjan zone (McCall et al., 1985) and
Central Iran. To the west, two ophiolite groups were described; the so-called Inner Zagros
Ophiolite (Nain–Dehshir–Baft), along the southern border of Central Iran and the Outer
Zagros Ophiolites (Kermanshah – Neyriz) along the Main Zagros Fault (Fig. 5.1).
The Dehshir-Nain-Baft ophiolites are in a similar position (Fig. 5.1) as the NMO and have
been interpreted as part of a narrow back-arc basin; the arc being represented by
granitoid intrusions in the SSZ (Moghadam et al., 2009). They contain lavas of basaltic to
dacitic composition conformably capped by Cenomanian/Turonian to Maastrichtian (10065Ma) pelagic limestones (Moghadam et al., 2009; Moghadam and Stern, 2011; Moghadam
et al., 2012). The Outer Zagros Ophiolites are mostly attributed to a fore-arc region that
developed shortly after subduction initiation ~100Ma ago (e.g. Alabaster et al., 1982;
Sengor, 1990; Dilek et al., 2007; Moghadam and Stern, 2011). These remnants of Tethys
suture progressively evolved from N-MORB to IAT lavas and have also Late Cretaceous
ages (Desmons and Beccaluva, 1983; Ghazi and Hassanipak, 1999; Babaie et al., 2001;
Allahyari et al., 2010).
Besides a match of geographical position, the Dehshir-Nain-Baft and North Makran
Ophiolite display similar geochemical features of the youngest Upper Cretaceous volcanic
units. These lavas show tholeiitic to calc-alkaline affinities and have similar εNd(t) and
Th/Yb as part of type 4 lavas of North Makran (Fig. 5.16). Two samples of type 4 lavas
show a much higher Th/Yb ratio, indicating a strong subduction component. The other
lava types however generally yield lower εNd(t) values and higher Th/Yb (Fig. 5.16) than the
Zagros ophiolites. This difference may be related to a stronger continental or subduction
component.
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Figure 5.16: North Makran lava types in Epsilon Nd vs. Th/Yb (slab component), data of Neyriz lavas taken
from Zhang et al., 2005; Oman from Godard et al., 2006). Dehshir lavas from Moghadam et al., 2012.

Since information on older volcanic rocks in the Inner Zagros Ophiolites is lacking, we
mainly rely on the melt evolution, age and field relationships of the North Makran lavas to
discuss the tectonic history of the area.
In North Makran, lava flows (type 1, 2 and 3) cover diabase laccoliths and a sheeted dyke
complex crust. Thick pillowed and non-pillowed lava sequences and associated mafic
dykes indicate a magma-rich, spreading phase. The associated hemi-pelagic sediments of
at least Barremian age suggest a deep sea environment. In parts of the North Makran
Ophiolites, namely the Remeshk-Mokhtaramabad Synform and between Fannuj and
Kheyrabad, lavas also unconformably cover exhumed mantle and lower crust. Exposed
mantle on the ocean floor points to a rather slow-spreading and magma-poor system (e.g.
Cannat, 1993), which would be in accordance with rifting in pre-spreading times or simply
an off-axis position during spreading. In the Dur Kan Complex, granitoids unconformably
covered by diabase and lava also associated with pelagic sediments suggest a similar
tectonic environment. The overall W-E orientation of mafic dykes in the ophiolites and the
Dur Kan Complex indicate N-S extension. These findings are consistent with an extensional
phase in North Makran, which reached a spreading-state with the deposition of type 1-3
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lavas during the Barremian while the developing basin was deepening and filled with
pelagic deep-sea sediments.
A change from Early to Late Cretaceous in both lava chemistry and sedimentary
environment suggests a drastic change in tectonic setting. This change is tentatively
related to northward subduction of Tethys Ocean believed to have initiated in Late
Cretaceous times (Babaie et al., 2001, Desmons and Beccaluva, 1983, Berberian and King,
1982). The subduction influence is recognized in the chemical change to type 4 and 5 lavas
while the Late Cretaceous sedimentary record indicates shallower and more continentally
influenced clastic sources. The blueschist protoliths were likely part of such a suprasubduction region. The calc-alkaline Tangeh Sareh lavas document increased subduction
influence in Eocene times, when North Makran had turned into a fore-arc basin.

5.6 CONCLUSIONS
New geochemical data specify five lava types in North Makran. Types 1 and 2 lavas erupted
during the early Cretaceous, apparently coevally but in different regions of the same
extending marginal basin. Type 1 formed as part of a MOR-like tholeiitic sequence and
represents the doleritic upper crust of the North Makran Ophiolites whereas type 2 lavas
unconformably cover the continental Dur Kan Complex along the continental margin. Early
Cretaceous type 3 basalts and basaltic andesites conformably cover type 1 lavas near the
spreading centre and locally flowed onto harzburgite and mafic plutonic crust of the NMO.
This suggests that extension started before or during earliest Cretaceous.
Type 4 and 5 and Tangeh Sareh lavas are primitive basalts and andesites recording
subduction during the Late Cretaceous until the Early Eocene. This geochemical signature
did not exist in earlier lavas.
The chemical change in North Makran lavas reflects the change from MORB-like
magmatism in a marginal basin reaching MOR stage (type 1, 2 and 3) with no subduction
input to calc-alkaline magmatism in younger lavas (type 4, type 5, Tangeh Sareh and
protoliths of the Makran blueschists). These findings support previous assertion that the
Makran subduction started in the early Late Cretaceous (Alavi, 1996; Berberian and King,
1981; Farhoudi and Karig, 1977; Omrani et al., 2008).
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Jurassic magmatism in North Makran, SE Iran: Geochemistry,
U/Pb ages and Sr-Nd isotopes

Abstract
We present major and trace element analyses combined with U-Pb zircon crystallization
ages of an intermediate to granitic intrusion sequence within the Dur Kan Complex, in the
Iranian North Makran. The sampled granites – diorites – trondhjemites – plagiogranites
and basaltic to andesitic lavas have tholeiitic and calc-alkaline chemical features. Field
observations, petrographic relationships, trace element compositions and isotope
chemistry indicate three melt sources. Granites dated at 170-175Ma represent the last
crystallized melt of a continentally-derived magma. Fractional crystallization engendered
the diorite-trondhjemite-plagiogranite sequence over 12Ma (165-153Ma); the source has a
mantle and minor continental component. East-west trending mafic dykes intruded the
eroded granitoids before being covered by lavas and their Cretaceous (Valanginian)
sediments. Dykes and lavas have a mantellic source. Temporal correlation with plutonites
of the Sanandaj-Sirjan Zone, to the northwest, suggests a narrow northwest-southeast
striking, nearly 2000km long belt of Jurassic granitoid intrusions. The increasing mantle
influence with time in the magma sources through time is explained by thinning of
continental lithosphere and related mantle upwelling. Accordingly, the studied igneous
rocks may have developed in a passive margin rifting environment rather than above a
Jurassic subduction, as previous studies suggested.

175

CHAPTER 6 JURASSIC GRANITOIDS

6.1 INTRODUCTION
A sequence of intermediate to felsic intrusions, unconformably covered by basaltic to
andesitic lava and pelagic sediments, has been attributed to the most differentiated
lithologies of the North Makran Ophiolites (NMO), in southeast Iran (Fig. 6.1; Berberian
and King, 1981; McCall and Kidd, 1982; McCall, 2002; Shahabpour, 2010).

Figure 6.1: Tectonic units of Iran with Triassic and Mesozoic ophiolite complexes (black) and Jurassic plutonites
in the Sanandaj-Sirjan zone (green stars). Red rectangle=study area. Malayer granitoids (MG) after Aghazadeh
et al., (2010), Boroujerd granitoids (BG) after Ahmadi-Khalaji et al., (2007), Alvand Plutonic complex (AL) after
Shabazi et al., (2010), Suffi Abad granitoids (SAG) after Azizi et al., (2011), Inner Zagros Granitoids (IZG) after
Omrani et al., (2008), Aligoodarz Granitoids (AG) after Esna-Ashari et al., (2012).
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Few granite intrusions have been described in a narrow sliver of continental crust capped
by Cretaceous shelf limestone, the Dur Kan Complex (Fig. 6.2), which is considered to be
the southeastward continuation of the Sanandaj-Sirjan Zone (SSZ, Fig. 6.1; McCall et al.,
1985). The SSZ is delineated by intermediate to felsic rocks derived from calc-alkaline
magmas emplaced into a continental margin and related to the subduction of the Tethys
oceanic lithosphere beneath the Eurasian continent (e.g. Berberian and King, 1981; Agard
et al., 2005; Khalaji et al., 2007; Mazhari et al., 2009). Some of the calc-alkaline SSZ
granitoids are Jurassic (187 - 144Ma; e.g. Ahmadi-Khalaji et al., 2007; Shahbazi et al., 2010;
Ahadnejad et al., 2011; Esna-Ashari et al., 2012) but increased magmatic activity is
reported in the Late Cretaceous, which is attributed to subduction (e.g. Farhoudi and Karig,
1977; Berberian and King, 1981; Alavi, 1996; Omrani et al., 2008) in accordance with
global plate tectonics of that time (e.g. Stampfli and Borel, 2002).
This study was carried out to determine the origin of the intermediate to felsic rocks in
North Makran and identify the geodynamic affiliation and temporal relation with
neighbouring Tethyan suture zones. Field and geochemical investigations indicate a strong
continental contribution in the oldest granite magma source and a more mantle-derived
source for the younger granitoids. In contrast, there is no evidence for continental
derivation of the overlying volcanic rocks. Petrological and geochemical characterization of
the granitoids points to calc-alkaline magmatism into a continental sliver reportedly
derived from Gondwana.
New U-Pb measurements on zircons of the North Makran Granitoids (NMG) yield Late
Jurassic (175-153Ma) crystallization ages. Trace element features of both plutonites and
lava show LILE enrichment and negative Nb and Ta anomalies. Sr-Nd isotope ratios of
granites (175-170Ma) show isotopic compositions (0.7060 <

87Sr/86Srin

<0.7065; -4.08

<εNd(t) < -0.66) identifying continental contribution. The diorite - trondhjemite –
plagiogranite sequence (165-153Ma) shows slightly enriched isotopic compositions
(0.7042 < 87Sr/86Srin <0.7050; 1.50 <εNd(t) < 2.47) and a stronger mantle component. More
depleted values (0.7037 <

87Sr/86Srin

< 0.7050; 5.41 < εNd(t) < 6.72) of diabase and lava

indicate a mantle-derived melt source. The increasing mantle influence in the magma
source is explained by thinning of continental lithosphere and related mantle upwelling
under an extending lithosphere.
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6.2 GEOLOGICAL SETTING

6.2.1 North Makran
The Makran area in southern Iran exposes an east-west-trending, emerged portion of the
accretionary wedge that has been active since the Late Cretaceous. North-dipping
subduction, whose current trench is in the Oman sea, further south, is still active (e.g.
McCall and Kidd, 1982; Dercourt et al., 1986; Bayer et al., 2006; Vigny et al., 2006; Burg et
al., 2013). North Makran is bordered by the Jaz Murian depression to the north; to the
south, the Bashakerd thrust places North Makran over the Eocene turbidites and lava of
Inner Makran (Fig. 6.2; Dolati, 2010; Burg et al., 2013). North Makran exposes ophiolites,
“coloured mélanges”, Cretaceous volcanic units and Cretaceous to present-day
sedimentary sequences (e.g. McCall et al., 1985; McCall, 2002). The ophiolites were
interpreted as pieces of Tethys oceanic lithosphere now accreted to the Central Iran
microcontinent (Fig. 6.1; McCall et al., 1985; Sengor, 1990; Ricou, 1994). They are
unconformably covered by Cretaceous lavas, pelagic limestone and shales (EftekharNezhad et al., 1979).
To the south of the ophiolites, an assemblage of minor plutonic bodies covered by
Cretaceous lava, shallow and deep marine sediments form the Dur Kan Complex between
the Dar Anar and Bashakerd Thrusts (Fig. 6.2; McCall et al., 1985). The Dur Kan Complex
(DKC) has been interpreted as a ~250km long and maximal 40km wide slice of continental
crust that separates the ophiolites from the turbiditic to neritic sediments accumulated in
a mobile trench to the south (Berberian and King, 1981; McCall and Kidd, 1982; McCall,
1997). Satellite image analysis and field observations were used to infer that the DKC is the
southeastern continuation of the Sanandaj-Sirjan Zone (Fig. 6.1 and Berberian and King,
1981; McCall and Kidd, 1982; McCall et al., 1985; Sengor, 1990; McCall, 1997; Dilek et al.,
1999; McCall, 2002; Agard et al., 2005).

6.2.2 Studied Area
The main units of Northern Makran are (1) the metamorphic “Coloured Mélange”, (2) the
ophiolites (3) and the Dur Kan Complex. At variance with previous studies (e.g. McCall et
al., 1985; McCall, 2002) we assigned the intermediate to felsic rocks that occur to the south
of the Abnama Thrust to the Dur Kan Complex rather than to the NMO (Fig. 6.2), because
there is no intrusive relationship of these granitoids into the ophiolites.
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Figure 6.2: Simplified geological map of the North Makran with location (numbered dots) of samples used for geochemical analyses (see also Table 1), hexagons =
townships, red stars = younger granitoids unrelated to the Dur Kan Complex.
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The studied area covers the ~200km long and up to 20km wide nearly east-west trending
northern part of the Dur Kan Complex (Fig. 6.2), where most plutonic rocks occur (Fig.
6.3). A major fault striking WNW-ESE and passing through Fannuj Township separates two
differing segments of the DKC. To the east, trondhjemites form a several hundred meter
wide body unconformably covered by lava (Fig. 6.4a). Trondhjemite is also found in valleys
incised deep enough to reach below the base of lava flows. Other trondhjemite outcrops
are mostly fragmented and usually enclaves of several meters to tens of meter size in lavas
(Fig. 6.4b).

Figure 6.3: Geological map of the main granitoid bodies to the south of Remeshk.

To the west, trondhjemite, diorite, plagiogranite and granite bodies (>tens of km 2) are
intruded by east-west striking diabase dykes, that swarm out from the main diabase body
about 15km west of Kotij (Fig. 6.3). Diabase is mostly restricted to this area; there, it is
covered by doleritic and basaltic lava flows. These lavas seem to be related to the diabase
body and dykes because they display similar aspect and phenocrysts. In some places,
pillow lavas cover the main diabase body unconformably, indicating that it was exposed on
the ocean floor while lava was erupted and thus may not share a common magmatic
source. South of the Dar Anar Fault (Fig. 6.2), the DKC is mostly comprised of pelagic
(>200m) fossiliferous Cretaceous shales and limestones interlayered with lavas (Eftekhar-
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Nezhad et al., 1979; McCall et al., 1985). Close to the Bashakerd Thrust, these sediments
and lavas contain lenses of recrystallized grey limestone with a Middle Jurassic shallow
water fauna (Meyendorffina sp., Hauriana sp.; McCall et al., 1985).
Most of the intermediate to felsic plutonic rocks, on which this study is focused, are located
to the south of the Abnama Fault between Remeshk and Kotij (Fig. 6.3). The contact with
the NMO, the north-dipping Abnama Fault (Fig. 6.2), is a thrust with top to the southwest
movement. Granites, often with porphyric texture and pink-orange weathering colour,
crop out as variously-sized bodies (tens to hundreds of meters) between Remeshk and
Mokhtaramabad (Figs. 6.3 and 4c). They are covered by white-grey thickly banded
recrystallized limestone and shales (Fig. 6.4d). The shallow water fauna indicates that
these limestones represent shelf deposits (McCall et al., 1985). Granite at the contact with
limestone has often a fine-grained texture interpreted as chilled margin.

Figure 6.4: Field aspect and relationships between the studied North Makran granitoids. a) Trondhjemite
below lava southeast of Bonrud (26°37’34.6’’N/59°52’57.3’’E), b) trondhjemite enclaves in lava west of Kotij
(26°43’16.5’’N/ 58°58’10.8’’E), c) granite 15km south of Remeshk (26°43’48.7’’N/58°51’05.6’’E), d)
recrystallized limestone on granite 15km south of Remeshk (26°43’52.7’’N/58°51’25.0’’E).
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The two main granitoid outcrops are a west-east elongated, 30km long and 2km wide
diorite body along the northern border of the DKC (Fig. 6.3) and a 30km x 3 km
trondhjemite body to the south of the diorite (Fig. 6.5a). Along the southern border of the
main diorite body, decimetre to meter thick trondhjemite dykes and mm-cm thick veins
demonstrate intrusion of trondhjemite into diorite (Fig. 6.5b). In some places,
trondhjemite/diorite contacts are burgeoning and show no chilled margin, suggesting that
diorite was not fully crystallized when trondhjemite intruded (Fig. 6.5c).
Plagiogranites are covered by diabase and lava and are, in some places, cut by meter-thick
diabase dykes (Fig. 6.5d). Dykes of plagiogranite also occur within trondhjemite. Structural
relationships observed south and southeast of Remeshk (Fig. 6.2) indicate that granites are
the oldest rocks. They are intruded by diorite and trondhjemite. All of these rocks were
later intruded by plagiogranite. Diabase and lava intrude and cover granitoids.

Figure 6.5: Field aspect and relationships between the studied North Makran granitoids. a) Diorite and
trondhjemite, cut by mafic dykes, beneath lavas and sediments, 20km west of Kotij
(26°43’35.1’’N/58°56’05.1’’E), b) dykes and veins of trondhjemite in diorite 8 km south of Remeshk, close up
showing sharp contact (26°46’43.5’’N/58°49’49.3’’E), c) wavy and interdigitating (dashed lines) contact
between trondhjemite veins in diorite 10km south of Remeshk (26°46’01.4’’N/58°51’02.0’’E), d) east-west
trending mafic dykes (Mak-10-44) cutting trondhjemite and plagiogranite (Mak-10-45) 20km west of Kotij
(26°43’52.5’’N/58°56’02.1’’E), close-up shows chilled margin of dyke.
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6.3 PETROGRAPHY
The diorite, trondhjemite, plagiogranite and granite (after the classification of Streckeisen;
1976) have been studied under the optical microscope and representative samples
(locations Fig. 6.2 and Table 6.1) have been chosen for geochemical analysis.

6.3.1 Granite
Granite is holocrystalline and has locally a magmatically foliated porphyric texture. Kfeldspar phanerocrysts (<3mm) constitute ~45% of the rock (Fig. 6.4c). They are euhedral
to subhedral with straight grain boundaries and contain braided lamellae with perthitic
texture (Fig. 6.6a). The fine grained matrix (<0.1mm) is mostly comprised of plagioclase
(~40%) and quartz (~10%). Biotite (~3%), accessories, mostly ilmenite and hematite,
form the rest of the rock. Intergrown quartz and feldspar display a granophyric and
micrographic texture. These features characterize eutectic crystallization at low
temperatures in high silica systems. Biotite, often altered to chlorite, occurs in aggregates.
Epidote is secondary, replacing feldspar. Calcite veins are late brittle fractures. Variations
in plagioclase and quartz contents classify a series from granite to monzonite. To avoid
confuse descriptions of too many rock types we refer to all of these rocks as granite.
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6.3.2 Diorite
Diorite is holocrystalline and mostly equigranular with grain size between 0.5mm and
1mm. The white weathering colour is due to abundant plagioclase (~70%), which shows
straight or pinched out polysynthetic twinning in thin sections. Hornblende, the second
most abundant mineral (~15% of the rock volume), occurs as green to brown-green
crystals. Quartz and K-feldspar generally occur in equal proportions (~5%). Ilmenite is the
main accessory mineral (~3%) and is often associated with hornblende. Diorite has a
granular texture with interdigitating grain boundaries between feldspar, quartz and
hornblende (Fig. 6.6b). Most crystals are anhedral and display consertal intergrowth
textures. Variations in quartz content, which can be almost absent, classify these rocks
from diorite to nearly gabbro.

6.3.3 Trondhjemite
Trondhjemite is holocrystalline with a porphyric texture composed of plagioclase
phanerocrysts (<3mm) surrounded by a finer grained matrix of feldspar (~0.5mm) and
quartz (~0.2mm). Plagioclase makes ~90% of the rock; other minerals are 3-5% of each Kfeldspar and quartz and accessories such as ilmenite and hematite. Feldspar phanerocrysts
are subhedral and show polysynthetic twinning. Feldspar and quartz in the matrix are
anhedral. Grain boundaries are irregular and show consertal intergrowth textures (Fig.
6.6c). Finer grained quartz occupies interstitial spaces between feldspars and often shows
undulose extinction. Trondhjemite enclaves in lava contain epidote, tremolite and albite as
low temperature alteration products (Fig. 6.5a).

6.3.4 Plagiogranite
Plagiogranites look like trondhjemites and differ mainly in being richer in quartz and Kfeldspar. Plagiogranite is holocrystalline, porphyric with plagioclase phanerocrysts
(~2mm) within a finer matrix of feldspars and quartz. The main rock-forming minerals are
plagioclase (~75%), quartz (~10%) and K-feldspar (~10%). Accessory minerals are
ilmenite and hematite. Plagioclase phanerocrysts are mostly subhedral and often show
polysynthetic twinning. The matrix grains are anhedral with interdigitating grain
boundaries defining a consertal intergrowth texture (Fig. 6.6d). Quartz grains are rounded,
interstitial with undulose extinction. Alteration of plagioclase to epidote, prehnite and
albite was observed.
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Figure 6.6: Photomicrographs of the North Makran granitoids and the volcanic rocks. Mineral abbreviations
after (Kretz, 1983; Whitney and Evans, 2010), except Pe = perthite. a) Granite Mak-11-37 under polarized light
with perthitic exsolution texture in feldspars. b) Diorite Mak-11-47 under polarized light with burgeoning grain
boundaries between feldspar, quartz and hornblende. c) Trondhjemite Mak-11-32 under polarized light
displaying coarse plagioclase with polysynthetic twinning, irregular grain boundaries and consertal
intergrowth between mineral grains. d) Plagiogranite Mak-10-38 under polarized light showing interdigitating
grain boundaries between feldspar and quartz, plagioclase shows polysynthetic twinning. GPS location in Table
6.1.

6.3.5 Diabase
Diabase is holocrystalline and contains plagioclase phenocrysts (<5mm) near granitoids
and in the dykes, and otherwise has a typical fine-grained subvolcanic texture. Diabase
consists of a framework (~50%) of lath shaped plagioclase crystals (<3mm long) with
interstitial subhedral clinopyroxene (35%) and amphiboles (5%) with straight grain
boundaries. Plagioclase phenocrysts are euhedral and have a more albitic rim with no
straight grain boundary towards the matrix (Fig. 6.7a). Plagioclase was the first
crystallized phase and displays polysynthetic twinning. Ilmenite and magnetite are the
main accessory minerals (~10%). They often are intergrown with amphibole and
pyroxene in a skeletal texture. Diabase is usually well preserved, but in some places
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variably altered, so that epidote and occasionally chlorite replace plagioclase and tremolite
and actinolite replace clinopyroxene. In dykes, green to green-brown hornblende and
plagioclase are the main components while K-feldspar and minor amounts of
clinopyroxene occur within the matrix.

6.3.6 Lavas
Lavas have different grain sizes and textures and are variably altered. The most common
type is dark-brown to black, fine grained and hypocrystalline. Lath shaped (<0.5mm long)
plagioclase is the main rock-forming mineral (~60%). Some lavas are porphyric with large
plagioclase phenocrysts (<1cm) in a fine groundmass of mostly plagioclase, magnetite,
clinopyroxene, glass and bigger olivine crystals (~2mm; Fig. 6.7c). Plagioclase phenocrysts
are euhedral whereas matrix plagioclase is fibrous, often in radial clusters.

Figure 6.7: Photomicrographs of the North Makran granitoids and the volcanic rocks. Mineral abbreviations
after (Kretz, 1983; Whitney and Evans, 2010), except dvM= devitrified melt. a) Euhedral plagioclase xenocrysts
in the finer grained matrix of diabase dyke Mak-10-44 under transmitted light. b) Lava Mak-11-35 under
transmitted light with accumulations of devitrified melt, magnetite and altered olivine in a matrix of mostly
plagioclase laths. Clinopyroxene is interstitial to plagioclase. c) Lava Mak-11-36 under transmitted light with
olivine inclusions in large plagioclase phenocrysts. d) Vesicular lava Mak-11-55 under transmitted light with
dark glass and clinopyroxene accumulation and olivine in the matrix. GPS location in Table 6.1.
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Grains of altered olivine reach up to 0.5mm in size (Fig. 6.7b). Less than 0.5mm big
clinopyroxene grains are interstitial between plagioclase.

The groundmass is

cryptocrystalline and often devitrified dark-brown glass. Magnetite is the main accessory
mineral, often symplectitic with clinopyroxene. Vesicular pillow lavas in upper lava levels
are very fine grained and mostly consist of needle-shaped plagioclase, frequently in radial
clusters, in the matrix of devitrified dark brown glass (Fig. 6.7d). Within this matrix,
accumulations of clinopyroxene, amphibole and glass reach sizes of ~1mm. Smaller grains
(~0.1mm) of clinopyroxene and green altered olivine are parts of the matrix paragenesis.
Vesicles are filled with calcite. The vesicular pillow lavas are often altered with epidote and
chlorite replacing plagioclase and tremolite replacing clinopyroxene.

6.4 Zircon geochronology
6.4.1 Methods
Zircon crystals were separated with conventional heavy liquid and magnetic separation
methods. Zircons from the grain fraction 60-250μm were handpicked under a binocular
microscope from the non-magnetic fraction (<0.5 A). Once mounted in epoxy polished and
carbon coated, cathodoluminescence (CL) images of each grain were taken to identify
inherited cores and zoning; back-scattered electron images (BSE) were taken to identify
inclusions. U-Pb and Hf isotope measurements were positioned on the CL images. Two
methods to get magmatic crystallization ages were applied. 10 samples were analysed with
the sensitive high-resolution ion microprobe (SHRIMP) at the Centre of Isotopic Research
in St. Petersburg, Russia. The SHRIMP method is described in (Larionov, 2004). 5 more
samples were analysed with laser ablation inductively coupled mass spectrometry (LaICP-MS) at ETH Zurich with the Excimer laser (ArF 193nm). La-ICP-MS zircon standards
were GJ-1 (Jackson et al., 2004) and Plesovice (Slama et al., 2008). The results have been
processed with the SQUID v1.12 (Ludwig, 2005) for SHRIMP and Glitter for LA-ICP-MS
(Van Achterbergh et al., 2001) and ISOPLOT/Ex 3.22 (Ludwig, 2005). The decay constant
of Steiger and Jäger (1977) was used for age calculations. Combining the two techniques
constrains the crystallization age and discriminates age populations within given samples,
thus permitting to better comprehend the magmatic history. Results of SHRIMP analyses
are listed in Table 6.2. Results of La-ICP-MS analyses are given in the electronic
supplementary. Only data with

206Pb/238U

and
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range were considered to avoid data with lead loss. Zircon U-Pb ages are presented in
Concordia (Wetherill, 1956) and Terra-Wasserburg (Terra and Wasserburg, 1972) or
weighted average diagrams.

6.4.2 Granites
Granite has one magmatic zircon population of 120-200μm long euhedral zircons. They
often show two stages of development, with a core much darker or brighter in the CL
image, than the light grey magmatic zoning. SHRIMP analyses of Mak-11-37 yield a
concordant age of 175.98 ±0.86Ma (Fig. 6.8a). Another granite (Mak-11-57) with similar
prismatic zircons yields a concordant age of 170.0 ±1.0Ma (Fig. 6.8b). There is no age
difference within analytical error between cores and rims, suggesting that the concordant
ages represent crystallization ages.

Figure 6.8: SHRIMP U-Pb zircon ages of the North Makran granite. a) U-Pb Concordia diagram and CL images
of measured spots on zircons of Mak-11-37, b) U-Pb Concordia diagram and CL images of measured spots on
zircons of Mak-11-57. GPS location in Table 6.1.
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6.4.3 Diorites
Diorite (Mak-11-18) was analysed with SHRIMP and La-ICP-MS techniques to confirm, that
both methods give the same results within errors. Mak-11-18 contains euhedral,
oscillatory zoned zircons usually longer than 200μm. They rarely contain dark cores. The
outermost rim is often brighter in CL images than the rest of the grain. This bright zone is
slightly younger than the darker inner zone but plots within the error of the 161.3 ±1.7Ma
concordant age (Fig. 6.9a) obtained with the SHRIMP. Although most zircon grains look
similar in CL images, La-ICP-MS analyses reveal one concordant age of 163.3 ±0.8 Ma (Fig.
6.9b) and a wider range of grains with ages between 168 and 188Ma. The concordant age
plots within the error of the SHRIMP result and is thus interpreted as crystallization age.

Figure 6.9: U-Pb zircon ages of North Makran diorites. a) U-Pb Concordia diagram and CL images of measured
spots on zircons of Mak-11-18 with SHRIMP, b) U-Pb Concordia diagram of main group in Mak-11-18 analysed
by La-ICP-MS showing concordant age, c) histogram shows older core U-Pb ages. GPS location in Table 6.1.
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The about older 30 grains have a peak between 170-174Ma, which coincides with the
crystallization age of the granites (Fig. 6.9c). They are interpreted as assimilated grains,
either antecrysts or xenocrysts and inherited cores (Miller et al., 2007).
Diorite sample Mak-11-47 from the main body, south of Remeshk (Fig. 6.2), is cut by dykes
of trondhjemite and plagiogranite (Fig. 6.5b). We identified different generations of
euhedral colourless zircons. Larger grains, up to 250μm long, form the biggest group.
These zircons commonly contain apatite inclusions and occasionally show a brighter rim in
CL images. Oscillatory zoning is common. Their concordant age, obtained with La-ICP-MS,
is 160.3 ±0.8Ma (Fig. 6.10a). Several darker grains and cores yield ages between 165175Ma (Fig. 6.10b). Smaller zircons, blurry patches and brighter rims in CL images yield
ages between 144-153Ma. These young ages could either be an artefact of lead loss or
related to the deposition of the lava flow close by.

Figure 6.10: U-Pb zircon ages of North Makran diorites. a) U-Pb Concordia diagram in sample Mak-11-47
analysed by La-ICP-MS, b) histogram of older cores and younger rims in Mak-11-47, c) U-Pb Concordia diagram
and CL images of measured spots on zircons of Mak-10-16 with SHRIMP analyses. GPS location in Table 6.1.
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Table 6.2
SHRIMP results of the North Makran Granitoids

granite (Mak-11-37)
sample spot

U

Th

(ppm)

(ppm)

232

Th/238U

206

Pb*(ppm) % 206Pbc

207

Pb*/206Pb* ± %

206

(1)

Pb*/238U ± %
(1)

error
correction

age (Ma)
206

Pb/238U (1)

error
(Ma)

age (Ma)
206

Pb/238U (2)

error
(Ma)

bright and dark oscillatory zircon domains

Mak-11-37_1
Mak-11-37_2.1
Mak-11-37_2.2
Mak-11-37_3
Mak-11-37_4
Mak-11-37_5
Mak-11-37_6
Mak-11-37_7
Mak-11-37_8
Mak-11-37_9
Mak-11-37_10
Mak-11-37_11
Mak-11-37_12

1470
2157
1309
1213
1381
1364
1998
710
443
2390
2214
1546
2917

645
1047
459
607
605
709
1063
299
216
1549
1058
726
1357

0.45
0.50
0.36
0.52
0.45
0.54
0.55
0.43
0.50
0.67
0.49
0.49
0.48

34.8
52.6
32.4
28.6
32.8
32.4
47.8
16.6
10.3
57.8
53.4
36.5
71.1

0.00
2.07
2.25
0.25
0.20
0.15
0.34
0.00
0.00
0.09
0.63
0.56
0.75

0.049
0.050
0.050
0.049
0.049
0.050
0.049
0.050
0.049
0.049
0.049
0.052
0.048

1.8
7.8
10
3
3
2.4
3.2
2.6
3.4
1.7
3.4
4
4

0.02753
0.02779
0.02813
0.02737
0.02762
0.02763
0.02777
0.02718
0.02715
0.02812
0.02790
0.02731
0.02814

0.81
0.87
1.2
0.87
0.85
0.85
0.81
0.97
1.1
0.79
0.82
0.87
0.8

0.416
0.111
0.110
0.276
0.273
0.328
0.249
0.346
0.314
0.418
0.231
0.215
0.199

175.1
176.7
178.8
174.1
175.6
175.7
176.6
172.9
172.7
178.8
177.4
173.7
178.9

±1.4
±1.5
±2.0
±1.5
±1.5
±1.5
±1.4
±1.7
±1.9
±1.4
±1.4
±1.5
±1.4

age (Ma)

error

175.2
176.7
178.8
174.2
175.8
175.6
176.8
172.9
172.8
178.8
177.5
173.1
179.3

±1.4
±1.4
±1.7
±1.5
±1.5
±1.5
±1.4
±1.7
±2.0
±1.4
±1.4
±1.5
±1.4

age (Ma)

error

Errors are 1-sigma; Pbc and Pb* indicate the common radiogenic portions, respectively.
Error in Standard calibration was 0.33% (not included in the above errors but required when comparing data from different mounts).
(1) Common Pb corrected using measured 204 Pb.
(2) Common Pb corrected by assuming 206 Pb/238 U - 207 Pb/235 U age-concordance

granite (Mak-11-57)
sample spot

U

Th

(ppm)

(ppm)

232

Th/238U

206

Pb*(ppm) % 206Pbc

207

Pb*/206Pb* ± %

206

(1)

Pb*/238U ± %
(1)

error
correction

206

Pb/238U (1)

(Ma)

206

Pb/238U (2)

(Ma)

bright and dark oscillatory zircon domains

Mak-11-57_1
Mak-11-57_2
Mak-11-57_3
Mak-11-57_4
Mak-11-57_5
Mak-11-57_6.1
Mak-11-57_6.2
Mak-11-57_7
Mak-11-57_8
Mak-11-57_9

1119
1267
1704
1784
977
1701
850
1020
1441
659

583
599
691
948
340
858
496
524
1009
286

0.54
0.49
0.42
0.55
0.36
0.52
0.60
0.53
0.72
0.45

25.7
29.1
39.7
41.2
22.3
39.1
19.4
23.9
33.4
15

0.30
0.14
0.09
0.15
0.16
0.72
0.28
0.19
0.10
0.31

0.048
0.050
0.050
0.049
0.049
0.050
0.048
0.050
0.051
0.049

3
2.2
2.5
2
2.8
3.7
3.2
3.1
1.9
3.3

0.02666
0.02668
0.02708
0.02687
0.02659
0.02658
0.02650
0.02725
0.02693
0.02634

0.71
0.68
0.65
0.64
0.73
0.68
0.77
0.73
0.66
0.81

0.232
0.292
0.255
0.307
0.255
0.181
0.236
0.228
0.321
0.240

169.6
169.8
172.3
170.9
169.2
169.1
168.6
173.3
171.3
167.6

±1.2
±1.1
±1.1
±1.1
±1.2
±1.1
±1.3
±1.2
±1.1
±1.3

age (Ma)

error

-

-

Errors are 1-sigma; Pbc and Pb* indicate the common radiogenic portions, respectively.
Error in Standard calibration was 0.33% (not included in the above errors but required when comparing data from different mounts).
(1) Common Pb corrected using measured 204 Pb.

diorite (Mak-11-18)
sample spot

U

Th

(ppm)

(ppm)

232

Th/238U

206

Pb*(ppm) % 206Pbc

207

Pb*/206Pb* ± %

206

(1)

Pb*/238U ± %
(1)

error
correction

206

238

Pb/

U (1)

(Ma)

age (Ma)
206

238

Pb/

U (2)

error
(Ma)

bright and dark oscillatory zircon domains

Mak-11-18_1
Mak-11-18_2
Mak-11-18_3
Mak-11-18_4.1
Mak-11-18_4.2
Mak-11-18_5
Mak-11-18_6
Mak-11-18_7
Mak-11-18_8
Mak-11-18_9
Mak-11-18_10

194
276
325
186
64
278
369
148
243
212
287

137
233
196
103
21
154
295
76
160
142
182

0.73
0.87
0.62
0.58
0.33
0.57
0.83
0.53
0.68
0.69
0.65

4.25
6.16
7.12
4.2
1.46
6.29
8.12
3.13
5.24
4.48
6.24

0.63
0.21
0.36
1.11
2.03
0.65
0.91
1.18
0.10
0.61
0.52

0.047
0.051
0.048
0.047
0.047
0.046
0.045
0.050
0.053
0.048
0.048

7.8
4.5
4.6
12
26
12
10
19
3.7
7
6.4

0.02529
0.02591
0.02539
0.02605
0.02585
0.02612
0.02535
0.02438
0.02507
0.02449
0.02516

1.8
1.6
1.6
2
2.4
1.7
1.6
2.2
1.6
1.7
1.6

0.220
0.337
0.322
0.156
0.093
0.142
0.160
0.111
0.409
0.238
0.246

161
164.9
161.6
165.8
164.5
166.2
161.4
155.3
159.6
156
160.2

±2.8
±2.6
±2.5
±3.2
±3.9
±2.8
±2.6
±3.3
±2.6
±2.6
±2.6

age (Ma)

error

161.4
164.6
161.9
166.4
165
167.1
162.2
155.2
158.9
156.2
160.4

±2.8
±2.6
±2.5
±3.1
±3.7
±2.7
±2.5
±2.8
±2.6
±2.6
±2.5

age (Ma)

error

Errors are 1-sigma; Pbc and Pb* indicate the common radiogenic portions, respectively.
Error in Standard calibration was 0.33% (not included in the above errors but required when comparing data from different mounts).
(1) Common Pb corrected using measured 204 Pb.
(2) Common Pb corrected by assuming 206 Pb/238 U - 207 Pb/235 U age-concordance

diorite (Mak-10-16)
sample spot

U

Th

(ppm)

(ppm)

232

Th/238U

206

Pb*(ppm) % 206Pbc

207

Pb*/206Pb* ± %
(1)

206

Pb*/238U ± %
(1)

error
correction

206

Pb/238U (1)

(Ma)

206

Pb/238U (2)

(Ma)

bright and dark oscillatory zircon domains

Mak-10-16_1
Mak-10-16_2
Mak-10-16_3
Mak-10-16_4
Mak-10-16_5
Mak-10-16_6
Mak-10-16_7
Mak-10-16_8
Mak-10-16_9
Mak-10-16_10
Mak-10-16_11
Mak-10-16_12
Mak-10-16_13

67
54
137
42
34
34
44
42
208
57
44
36
53

27
23
85
21
13
16
19
18
206
24
20
16
21

0.42
0.44
0.64
0.52
0.39
0.49
0.46
0.43
1.03
0.44
0.47
0.45
0.40

1.51
1.2
3.17
0.965
0.769
0.774
1.04
0.965
4.61
1.25
0.995
0.854
1.17

2.25
2.58
1.67
3.30
4.65
4.65
3.51
4.42
0.00
2.86
3.59
3.91
0.00

0.040
0.037
0.041
0.035
0.034
0.030
0.036
0.035
0.049
0.031
0.039
0.037
0.055

28
35
23
48
68
79
49
64
3.9
46
47
53
6.6

0.02577
0.0252
0.02644
0.02581
0.02487
0.02525
0.02679
0.02536
0.0258
0.02467
0.02542
0.02627
0.02551

2.3
2.7
1.7
2.9
3.8
3.8
3
3.5
1.2
2.5
3
3.5
1.9

Errors are 1-sigma; Pbc and Pb* indicate the common radiogenic portions, respectively.
Error in Standard calibration was 0.33% (not included in the above errors but required when comparing data from different mounts).
(1) Common Pb corrected using measured 204 Pb.
(2) Common Pb corrected by assuming 206 Pb/238 U - 207 Pb/235 U age-concordance
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0.081
0.076
0.076
0.061
0.055
0.048
0.062
0.055
0.282
0.054
0.063
0.065
0.271

164.0
160.4
168.3
164.3
158.4
160.8
170.4
161.5
164.2
157.1
161.8
167.1
162.4

±3.7
±4.2
±2.9
±4.7
±5.9
±6.0
±5.1
±5.6
±1.9
±3.8
±4.7
±5.7
±3.0

165.9
163.0
170.0
167.4
161.4
164.7
173.4
164.5
164.3
160.6
164.1
169.8
161.3

±3.2
±3.6
±2.2
±3.6
±4.1
±4.2
±3.8
±3.7
±1.9
±2.9
±3.4
±4.3
±3.1
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Table 6.2 continuation
SHRIMP results

trondhjemite (Mak-09-194)
sample spot

U

Th

(ppm)

(ppm)

232

Th/238U

206

Pb*(ppm) % 206Pbc

207

Pb*/206Pb* ± %

206

(1)

Pb*/238U ± %
(1)

error
correction

age (Ma)
206

238

Pb/

U (1)

error
(Ma)

age (Ma)
206

238

Pb/

U (2)

error
(Ma)

bright and dark oscillatory zircon domains

Mak-09-194_1
Mak-09-194_2
Mak-09-194_3
Mak-09-194_4.1
Mak-09-194_4.2
Mak-09-194_5
Mak-09-194_6
Mak-09-194_7
Mak-09-194_8
Mak-09-194_9
Mak-09-194_10

263
240
177
73
104
124
197
289
395
260
250

264
297
172
33
58
64
130
389
552
280
287

1.04
1.28
1.00
0.47
0.58
0.53
0.68
1.39
1.44
1.11
1.19

5.7
5.19
4
1.75
2.24
2.77
4.34
6.22
8.39
5.77
5.5

0.79
0.83
0.00
1.91
2.17
1.59
1.01
0.70
0.59
0.78
0.84

0.0482
0.0463
0.0487
0.044
0.050
0.0513
0.0465
0.0497
0.0481
0.0469
0.0473

8.9
9.8
4.4
25
21
19
14
6.8
6
11
11

0.02505
0.025
0.02621
0.02723
0.02447
0.02561
0.0254
0.02489
0.02461
0.02558
0.02539

1.4
1.5
1.6
2.7
2.2
2.1
1.6
1.2
1.1
1.4
1.4

0.157
0.150
0.334
0.106
0.103
0.105
0.115
0.177
0.183
0.127
0.124

159.5
159.2
166.8
173.2
155.9
163
161.7
158.5
156.7
162.8
161.6

±2.2
±2.3
±2.6
±4.5
±3.3
±3.3
±2.5
±1.9
±1.7
±2.2
±2.2

age (Ma)

error

159.7
159.8
166.9
174.4
155.8
162.7
162.3
158.4
156.9
163.3
162.1

±2.2
±2.3
±2.6
±4.1
±3.0
±2.8
±2.3
±1.9
±1.7
±2.0
±2.1

age (Ma)

error

Errors are 1-sigma; Pbc and Pb* indicate the common radiogenic portions, respectively.
Error in Standard calibration was 0.33% (not included in the above errors but required when comparing data from different mounts).
(1) Common Pb corrected using measured 204 Pb.
(2) Common Pb corrected by assuming 206 Pb/238 U - 207 Pb/235 U age-concordance

plagiogranite (Mak-10-38)
sample spot

U

Th

(ppm)

(ppm)

232

238

Th/

U

206

Pb*(ppm) % 206Pbc

207

206

Pb*/

Pb* ± %

206

(1)

238

Pb*/

U ±%

(1)

error
correction

206

Pb/238U (1)

(Ma)

206

Pb/238U (2)

(Ma)

bright and dark oscillatory zircon domains

Mak-10-38_1
Mak-10-38_2
Mak-10-38_3
Mak-10-38_4
Mak-10-38_5
Mak-10-38_6.1
Mak-10-38_6.2
Mak-10-38_7
Mak-10-38_8
Mak-10-38_9.1
Mak-10-38_9.2
Mak-10-38_10.1
Mak-10-38_10.2
Mak-10-38_11
Mak-10-38_12

84
22
34
7
91
508
25
94
11
193
91
172
167
93
127

35
7
7
3
40
287
7
29
5
98
39
121
58
33
63

0.43
0.31
0.20
0.47
0.46
0.58
0.30
0.32
0.44
0.52
0.45
0.72
0.36
0.36
0.51

1.81
0.517
0.757
0.192
1.97
9.76
0.602
2.02
0.276
4.02
1.99
3.73
3.43
2
2.75

-

-

-

-

-

-

152.7
156
163.7
173
155.8
140
148
151.6
170
152.8
161.8
158.6
152.3
151.7
153.7

± 5.1
±14
± 4.4
±27
± 4.8
± 1.8
±17
± 4.3
±16
± 2.3
± 2.9
± 2.4
± 2.2
± 4.6
± 4.4

age (Ma)

error

158.6
155.2
157.9
158
156.3
141.2
166.9
157.4
164
152.7
158.9
159
150.5
156.5
158.1

± 3.6
± 9.3
±5
±15
± 3.2
± 1.5
± 6.2
± 3.1
±11
± 2.1
± 3.1
± 2.3
± 2.2
± 3.3
± 2.6

age (Ma)

error

Errors are 1-sigma; Pbc and Pb* indicate the common radiogenic portions, respectively.
Error in Standard calibration was 0.33% (not included in the above errors but required when comparing data from different mounts).
(1) Common Pb corrected using measured 204 Pb.
(2) Common Pb corrected by assuming 206 Pb/238 U - 207 Pb/235 U age-concordance

plagiogranite (Mak-10-45)
sample spot

U

Th

(ppm)

(ppm)

232

Th/238U

206

Pb*(ppm) % 206Pbc

207

Pb*/206Pb* ± %
(1)

206

Pb*/238U ± %
(1)

error
correction

206

Pb/238U (1)

(Ma)

206

Pb/238U (2)

(Ma)

bright and dark oscillatory zircon domains

Mak-10-45_1
Mak-10-45_2
Mak-10-45_3.1
Mak-10-45_3.2
Mak-10-45_4
Mak-10-45_5
Mak-10-45_6
Mak-10-45_7.1
Mak-10-45_7.2
Mak-10-45_8.1
Mak-10-45_8.2
Mak-10-45_9.1
Mak-10-45_9.2
Mak-10-45_10
Mak-10-45_11.1
Mak-10-45_11.2

89
331
135
33
172
219
104
74
433
270
126
139
27
92
1144
606

40
73
84
4
86
128
55
6
157
220
70
59
7
50
5
17

0.46
0.23
0.64
0.11
0.52
0.60
0.55
0.08
0.38
0.84
0.57
0.44
0.26
0.56
0.00
0.03

1.68
6.49
2.97
0.609
3.92
4.59
2.28
1.36
8.97
5.89
2.9
2.63
0.535
1.91
22.5
12.4

1.59
0.49
1.12
0.00
0.72
0.00
1.73
0.00
0.78
0.00
0.00
0.00
0.00
0.00
0.15
0.00

-

-

-

-

-

-

-

139.4

±2.3

145
162.3
132.3
167.4
154.5
162.3
134.5
153.1
161.1
167.6
139
142.2
153.2
145.6
150.6

±1.6
±2.7
±3.1
±2.3
±1.7
±2.8
±2.7
±2.8
±1.9
±1.9
±2.8
±3.7
±2.2
±1.1
±3.2

Errors are 1-sigma; Pbc and Pb* indicate the common radiogenic portions, respectively.
Error in Standard calibration was 0.33% (not included in the above errors but required when comparing data from different mounts).
(1) Common Pb corrected using measured 204 Pb.
(2) Common Pb corrected by assuming 206 Pb/238 U - 207 Pb/235 U age-concordance

Another diorite sample (Mak-10-16) contains smaller zircons (~100μm) with magmatic
zoning. It yields a concordant age of 165.6 ±1.7Ma (Fig. 6.10c). The ages ranging from 160179Ma suggest that this diorite also assimilated older grains, probably from the granite.
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6.4.4 Trondhjemites
Trondhjemite enclave (Mak-09-194) contains 150-250μm long colourless euhedral
zircons. They display oscillatory zoning and a few contain dark cores. One core yields
174.4 ±4.1Ma which is older than the concordant age of 160.5 ±1.4Ma (Fig. 6.11).

Figure 6.11: U-Pb Concordia diagram and CL images of measured spots on zircons of Mak-09-194 with SHRIMP
analyses. GPS location in Table 6.1.

Another enclave in lava (Mak-09-263) contains colourless zircons with oscillatory
magmatic zoning. We detected two groups. One is dark in CL images, up to 250μm long and
shows a concordant age of 158.7 ±1.3Ma (Fig. 6.12a). The second group of brighter shorter
grains and rims yields ages between 144-153Ma. Dark cores and smaller grains have ages
between 165-175Ma.
Sample Mak-11-32 was taken from a large outcrop (>200m) about 10m below an
unconformably covering lava flow. The zircons show oscillatory zoning and rarely have
bright rims. The concordant age is 159.7 ±0.7Ma, while four rim measurements yield ages
between 154-156Ma (Fig. 6.12b). Several grains and cores reveal ages between 164186Ma.

6.4.5 Plagiogranites
Plagiogranite (Mak-10-38) from the main body, south of Remeshk (Fig. 6.2), contains only
one type of zircon, which is bright with oscillatory zoning. The concordant age is 156.5
±1.7 Ma (Fig. 6.13a).
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Figure 6.12: U-Pb zircon ages of North Makran trondhjemites. a) U-Pb Concordia diagram of main zircon
group in sample Mak-09-263 analysed by La-ICP-MS sowing concordant age and histogram of older and
younger U-Pb ages. b) U-Pb Concordia diagram of main zircon group in sample Mak-11-32 analysed by La-ICPMS showing concordant age and histogram of older and younger U-Pb ages of rims. GPS location in Table 6.1.

Plagiogranite Mak-10-45 sampled close to mafic dykes (Fig. 6.5d) contains two types of
zircons; prismatic and >200μm long with occasional dark cores and thin small grains (<50
width, <200μm long). Both types show oscillatory zoning typical for magmatic
crystallization. Several ages were obtained (Fig. 6.13b). Darker big zircons have average
core ages of 164.4 ±1.9Ma. Lighter, larger grains have an age of 153.4 ±2.2Ma. Thin small
zircons have an average age of 145.4 ±1.8Ma. Rims and blurry light spots on older grains
yield youngest ages (137.6 ±2.5Ma). Chilled margins of the dykes (Mak-10-44) cutting this
plagiogranite suggest emplacement into a crystallized plagiogranite later than 153Ma. The
younger age clusters (144-153Ma) in diorite (Mak-11-47, Fig. 6.10a), and trondhjemite
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enclave (Mak-09-263, Fig. 6.10b) are found in rims or blurry spots on outer parts of the
grain. Remelting or hydrothermal alteration possibly due to younger intrusions, perhaps
associated with the diabase or lavas covering the sampling site may be responsible for that
young feature.
We interpreted be the intercept at 153.4 ± 2.2Ma to be the age of the plagiogranite
intrusion because it is measured in cores of a second generation of small thin zircons and
outer zones of bigger grains that yield ages around 160Ma. These older cores and grains
are interpreted as zircons inherited from intruded diorites and trondhjemite. The TerraWasserburg diagram was mostly used to obtain ages of plagiogranites, because of multiple
zircon age groups. The ages off the concordant line may result from lead loss.

Figure 6.13: SHRIMP U-Pb zircon ages of the North Makran plagiogranites. a) U-Pb Concordia diagram and CL
images of measured spots on zircons of Mak-10-38, b) U-Pb Concordia diagram and CL images of measured
spots on zircons of Mak-10-45. GPS location in Table 6.1.

195

CHAPTER 6 JURASSIC GRANITOIDS

6.5 Geochemistry
6.5.1 Samples and analytical techniques
6.5.1.1 Major, minor and trace elements
The chemical analyses of 17 representative samples of the Dur Kan Complex are presented
in Table 6.3. These include 2 granites, 6 diorites, 3 trondhjemites, 2 plagiogranites, 1
diabase and 4 lavas. Fresh rocks were cut and ground in an agate mill. Major elements
were analysed by X-ray fluorescence (XRF) on fussed glass beads with a Panalytical Axios
wave-length dispersive spectrometer (WDXRF, 2.4KV) at ETH Zurich. Trace elements for
10 samples were measured with solution ICP-MS at the University of Montpellier, the other
six (Mak-09-246, Mak-09-247, Mak-10-39, Mak-11-35, Mak-11-36, Mak-11-55) were
analysed with Laser ablation ICP-MS on the fussed glass pills at ETH Zurich. Methods,
standard composition and detection limits can be found in Bouilhol et al. (2011).
6.5.1.2 Sr-Nd isotopes
16 out of 18 representative samples of the Dur Kan Complex were analysed for Sr and Nd
isotopes on powdered bulk samples. The results are displayed in Table 6.4. Samples were
dissolved in HF (3ml) and HNO3 (1ml) for five days in Teflon beakers at 180°C. This
process was repeated after evaporation. Solutions were analysed with Thermal Ionization
Mass Spectrometry (TIMS) using a Triton plus multicollector spectrometer. Standards
were NBS 987 (0.710234±4) for Sr and Ndi (0.512100±3) for Nd.
6.5.1.3 Hf isotopes
Hafnium isotope analyses on zircons were performed at ETH Zurich on an Eximer Laser
(193Arf) and a Nu instrument multiple collector inductively coupled plasma mass
spectrometer (MC-ICPMS). Measured 176Hf/177Hf was corrected for the instrumental mass
fractionation with

176Hf/177Hf

=0.7325 (exponential law for mass bias correction;

Peytcheva et al., 2008). Repeated analyses of the Mud-Tank reference zircon (Woodhead
and Hergt, 2005) showed a constant 176Hf/177Hf ratio of 0.28243±0.00003 throughout the
measuring session. Present-day values of the Chondritic Uniform Reservoir (CHUR) with
(176Hf/177Hf)CH = 0.282772 and (176Lu/177Hf)CH = 0.0332 were used to calibrate the data
and calculate the εHf values (Blichert Toft and Albarède, 1997). Age corrections for Hfisotope ratios were done using the measured U/Pb ages.
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6.5.2 Major elements
Harker variation diagrams SiO2 vs. other major elements (Fig. 6.14) show a wide SiO2
range (46-75wt%) from diorites to granites. The linear relationship between SiO 2 and
other major elements of the studied plutonic rocks indicates that primary chemical
features are preserved. The linear trend in diorite yields a SiO2 gap between 52-60wt%.
Trondhjemite and plagiogranite follow similar linear trends; a silica composition gap
between 60 and 68wt% separates them from diorite. Granite, the oldest intrusion, is
clustered around SiO2 values of 76-78.5wt%.

Figure 6.14: Variation diagrams of North Makran granitoids and lava bulk compositions with a) TiO2, b) Al2O3,
c) Fe2O3tot and d) CaO versus SiO2. Sample numbers without Mak-prefix.
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TiO2, Al2O3, Fe2O3tot, CaO and MgO decrease with increasing SiO2 (Fig. 6.14). This pattern
is

consistent

with

magmatic

fractionation

and

crystallization.

Negative

CaO

correspondence to increasing SiO2 is attributed to clinopyroxene or/and amphibole
fractionation during the evolution of the parental melt.
The decrease of Fe2O3 and TiO2 with differentiation is related to the crystallization of Tioxides (mainly ilmenite). Plagioclase is the dominant fractionation phase and is
responsible for the Al2O3 decrease. Na2O (3.4 - 9.7wt%) is more abundant than K2O
(<2wt%).
Diabase and lava have trends close to that of diorite but deviate from it in increased TiO 2
content and a stable Al2O3 around 15wt% (Fig. 6.14). Granite, plagiogranite and
trondhjemite plot in the felsic granite field of the TAS diagram (Fig. 6.15a). Diorites mostly
plot in the gabbro field but we keep their petrographic classification because of the
relatively high amount of quartz, K-feldspar and ilmenite. Diabase and lava plot in the
basalt to trachy-andesite field (Fig. 6.15b). This corresponds to gabbro-diorite in the
plutonite TAS diagram. They are mostly above the alkaline line. The mineralogy and major
element compositions of the granitoids identify them as a tholeiite to calc-alkaline suite of
granite – diorite – trondhjemite – plagiogranite whereas the lava is more alkaline.

Figure 6.15: a) Classification of the North Makran granitoids in the TAS diagram of Cox et al., 1979 modified for
plutonic rocks after Wilson (1989), b) Classification of the North Makran volcanics in the TAS diagram after Cox
et al., (1979). Sample names without Mak-prefix.
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6.5.3 Trace elements
Trace element data is presented in chondrite and NMORB normalized diagrams (Fig. 6.16).
The NMG generally have enriched concentrations of REE and large ion lithophile elements
(LILE), depleted concentrations of Nb and Ta and yield a positive Pb anomaly. These are
typical features for either a continental or a subduction-related environment (Pearce and
Peate, 1995; Kelemen et al., 2003).
6.5.3.1 Granite
Granites have 10-100 times chondrite composition. They display enrichment in light rare
earth elements (LREE) with respect to middle REE (MREE) and heavy REE (HREE) that lie
rather flat (Fig. 6.16a). Granites yield a negative Nb and Ta anomaly and show enriched
LILE concentrations. They also have a negative Eu and Sr anomaly that suggests
plagioclase fractionation prior to crystallization. Sample Mak-11-45 (Fig. 6.16b), which is
close to syenite composition, has a negative Ti anomaly reflecting ilmenite fractionation;
the other granite (Mak-11-57, Fig. 6.16b) shows Ti-enrichment due to ilmenite
accumulation.
6.5.3.2 Diorite
Diorites have about 4-10 times chondrite concentrations. Most diorites have a concave
REE pattern with a slightly positive LREE slope and negative MREE to HREE segment. NMORB normalized spider diagrams (dashed lines, Fig. 6.16b) show a varying LILE section
and Nb-Ta depletion. Eu, Pb, Sr and Ti show positive anomalies. Diorites are quite uniform,
sample Mak-11-18 excepted, which has a convex REE pattern. This sample is quartz-rich
and close to syenite in composition (Fig. 6.15a).
6.5.3.3 Trondhjemite
Trondhjemites have 3-40x chondrite concentration. They show LREE enrichment relative
to MREE and HREE. Like granites, they have an enriched LILE section and display a
negative Nb-Ta anomaly (Fig. 6.16b). Small positive Eu and Sr anomalies account for
plagioclase accumulation. Ti is slightly enriched compared to N-MORB.
6.5.3.4 Plagiogranite
Plagiogranites have 1-10x chondrite composition, and thus lower trace element
concentrations than the other lithologies. The LREE portion is enriched with respect to
MREE and HREE. Both LREE and MREE dip negatively while the HREE section is mostly
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flat. Strongly positive Eu and Sr anomalies reflect plagioclase accumulation. The REE
pattern is generally comparable to that of plagioclase. Positive Pb and Ti as well as
negative Nb-Ta anomalies are similar yet more pronounced than in the other rocks.
6.5.3.5 Diabase
Diabase has a slightly negative dipping LREE section with rather flat MREE and HREE
patterns (Fig. 6.16c). It has 30-60 x chondrite concentrations. Weak negative Eu and Sr
anomalies indicate plagioclase fractionation. High LILE and pronounced negative Nb, Ta
and Ti anomalies (Fig. 6.16d), point to the subduction environment of these rocks (Pearce
and Peate, 1995; Kelemen et al., 2003).

Figure 6.16: Trace element normalized to chondrite and MORB (Sun and McDonough, 1989). Crosses =
granites, dashed lines = diorite, diamonds = trondhjemite, full lines = plagiogranite, quadrangle = diabase, circle
= lavas; a) Chondrite normalized and b) MORB normalized trace element concentrations of the North Makran
granitoids c) Chondrite normalized and d) MORB normalized trace element concentrations of the volcanic rocks
covering the North Makran granitoids. Normalization using data set of Sun and McDonough (1989).

6.5.3.6 Lava
Lavas have a weakly negative REE section with 10-180x chondrite concentration (Fig.
6.16c). Lavas west of Fannuj have a negative Nb-Ta anomaly, while Mak-10-100, cropping
out to the east of Fannuj where it is interlayered with early Cretaceous pelagic sediments
201

CHAPTER 6 JURASSIC GRANITOIDS
(Dolati, 2010), displays no anomaly. Mak-10-100 has also a negative Sr anomaly, reflecting
plagioclase fractionation in the melt source. Mak-11-35 and Mak-11-55 show small
negative Eu and positive Ti anomalies (Fig. 6.16d). Sample Mak-11-36 differs from the
others by containing plagioclase phenocrysts in the matrix, which results in chemical
compositions similar to that of diabase. It has an enriched LILE section and no Ti anomaly.

6.5.4 Hafnium isotopes
Hafnium is a sensitive tracer of magmatic sources (e.g. Taylor and McLennan, 1985;
Vervoort and Blichert-Toft, 1999). The intermediate to felsic rocks have εHf(t) value
between +4 and +11 for diorite, and generally lower values (+4 to +9) in trondhjemite (Fig.
6.17).

176Hf/177Hf

ratios are 0.2828 – 0.2830 in diorites and trondhjemites. Concordant

crystallization ages of the intermediate rocks correspond to a positive εHf(t) and point to a
mantle source with assimilation of continental crust.

Figure 6.17: Epsilon Hf(t) in function of La-ICP-MS zircon ages of diorites Mak-11-18, Mak-11-47 and
trondhjemite enclave Mak-09-263 in lava. GPS sample location in Table 6.1.

6.5.5 Sr and Nd isotopes
Initial

87Sr/86Sr

ratio of diorites, trondhjemites and plagiogranites, calculated from their

respective crystallization age, define a relatively narrow range of 0.7041-0.7046 (Fig.
6.18). Granites yield higher

87Sr/86Srinitial

values between 0.7062 and 0.7069 ± 0.00002.
202

CHAPTER 6 JURASSIC GRANITOIDS
Diabase shows initial Sr ratios of 0.7040 and lavas of 0.7049. Initial Nd ratios of the NMG
range between 0.5126 and 0.5128 ± 0.00002 and lavas have higher values around 0.5130 ±
0.00002 (Fig. 6.18).

Figure 6.18: Initial Nd isotope ratios (normalized to the corresponding crystallization age) in function of initial
Sr isotope ratios (normalized to the corresponding crystallization age) of the North Makran granitoids and
covering volcanic rocks.
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εNd values, recalculated with the crystallization age of each rock are between -0.81 to 5.73
(Fig 6.19). Granites, the oldest rocks, display the lowest values with εNd values between 4.03 and -0.66. Diorites, trondhjemites and plagiogranites have εNd values between 2.22
and 2.31 while diabase and lava range between 5.41 and 6.43 (Fig. 6.19). The NMG are
within the crustal assimilation field whereas the volcanic rocks occupy the lower right
corner of the MORB field (Fig. 6.19).

87Sr/86Sr

isotope ratios generally decrease, while Nd

ratios increase from old plutonic to younger volcanic rocks.

Figure 6.19: Epsilon Nd (normalized to the corresponding crystallization age) in function of initial Sr isotope
ratios (normalized to the corresponding crystallization age) of the North Makran granitoids and volcanic rocks.
Fields for MORB and crustal or sedimentary assimilation after Ahadnejad et al., (2011) and references therein.

6.6 DISCUSSION
6.6.1 Tectonic environment: Subduction or rifting of a passive margin?
The NMG have chemical signature of calc-alkaline to low K tholeiite magmatism with
minor granite and more abundant intermediate diorite – trondhjemite –plagiogranite
(DTP) sequence (Fig. 6.20). All these rocks are unconformably covered and intruded by
mafic volcanic rocks. Granites show features closer to within plate granites than the other
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granitoids (Fig. 6.21a). Relatively high alkali compositions classify them as I-type granites
(Fig. 6.21b). They display LREE enrichment and negative Nb anomaly, which are common
in granites of subduction and continental origin (e.g. Kelemen et al., 2003).

Figure 6.20: AFM diagram of the North Makran granitoids and lavas. Sample number without Mak-prefix.

The DTP sequence follows tholeiitic and calc-alkaline trends (Fig. 6.20), plots in the syncollisional and volcanic arc granite type field (Fig. 6.21a) and also classify as I-type
granitoids (Fig. 6.21b). Diorite shows a more depleted chemistry than trondhjemite and
plagiogranite which reflects earlier crystallization and less fractionation. The negative Nb
and Ta anomalies and LREE enrichment in trondhjemite and plagiogranite suggest either a
supra-subduction feature, or crustal assimilation or melting of an enriched mantle. Diabase
intrusion and unconformable lava cover follow a tholeiitic (Fig. 6.20) to a slightly alkaline
trend (Fig. 15b). Dykes swarming from the main diabase body show chilled margins
suggesting intrusion into cooled DTP rocks. The unconformable contact between lavas and
underlying granitoids and the enclaves of trondhjemite within most lava require
separating them from the DTP sequence. Lava (Mak-10-100) to the east of Fannuj shows
alkaline affinities and LREE enrichment without a negative Nb and Ta anomaly. Alkaline
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lavas can form in various tectonic settings, but are most common in continental rift and
back-arc basins (e.g. Pearce et al., 1984; Harris et al., 1986; Kelemen et al., 2003). Diabase
and lavas of the Dur Kan complex show weak LREE enrichment with a strong negative NbTa anomaly. These features suggest an enriched magma source. Considering geochemical
features only is challenging to attribute the NMG, diabase and their lava cover to a
geotectonic environment. LILE and LREE enrichment with respect to HFSE depletion are
consistent with a subduction-related origin but may also be attributed to a marginal basin
or continental rifting in a passive continental setting (e.g. Pearce et al., 1984; Harris et al.,
1986; Kelemen et al., 2003).

Figure 6.21: Granitoid classification diagrams. a) Nb/Y trace element diagram (Pearce et al., 1984) with
granitoids in the syn-collisional and volcanic arc granite field and (b) I-type granite field in the Na2O/K2O
diagram (Chappell and White, 1974).

6.6.2 Petrogenesis and magma source of the NMG
Granites are the most differentiated and oldest rocks of the NMG. Unfractionated HREE and
Y suggest a magma chamber out of the garnet stability field and the negative Eu and Sr
anomalies indicate, that plagioclase and/or K-feldspar was fractionating during the granite
formation. High initial Sr isotopic ratios and negative εNd indicate continental component
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in the melt source of granites. These characteristics suggest that the analysed granites are
the latest product of a continentally derived magma. Intrusion in Middle Jurassic shallow
water sediments (McCall et al., 1985), textures and mineralogy indicates emplacement at
shallow depths.
The DTP sequence displays a large range of SiO2 contents; however the SiO2 values
gradually increase with younger ages of the rocks. Concurrently rising SiO2 and decreasing
XMg were interpreted as differentiation trend. Most diorites, except Mak-11-18, which has
close to syenite composition, have SiO2 below 52wt%, high XMg (>0.6) and high transition
element content. This suggests a more primitive source than that of granites. The concave
LREE and MREE section is dominated by amphibole crystallization; positive Eu and Sr
anomaly represents plagioclase crystallization. Trondhjemite and plagiogranite continue
the linear differentiation trend of the diorite. They have much lower transitional element
content and XMg (<0.57). This suggests that trondhjemite and plagiogranite are more
differentiated products of the same magma as diorites. Similar initial Sr and Nd ratios
confirm a common magma source. The low εNd (~2) and Hf isotope data indicate that the
DTP sequence has a mixed mantle and crustal source. Small differences in isotope data and
the lack of correlation between isotopic ratios and incompatible trace elements suggests
magmatic pulses forming the DTP sequence within few Ma so that isotopic systems could
not adjust between melt and rock (Jagoutz et al., 2009).
The diabase and lavas have a tholeiitic character. Their LREE enrichment and Nb and Ta
depletion are usually interpreted as supra-subduction signature (Kelemen et al., 2003).
Basaltic to andesitic compositions with low MgO (<3.5 wt%) and XMg < 0.63 exclude a
strongly primitive melt composition. The presence of primary olivine and rather high
values of transition elements, however, suggest a mantle derived melt source. Sr and Nd
isotope ratios confirm that interpretation. The unconformable contact between diabase
and lava represents a time gap between their respective emplacements. Supportively,
diabase contrasts from the lavas in mineralogy, by containing primary amphibole, ilmenite
and K-feldspar. This difference points to a more evolved source for diabase than for lavas.
The NMG are all I-type granites (Chappell and White, 1974) but have geochemical
differences reflecting different magmatic evolution. The three identified magma sources
show increasing mantle component with time (Fig. 6.22).
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Figure 6.22: Negative correlation between Epsilon Nd (normalized to the corresponding crystallization age) in
function of the crystallization age of the NMG.

6.6.3 Main differentiation process: fractional crystallization or crustal
anatexis?
The generation of Si-rich magma is attributed to two main processes: (1) fractional
crystallization of an originally mafic magma and (2) melting of mafic lower crust (e.g.
Pearce et al., 1995; Beard, 1998; Tamura and Tatsumi, 2002; Grove et al., 2003; Smith et al.,
2006). For the NMG, the decrease of Fe2O3, Al2O3, CaO, TiO2 and Zr/Sm ratios with
increasing SiO2 is consistent with fractional crystallization of biotite, amphibole,
plagioclase and ilmenite (Fig. 6.14). Increasing Zr/Sm ratio as an indicator of melt
evolution versus the crystallization of minerals incorporating Sm, such as amphibole or
garnet, indicates the fractionation of Fe-Ti oxide and amphibole (Fig. 6.23a). Both mineral
phases were also fractionating during the formation of the DTP sequence as the decreasing
hornblende content towards trondhjemite and plagiogranite indicates. The negative linear
correlation of XMg and SiO2 in the DTP sequence is a typical feature of fractional
crystallization processes (Fig. 6.23b).
When relatively large volumes of more evolved magmas are involved, fractional
crystallization alone cannot account for the high degree of differentiation and contribution
of a Si-rich source has to be considered (e.g. Tamura and Tatsumi, 2002; Leat et al., 2003).
Even if the DPT has a small assimilated crust contribution, the small differences in initial Sr
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and Nd isotope ratios coupled with increasing calc-alkaline chemical features indicate that
fractional crystallization was the dominant process to differentiate magma from diorite to
plagiogranite.

Figure 6.23: a) Zr/Sm vs SiO2 and b) XMg vs SiO2 diagrams showing correlations consistent with fractional
crystallization processes. SiO2 values of the non-LOI (loss of ignition) corrected XRF data were used. Sample
numbers without Mak-prefix.

Granites represent the last part of a Si-rich melt of a magmatic sequence whose parental
melt is unknown. The REE pattern shows that plagioclase was fractionating from the melt
before the granite crystallized. It is therefore difficult to determine the importance of
fractional crystallization during the evolution of the granite magma. XMg values of the
volcanic rocks (0.51-0.62) show that melts experienced fractional crystallization prior to
eruption. The presence of olivine and high transition elements however suggest a rather
limited fractional crystallization history. Overall, continental crustal contribution
decreases with younger ages of the rocks.

6.6.4 Implications of Geochronology for the geodynamic evolution of the NMG
Zircons can outlast magmatic processes over long periods of time because they have
isotope systems with high closure temperatures (1050°C ±50; Cliff, 1985). The
crystallization history of the NMG provides insight on the magmatic and geotectonic
evolution in the area (Fig. 6.24). The calc-alkaline affinity and continentally influenced
mantle source attribute the Early (175.98 ±0.86Ma, Mak-11-37) to Mid Jurassic (170.0
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±1.0Ma, Mak-11-57) granites to high Si melts emplaced in a continental crust. Intrusion
into a shallow water Jurassic limestone further suggests a shelf on a continental margin
(Fig. 6.24a). The 160-165 Ma diorites followed the granites, from a mantellic source and
minor crustal contamination. Mantle upwelling and partial melting of thinning continental
crust may explain this characteristic. Inherited 170Ma and 175Ma old zircons are
consistent with granites being part of the crustal contamination.

Figure 6.24: Sketch (not to scale) of the geotectonic situation during the formation of the North Makran
granitoids and the lava cover from Mid Jurassic to Early Cretaceous.

The whole DTP suite expresses enhanced partial melting of the mantle, likely through
decompression indicated by low pressure fractional crystallization sequence. The
geochronological data suggest an active magma chamber between 165 and 153Ma fed by a
mixed source of mantle and crustal components, such as in an extending continental
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margin (Fig. 6.24b). Granite and DTP granitoids were exhumed before the lava flowed on
top. The possible 144Ma lava age is consistent with Upper Valanginian radiolarian
specimens identified in red and green cherts covering the lavas (McCall et al., 1985). These
sediments are typical for deeper sea than shelf. Deepening of the sedimentation
environment and exhumation of plutonic bodies along detachments can be associated to
extension that, with the intrusion of lavas and pillow lavas, reached an “oceanic-spreading”
–like situation (Fig. 6.24c). Mid Jurassic to Early Cretaceous extension is manifested in the
increased mantle components with younging in the WNW-ESE-trending elongated
intrusions and mafic dykes.

6.6.5 Regional implications
Within the regional frame of North Makran, the DTP sequence and volcanic rocks have
been associated to the ophiolites, whereas granites were attributed to the continental Dur
Kan Complex (McCall et al., 1985). The new results link all NMG lithologies to the DKC. The
DKC and its possibly Carboniferous, Permian and Jurassic sedimentary cover was
recognized as a continental shelf and a carbonate Cretaceous fore-arc zone (McCall et al.,
1985; McCall, 2002). The DKC was then often referred as a continental Mesozoic arc due to
the calc-alkaline signature of magmatic rocks (e.g. Dercourt et al., 1986; Alavi, 1994;
McCall, 1997; Agard et al., 2005). The North Makran Ophiolites were interpreted as
remnants of the Tethys ocean (Sengor, 1990; Ricou, 1994; McCall, 1997). Their ultramafic
and gabbroic lithologies have at least the Barremian age of the fossiliferous sediments
interlayered with their lava cover (Dolati, 2010). The Mid to Upper Jurassic magmatic
history of the NMG indicates that there was an extensional phase along the Eurasian
continental margin initiated in Mid Jurassic times. As a consequence, the ophiolites may
have formed in the opening basin and reached spreading-type magmatism and deep sea
depositional environment in Early Cretaceous.
The NMG have ages comparable to those of plutonic bodies in the Sanandaj-Sirjan Zone
(e.g. Ahmadi-Khalaji et al., 2007; Shahbazi et al., 2010; Ahadnejad et al., 2011; Esna-Ashari
et al., 2012), which was interpreted as part of the Afro-Arabian plate during most of the
Palaeozoic (Stöcklin, 1968; Berberian and King, 1981; Alavi, 1994; Hassanzadeh et al.,
2008). Early Permian breakup and subsequent opening of the Tethys separated the SSZ
and Central Iran from Arabia (Mohajjel et al., 2003; Hassanzadeh et al., 2008; Alirezaei and
Hassanzadeh, 2012), so that both have post-Permian sedimentary cover with Eurasian
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affinity (Stöcklin, 1968; Berberian and King, 1981). Subduction of Tethys lithosphere was
taken as explanation for the trace element and isotope features of the Jurassic magmatism
in the SSZ where a partially assimilated continental sliver transformed into an active
continental margin (e.g. Berberian and King, 1981; Mohajjel et al., 2003; Sepahi and Athari,
2006; Mazhari et al., 2009). This assimilation supposedly resulted in 185-170Ma old
granitoids; some of them high potassium granites with

87Sr/86Srinitial

values between

0.7062-0.7196 and εNd between -1 and -5.5 (Shahbazi et al., 2010; Ahadnejad et al., 2011;
Esna-Ashari et al., 2012).
Several authors also suggest, that the SSZ continental sliver was accreted to Central Iran
during collision of Arabia and Eurasia (Alavi, 2004; Agard et al., 2005; Ghasemi and Talbot,
2006). We propose that the SSZ was originally part of Central Iran and separated from it
during Jurassic/Early Cretaceous extension. 170-185Ma old granitoid intrusions show
continentally derived Sr and Nd isotope composition, whereas granitoids <170Ma yield a
more mantle derived signal. In that sense, the granites of North Makran are chemically and
geochronologically comparable to the major part of SSZ plutonites (Fig. 6.25). Fewer
intrusions in the SSZ (<170Ma) geochemically comparable to the diorite-trondhjemiteplagiogranite sequence in the NMG also yield Late Jurassic ages between 165-145Ma
(Omrani et al., 2008; Shahbazi et al., 2010; Azizi et al., 2011). They have isotope signatures
87Sr/86Srinitial

~0.7022-0.7069 and εNd ~2.1-4.9 that suggests an increased mantle

component with respect to the granites and thus shows the same trend of increased
mantle component with younging as in the NMA granitoids.
The Sr-Nd isotope data of the NMG support the continuation of the Central Iranian
continental lithosphere in North Makran. We suggest continental margin rifting as the
environment in which the NMG crystallized. The geochemical evidence for subduction
during the Jurassic is not clear-cut. The increased mantle contribution coeval with
deepening of sedimentary environment without major volcanoclastic input is better
explained by thinning and subsidence of a passive margin or marginal basin than by a
magmatic arc. The exhumation of granitoid bodies prior to volcanic cover could have been
triggered by extension consistent with this interpretation. Extensive ophiolites have been
reported only in the Band-e Zeyarat/Dar Anar ophiolites and the NMO, both previously
interpreted as back-arc basins due to their geographic location (McCall et al., 1985; Ghazi
et al., 2004). The isotopic difference between NMG and SSZ granites thus may result from
thinner continental crust in the Makran region than in the SSZ.
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Figure 6.25: Epsilon Nd (normalized to the corresponding crystallization age) in function of initial Sr isotope
ratios (normalized to the corresponding crystallization age) of the North Makran granitoids and volcanic rocks.
The field for MORB and crustal and sedimentary assimilation after Ahadnejad et al., (2011 and references
therein). Data of Sanandaj/Sirjan plutons (stars in Fig. 1) for the Malayer Pluton after Ahadnejad et al.,(2011),
for the Boroujerd Granitoids after Ahmadi-Khalaji et al., (2007), for the Suffi Abad Granitoid after Azizi et al.,
(2011), for the Aligoodarz Granitoids after Esna-Ashari et al., (2012), for the Inner SSZ Granitoids after Omrani
et al., (2008), for the Alvand Plutonic Complex after Shabazi et al., (2010).

6.7 CONCLUSIONS
North Makran Granitoids are part of the Dur Kan Complex. They show a multistage
complex magmatic evolution with three magma sources operating at different times:
i)

Granites were emplaced between 175-170 Ma into a carbonate shelf. These
granites represent the last melt of a magma source with continental isotopic
affinity.

ii)

The Diorite-Trondhjemite-Plagiogranite sequence formed a Mid to Upper
Jurassic (165-153Ma) magmatic suite from a mixed, mantle-dominated magma
source. This magma chamber was active for 12Ma during which fractional
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crystallization was the dominant process to differentiate from diorite to
plagiogranite. Magma crystallized in the DTP rocks assimilated granite, which is
responsible for the continental component enriching the mantle source.
iii)

Diabase and lava intruded and covered exhumed and eroded granitoids in Early
Cretaceous times. The mantle-derived magma was alkaline to tholeiitic with no
trace of crustal contamination.

The North Makran granitoids are coeval with granitoids of the Sanandaj-Sirjan Zone and
likely related to the same tectonic regime. We suggest extension-related magmatic activity
in Late Jurassic and Early Cretaceous in the North Makran area. The North Makran
Granitoids were emplaced in the northern margin of the Sanandaj/Sirjan continental
sliver.
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The North Makran lawsonite-bearing blueschists (SE Iran):
geochemistry, petrography and thermobarometry

Abstract
A low-grade metamorphic “Coloured Mélange” in North Makran (SE Iran) contains lenses
and a klippe of low temperature, lawsonite-type blueschists formed during closure of the
Tethys Ocean. Their protoliths are mainly basalts, gabbro, volcanoclastic rocks with minor
marls and sandstone. The metamorphic “mélange” is exhumed in an antiformal stack
below the North Makran ophiolites. The largest blueschist outcrop comprises a >1000m
thick coherent sequence whose lower part is formed by metagabbros and the upper part
by metabasalts and metavolcanoclastic rocks. Lawsonite is everywhere present with
glaucophane

and

locally

jadeite,

which

indicates

lawsonite

blueschist

facies

metamorphism.
We conducted wet chemistry analyses (photometry) to measure bulk iron ratios because
the ferric/ferrous iron ratio is difficult to estimate in such mineral assemblages. These
ratios were used in the thermobarometry study with Perple_X. Investigated
pseudosections of four blueschists with different protoliths, yield peak conditions of
~350°C at 10-12kbar. The preservation of fresh lawsonite and the almost complete lack of
retrograde overprint suggest fast termination of metamorphic conditions. The P-T path
from earlier greenschist facies to overprinting low-pressure blueschist facies indicates a
relatively high thermal gradient during burial, which could be related to a still hot mantle
of the hanging wall plate above a young subduction zone. Later, cooling with slightly
increasing pressure led to glaucophane and lawsonite formation. Exhumation along a
cooler gradient than during burial crossed prehnite-pumpellyite facies.
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7.1 INTRODUCTION
Blueschists are commonly related to subduction zones and preserve information on the
pre-collisional history of convergence (e.g. Ernst, 1972; Maruyama et al., 1996). They form
during oceanic and, more rarely, continental subduction when material is buried along a
low thermal gradient. Peak mineral assemblages preserve the high pressure/low
temperature conditions and elucidate parts of the tectonometamorphic evolution of rocks
in the subduction channel. Along the Alpine-Himalayan sutures, blueschists and ophiolites
mark the former convergent plate boundaries and the remnants of the Mesozoic Tethys
Ocean (e.g. Okay, 1989; Maruyama et al., 1996). Several segments of this suture zone
remain difficult to correlate, in particular between Turkey and the Himalayas, because of
the paucity of modern studies. In Iran, for example, blocks are scattered in ophiolitic
mélanges (e.g. Rad et al., 2005; Agard et al., 2006; Oberhänsli et al., 2007; Angiboust et al.,
2013; Omrani et al., 2013). Blueschists in the Zagros Mountains have Early Cretaceous (8595Ma) ages (Agard et al., 2006). To the southeast of Zagros, in the Iranian North Makran,
blueschists were reported and dated with K-Ar on sodic amphiboles (80-100Ma) without
detailed description (e.g. Delaloye and Desmons, 1980; McCall et al., 1985; McCall, 2002).
They are also attributed to remnants of Tethys-related oceanic crust (Takin, 1972).
This study reports new geological, petrological and geochemical analyses to characterize
the North Makran Blueschists (NMB). Petrographic relations between mineral phases
reveal peak assemblages of sodic amphibole, lawsonite, sodic pyroxene and titanite or
rutile. The North Makran blueschists are thus one of about twenty occurrences of
lawsonite blueschists in the world (e.g. Brown, 1977; Okay, 1980; Heinrich and Althaus,
1988; Eldin and Elshazly, 1994; Maruyama et al., 1996). Lawsonite is a hydrous mineral
stable over a wide P-T field of the mafic system (e.g. Liou, 1971; Schmidt and Poli, 1994,
1998; Poli and Schmidt, 2002). Lawsonite blueschist facies usually marks a prograde P-T
path during burial (e.g. Maruyama and Liou, 1988; Martin and Tartarotti, 1989; Clarke et
al., 1997). However, the lawsonite blueschists of the Ile de Groix, France, reportedly
formed during retrograde, nearly isothermal decompression (Ballèvre et al., 2003). Fresh
lawsonite is rarely preserved in the twenty odd reported occurrences. Studying the
petrology and P-T evolution of the Makran lawsonite-blueschists brings new information
to understand under which circumstances minerals of this metamorphic facies are
preserved.
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After petrographical description and geochemical characterization of the North Makran
blueschists, we calculated isochemical phase diagram sections (P-T pseudosections) with
Perple_X (www.perplex.ethz.ch) based on the revised database of Holland and Powell
(1998, revised 2001) to specify peak pressure and temperature conditions.
Thermobarometry of four different blueschist protoliths yields 340-380°C at 9-13kbar.
Earlier greenschist facies metamorphism (barroisite, albite and rutile) is overprinted by
pervasive blueschist facies (lawsonite and glaucophane); later veins filled with
pumpellyite indicate retrogression through the prehnite-pumpellyite facies.
The corresponding counter clockwise P-T path is attributed to subduction along a rather
high thermal gradient (~15°C/km). The increased temperature along the prograde P-T
path could be explained by the relatively young age subduction when the mantle in the
hanging wall was not cooled by hydration. If the determined subduction initiation in
Makran at ~100Ma (Alabaster et al., 1982; Sengör, 1990; Moghadam and Stern, 2011) is
accurate, and the North Makran Blueschists have the same age as blueschists in a mélange
~200km to the NE (80-100Ma; Delaloye and Desmons, 1990), the NMB have been formed
shortly after subduction initiation.

7.2 GEOLOGICAL SETTING
The Makran accretionary wedge emerges above the northward subduction of the oceanic
Arabian plate beneath the Eurasian continent (Fig. 1.4). This wedge extends ~1000km
from the Strait of Hormuz in the west to near Karachi in the east, in Pakistan; the width is
300-350 km from the coast to the Jaz Murian and Hamun-i-Mashkel depressions, both
interpreted as fore-arc basins (Farhoudi and Karig, 1977). The relatively large distance
(400-600 km) between the recent volcanic arc and the trench (Fig. 1.4) suggests a very low
(~ 2°) angle of subduction (e.g. White and Klitgord, 1976; Bijwaard et al., 1998;
Hafkenscheid et al., 2006). The present-day north-northeast-trending convergence has a
rate of 35.5-36.5mm/a in the west to 40-42mm/a in the east (DeMets et al., 2010). McCall
(2002) described the Makran accretionary wedge as continentally-derived, Cainozoic
turbiditic sediments deposited on oceanic crust and its thin pelagic sequence. Ophiolites
with associated marine sediments, lavas and a low grade metamorphic complex with
blueschist lenses, the Deyader Complex, occur along the northern edge of the wedge
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(Shearman, 1976). All these sequences were involved in southwards thrusting, which
generated the accretionary wedge (Burg et al., 2012).

7.3 DEYADER COMPLEX
The metamorphic Deyader Complex (DC), between the villages of Deyader, Zeyarat, Yagri
Jan and Esfand (Fig. 7.1) extends for about 50 km from east to west, <25km in north-south
direction and has faulted contacts with the adjacent formations (McCall et al., 1985). It is
part of the Coloured Mélange ascribed to the Tethys sutures in Iran (Stöcklin, 1968). The
main part of the DC consists of dismembered and tectonically mixed, multiply folded and
anchimetamorphic to very low grade (prehnite/pumpellyite facies) metasediments, mostly
shales, pebbly mudstones and marbles with rare lavas. The gross structure places the
Deyader Complex in an antiformal stack. To the north, north-dipping normal faults
delineate the contact to Jaz Murian Quaternary deposits and their underlying harzburgites
of ophiolites (Fig. 7.2a). North and west of Yagri Jaan and to the west of Guank, thrust
faults place the ophiolites above the Deyader Complex. East of Halakabad a tectonic
window exposes non-metamorphic pelagic shale, radiolarite and lavas below the DC (Fig.
7.1).

Figure 7.1: Simplified geological map of the North Makran ophiolites and Deyader Complex with overview on
blueschist distribution (blue).

7.3.1 Blueschist occurrences
The largest (~15km2) blueschist outcrop is around Kuh-e Taftah, in the northeastern
corner of the Deyader Complex (Figs. 7.1 and 7.3a) where blueschists expose a ~3km thick
continuous sequence (Fig. 7.3b). The Kuh-e Taftah klippe was likely linked to three smaller
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klippen thrust on metasediments to the northwest (Fig. 7.2b), near the village of Zeyarat
(Fig. 7.1), now separated after erosion of incised valleys. The basal thrust contacts of
blueschists show dominantly top to SW-wards movement (Fig. 7.2c). The eastern and
southern boundary of the main blueschist klippe is a southeast and south dipping thrust
that brings ophiolite-derived serpentinite and sediments on top of blueschists (Fig. 7.2d).
To the south of Esfand, on the southern side of the antiformal stack (Fig. 7.1), blueschists
form tectonic lenses (<200m long) in the low grade shaly matrix of the DC (Fig. 7.4a).

Figure 7.2: Faulted contacts of blueschists with the low grade rocks and the North Makran ophiolites: a)
Normal fault close to Zeyarat (Fig. 7.1) between blueschists and harzburgite of the Jaz Murian Depression
(N026°54’20.8’’/ E059°32’29.9’’), b) blueschist thrust southwards on low grade metasediments at the western
boundary of the Kuh-e Taftah klippe (N026°53’37.4’’/E059°30’8.9’’), c) thrust contact of the Kuh-e Taftah
blueschist klippe on low grade metasediments (N026°53’17.1’’/E059°31’16.2’’), d) serpentinized harzburgite
and marine sediments of the North Makran ophiolites thrust on the Kuh-e Taftah blueschists
(N026°51’24.3’’/E059°32’26.5’’).

Blueschists were classified according to their field macroscopic texture into (1) metapillow lavas (2) massive blueschists and (3) layered blueschists. Meta-pillow basalts (Fig.
7.4b) were found at the northwestern tip of the 5km2 blueschist outcrops to the east of
Zeyarat (Fig. 7.1). They were also found in the southwestern part of the Kuh-e Taftah
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klippe and as blocks and lenses scattered within the shaly matrix of the DC. Meta-pillows
were not or weakly deformed, so that their bottom-tailed shape demonstrates their normal
position. Their weathered surface is black, but blue, freshly broken pieces denote the
presence of glaucophane.

Figure 7.3: Map and profile of the main blueschist outcrop around the Kuh-e Taftah, dotted line represents the
metasandstones shown in Fig. 7.5a. Samples Mak-08-18, Mak-08-20 south of Esfand and samples Mak-08-61,
Mak-08-64, Mak-08-65 SW of the Kuh-e Niran. All sample locations given in Table 7.4.
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Massive blueschists were classified into two textural types: fine grained (<0.5mm) and
coarse grained (up to several mm) rocks. Both types show freshly broken blue surfaces
and black weathered outsides. A weak foliation is usual. Fine grained, massive blueschists
occur in the western part of Kuh-e Taftah. They commonly form thick layers within layered
blueschists. They also are abundant as blocks in the matrix. In view of their homogeneous
texture and outcrop features, they are interpreted as metabasalts.
Coarse, grained massive blueschists (Fig. 7.4c) are mainly found in the eastern part of Kuhe Taftah (Fig. 7.3b). No block of this type was found in the shaly matrix of the DC. Yet, a
large body of hornblende gabbro in the direct footwall of serpentinites to the west of
Guank (Fig. 7.1) shows low grade-metamorphic overprint; although it bears no sign of
blueschist metamorphism, it is possibly a block equivalent to the blueschist metagabbro.

Figure 7.4: Field photographs of blueschist outcrops. a) blueschist lenses to the south of Esfand
(N026°51’2.7’’/E059°03’27.5’’), b) normally oriented meta-pillow lava to the east of Zeyarat (N026°54’46.1’’/
E059°29’37.4’’), c) coarse meta-gabbro at the eastern flank of the Kuh-e Taftah (N026°53’5.3’’/E059°33’28.4’’),
d) tectonic breccia within brittle fractures filled with calcite (N026°53’54.9’’/E059°31’39.2’’).
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Blue coarse and white, slightly finer minerals define a faint layered texture. Due to their
coarse and magmatic texture, these rocks, which occur at the bottom of the Kuh-e Taftah
klippe (Fig. 7.4c), are interpreted as metagabbros. Metabasalts and metagabbros are
weakly deformed but are cut by subvertical conjugate fractures filled with breccias of
blueschist fragments cemented by calcite (Fig. 7.4d).
Layered blueschists occur on the eastern side of Kuh-e Taftah and as blocks within the
shaly matrix. Most of the layered blueschists are characterized by 1mm to few cm thick
green and usually thicker (>10cm) blue layers. The well-defined layering and graded
beddings in few layers suggest sedimentary protoliths. Two other types were identified.
One very distinct, continuous sandy layer (Mak-08-54, Fig. 7.5a) occurs within the eastern
section of the Kuh-e Taftah (Fig. 7.3b). Graded bedding shows younging upwards. Other
layered blueschists, the only type found in the southern part of the DC, are alternating blue
and green metasediments (Fig. 7.5b). The blue layers contain blue amphibole and may
represent metamarls or very fine volcanoclastic sediments. The green layers are similar to
the shaly matrix of the DC containing but here contain omphacite, chlorite, albite and
quartz and thus higher metamorphic overprint than most DC metasediments. Layered
blueschists are often strongly folded and are interpreted as metavolcanoclastic sequences.

7.3.2 Structures
The North Makran blueschists display three types of structural pattern: 1) primary
magmatic/sedimentary layering, 2) folds and foliation and 3) brittle faults, joints and
veins. Foliation is general, more distinct in the layered blueschists and almost absent in
some metabasalts. The two major foliation attitudes, dipping ENE and SW, correspond to
the limb orientations of regional, open and dominantly SSW verging, post foliation folds, as
changes of graded bedding direction demonstrate. Mineral and stretching lineations are
parallel and mostly trending SW-NE. Crenulation is well developed within and parallel to
the WNW-ESE fold hinge zones. Boudinaged layers, refolded folds and sheath folds
characterize the thrust zones (Fig. 7.5c and d) in which kinematic indicators point to SSWward shearing. The SSW-NNE and SSE-NNW striking subvertical veins filled with calcite
cementing brecciated blueschist fragments cut foliation and folds (Fig. 7.4d). Their
dilatational character indicates either WNW-ESE extension parallel and linked to fold-axes
or a later brittle deformation event.
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Figure 7.5: Field photographs of blueschist outcrops. a) continuous layer of meta-sedimentary blueschist
showing graded bedding (white arrow = upward direction, normally oriented; N026°53’23.2’’/E059°31’30.5’’),
b) metasediments with alternating green and blue layers (N026°45’48.2’’/E059°15’46.6’’), c) folded
metavolcanoclastic sediments in the western part of Kuh-e Taftah (N026°53’24.1’’/E059°31’16.4’’), d) sheath
folds within the western thrust of Kuh-e Taftah blueschists on low grade shales (N026°53’5.0’’/E059°31’16.4’’).

7.4 PETROGRAPHY
75 thin sections were investigated under the optical microscope to choose 15
representative rocks of different blueschist types and mineral assemblages (Table 7.1).
Mineral identification was difficult in finest grained samples; in such cases XRD, electron
microprobe and Raman spectroscopy were employed to determine the mineralogy.
Lawsonite is present in all samples; epidote was not found in blueschists. Chlorite and
pumpellyite are subordinate in the metasedimentary blueschists. Omphacite, chlorite and
quartz are the main components of greenschist facies metabasalts. In the metamorphic
matrix of the DC, most common associations are pumpellyite, albite, chlorite and quartz.
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7.4.1 Metagabbros
Metagabbros are comprised of sodic (~10-20%) and Na-Ca-amphiboles (~40-50%),
lawsonite (~30%), and titanite ±Na-pyroxene ±rutile ±pumpellyite ±quartz ±aragonite
±actinolite ± hematite (10-15%). The gabbroic texture is preserved (Fig. 7.6a);
deformation fabrics are weak alignment of small sodic amphibole grains and fractures.
Green, 2-3mm big Na-Ca amphiboles represent the main rock-forming mineral (Fig. 7.7a
and b). These minerals are usually undeformed and are aligned with the magmatic
layering. Na-amphibole is found as fine grained blue rims around Na-Ca-amphiboles and
along fractures (Fig. 7.7c). Finer grained lawsonite (<0.3mm) represents the major felsic
mineral. Lawsonite grains commonly are elongated columnar crystals pseudomorphosing
earlier plagioclase grains. They are lying within the foliation thus in textural equilibrium
with sodic amphibole. Relicts of albite within lawsonite are rare. Titanite, <0.3mm in size,
is the main accessory mineral (Fig. 7.7a). Hematite is rare and usually very small
(<0.1mm), magnetite is coarser <0.5mm. Round grains of aragonite (ca ~0.2mm in
diameter), as confirmed by Raman spectroscopy, are present between amphiboles and
lawsonite of a few samples. Pumpellyite, albite and actinolite occur in veins and micro
shear zones. Quartz constitutes small fillings between lawsonite grains. Blueschist
metamorphism is incipient since glaucophane replaced only the outermost rim (yellow,
Fig. 7.7c) of Na-Ca-amphibole. Glaucophane occurs also in pressure shadows and cracks
between mineral boudins. Few Na-pyroxenes grains coexist with this amphibole.
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Glaucophane overgrowing Na-Ca-amphibole shows no retrograde overprint. Foliated
samples show more penetrative blueschist metamorphism, so that greenschist facies
minerals, such as barroisite, are absent.

Figure 7.6: Photomicrographs of minerals and textures of the Northern Makran blueschists. Mineral
abbreviations after (Whitney and Evans, 2010). a) Metagabbros sample Mak-06-08 b) Meta-pillow lava sample
Mak-08-47 c) metagabbro/basalt sample Mak-08-37 d) Metavolcanoclastic Mak 08-50 e) strongly folded
metasediments Mak-06-18, white lines mark folds, f) Metasandstone Mak-08-54.
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7.4.2 Meta-Pillows
These rocks comprise augite phenocrysts (~15%), sodic pyroxene, sodic amphibole,
lawsonite, minor albite, Na-Ca-amphibole and titanite. Augite phenocrysts (0.5mm long)
and albite are remnants of the igneous mineral assemblage (Fig. 7.6b). Augite crystals are
zoned with higher Ca in the core and Fe enriched rim (Fig. 7.7d), spanning from diopside to
augite compositions. Parts of the augite grains are replaced by a sodic pyroxene, aegirinejadeite to omphacite, aligned with sodic amphibole along the weak foliation (Fig. 7.7e).
Sodic amphibole has a violet to lavender blue colour; it rims the augite phenocrysts and
occurs in the fine grained matrix (Fig 7.7e). Lawsonite is the other main matrix mineral.
Micrometre-sized relicts of albite were found within lawsonite. Titanite is the main
accessory mineral and reaches 0.3mm in size. Even if the igneous texture of the
metapillows is preserved, a weak foliation is ubiquitous. Metamorphic minerals, sodic
pyroxene and amphibole in the pressure shadow of augite phenocrysts, alignment of blue
amphibole and deformed lawsonite suggest deformation during metamorphism. No
retrograde minerals were observed.

7.4.3 Metabasalts
Metabasalts are difficult to distinguish from metavolcanoclastic sediments on a
mineralogical point of view: Sodic amphiboles, Na-Ca-amphiboles, lawsonite, ±pumpellyite
±albite, ±clinopyroxene, ±aragonite, ±calcite, titanite and rutile (Fig. 7.6c). Distinction is
easier in the field, where metabasalts form thick and massive layers whereas
metavolcanoclastic sediments display some centimetre thick heterogeneous layers. The
main rock forming minerals are amphiboles and lawsonite. Na-Ca-amphiboles are usually
the biggest grains (~100μm) except for some coarse (<2mm) rutile grains in few samples
(Fig. 7.7f). Sodic amphibole is lavender blue in the fine grained matrix and as rims around
the bigger Na-Ca-amphiboles. Fine grained columnar lawsonite builds up the rest of the
matrix. Pumpellyite coexists with lawsonite in textural equilibrium (Fig. 7.7g) and rarely
replaces lawsonite within the matrix of fine grained samples; in other samples,
pumpellyite is restricted to veins or shear bands. Clinopyroxene is rare but represents
either cores of initial basaltic phenocrysts or Na-pyroxene associated with sodic
amphibole. Albite was found as few μm-sized remnants of the basaltic matrix within
lawsonite. Rutile grains (<2mm) are often replaced by titanite, the most abundant
accessory mineral (Fig. 7.7h). Aragonite grains, identified with Raman spectroscopy, are
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intergrown with amphibole and lawsonite. Calcite occurs in veins and micro shear zones.
Very fine grained (<0.1mm) homogeneous metabasalts were analysed with XRD: Their
mineralogy is Na-amphiboles, lawsonite, pumpellyite, chlorite, titanite ±quartz ±albite.
These rocks contain high amounts (about 20%) of retrograde minerals such as pumpellyite
and chlorite.

Figure 7.7: Back-scattered electron (BSE) images and elemental distribution maps. Mineral abbreviations after
Whitney and Evans, (2010). a) BSE image and b) Al distribution map of metagabbro Mak-08-42, c) Na
distribution map of metagabbro Mak-08-42, d) Iron and e) Na distribution map of metapillow lava (Mak-0847), f) BSE image of metabasalt Mak-08-37, g) Ca and h) Ti distribution map of metabasalt Mak-08-37. Sample
coordinates in Table 7.2.
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7.4.4 Metavolcanoclastic rocks
Metavolcanoclastic rocks contain sodic amphiboles, lawsonite, pumpellyite, titanite ±NaCa-amphiboles, ±quartz ±albite ±calcite ±calcic amphibole (Fig. 7.6d). Quartz within
lawsonite is a by-product of plagioclase decay. Albite, calcite and calcic amphibole occur in
veins and shear bands. Strongly deformed samples (Fig. 7.6e) have only sodic amphibole
and lawsonite, while Na-Ca-amphibole and pumpellyite are absent. Sodic amphibole in fold
hinges and in pressure shadows of mineral boudins suggests that folding took place at
blueschist facies conditions.

7.4.5 Metasediments
Metasediments mostly consist of sodic amphibole, lawsonite, titanite, quartz and minor
pumpellyite, (max. 3%) white mica, calcic amphibole, albite and calcite. The graded, 30cm
thick layer of metasandstones/metagreywacke contains mainly quartz (~70%) with white
mica, sodic amphibole and lawsonite (Fig. 7.6f). Pumpellyite, calcic amphibole and albite
occur in late veins, that cut foliation, and along shear bands.

7.5 GEOCHEMISTRY
7.5.1 Mineral Chemistry
Electron microprobe analyses were performed with the JEOL JXA 8200 Superprobe at ETH
Zurich using 15kV acceleration voltage, 20nA beam current and 1μm beam diameter.
Counting time on the peak was set to 40s for Si, Al, Na, Mg, Ca, Cr, K, Ti and 20s for Fe and
Mn. Standards are natural and synthetic silicates and oxides.
7.5.1.1 Sodic amphibole
Representative sodic amphibole analyses are listed in Table 2a. They are mostly unzoned
glaucophane and crossite in metagabbros and metabasalts (Fig. 7.8a). Metasedimentary
and strongly foliated samples contain minor amounts of ferroglaucophane and riebeckite.
Fe3+-normalized amphibole formulae were calculated with the program NORM (internal
report, Reusser and Ulmer, 1993). The XMg (Mg/Mg+Fe) is mostly constant within samples
and varies between 0.36 and 0.63 from sample to sample.
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7.5.1.2 Sodic-calcic amphiboles
The sodic-calcic amphiboles are mostly unzoned barroisite (Fig. 7.8b and Table 7.2b).
Winchite occurs in minor amounts, mostly in metavolcanic rocks. The X Mg is stable around
0.65.
7.5.1.3 Calcic amphiboles
Calcic amphiboles occur as actinolite in late brittle veins crosscutting foliation and very
rarely occur in the core of barroisite as magnesio-hornblende and actinolite (Table 7.2c).

7.5.1.4 Na-pyroxene
Sodic pyroxene is aegirine-jadeite (Table 7.2d) enclosed or directly next to barroisite in
metagabbros and basalts. Some pyroxenes in greenschist metasediments are omphacite.

7.5.1.5 Lawsonite
Lawsonite is present and unzoned in all samples but with varying iron contents (Table
7.3a). Iron-rich (~3wt%) lawsonite occurs mostly in metasedimentary blueschists.

7.5.1.6 Pumpellyite
Most pumpellyite is a retrograde product that rarely replaces lawsonite in fine grained
metasediments but mostly occurs in late veins and fracture zones that crosscut the
foliation. Few samples contain pumpellyite in textural equilibrium with lawsonite.
Representative analyses of the unzoned minerals are given in Table 7.3b.
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Figure 7.8: Classification of amphiboles after Leake (1978) and Leake et al. (1997), a) sodic amphibole b)
sodic-calcic amphibole.

7.5.1.7 Titanite
Titanite is the most abundant accessory mineral. Al2O3 values are between 0.3 in
metasediments and 1.3wt% in metagabbros (Table 7.3c).

7.5.1.8 Mica
White mica is dominantly phengite (Table 7.3d); other micas are brown-red stilplomelane
in rosettes. Micas are usually so small that they are identified during microprobe analyses
or XRD.

7.5.1.9 Chlorite
Chlorite is a minor component but is one of the minerals of the peak phases in
metasediments.
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7.5.2 Bulk major element geochemistry
The bulk chemical composition of the Makran blueschists was measured with XRF on 38
samples. Trace elements were analysed with Laser ablation ICP-MS (Table 7.4). Major and
minor elements compared to the differentiation index XMg show that the initial chemical
features are preserved and metamorphism has affected only the more volatile elements
(Fig. 7.9). The good correlation between Zr and XMg shows that initial chemical features of
the immobile elements are preserved. Blueschists have XMg between 0.55 and 0.83. They
have a basic chemistry with SiO2 around 50wt% of (Fig. 7.9a) and low alkalis (<4wt%).
Highest SiO2 values are measured in metasediments with the maximum in the metamarls,
whose iron values are rather low (6-8wt%), while they vary between 7 and 16wt% in the
metabasic rocks (Fig. 7.9b). The Fe content is controlled by the presence of ores and the
amphibole to lawsonite ratio. Sodium is sensitive to metasomatic and metamorphic
processes and is scattered (Fig. 7.9c). Zr and TiO2 increase with decreasing XMg (Fig. 7.9d
and e). MnO also increases with differentiation (Fig. 7.9f). These elements are incompatible
and therefore enriched in the more differentiated rocks.
All metagabbro and metabasalt samples plot in the basalt field of the TAS diagram (Fig.
7.10a). Metavolcanoclastic rocks plot in the same field and cannot be chemically
distinguished from basalts. High SiO2 values (>52%), plotting in the basaltic andesite,
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andesite and dacite fields are metasedimentary. They follow a tholeiitic trend (Fig. 7.10b)
and show typical MORB features in the Ti/V diagram (Fig. 7.11).

Figure 7.9: Variation diagrams of 38 samples of Makran blueschists. XMg versus a) SiO2, b) Fe2O3tot, c) Na2O, d)
Zr, e) TiO2, f) MnO.
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Figure 7.10: Characterization of the NMB. a) TAS diagram after Cox et al. (1979). Line between alkaline and
subalkaline tholeiite from Irvine and Bargar (1971). All metagabbros and metalavas plot in the basalt field. The
few samples distributed in basaltic andesite, andesite and dacite field are metamarls. b) AFM diagram, with
most blueschists along the tholeiite trend. Few samples in the calc-alkaline field represent metamarls.

7.5.3 Bulk trace element geochemistry
Gabbros are separated from basalts and metasediments to study the rare earth (REE) and
trace element behaviour (Fig. 7.12). Samples that experienced strong deformation and
most likely element exchange are not considered for interpretations.
7.5.3.1 Metagabbros
Metagabbros yield a slightly positive LREE segment and flat MREE and HREE sections (Fig.
7.12a). They show small negative Eu, Nb and Ta anomalies (Fig. 7.12b). Pb and Sr show a
small positive anomaly while there is no Ti anomaly. This trace element pattern is typical
for Mid-ocean ridge basalts (MORB).
7.5.3.2 Metabasalts
Most metabasalts have a slight positive LREE segment and flat MREE and HREE. The
metapillow basalt Mak-08-47 (bold line; Fig. 7.12c) has as a negative LREE section and
MREE and HREE follow weakly negative trends. This suggests a more fractionated and
evolved lava than the other basalts. Some metabasalts have a small negative Eu anomaly.
Trace element concentrations lay around typical MORB values (Fig. 7.12d). All metabasalts
show a distinct negative Nb-Ta anomaly. Pb anomaly is positive and Sr mostly negative.
The metapillow basalt has a positive Ti anomaly, while other metabasalts have either a
slightly negative or no Ti anomaly.
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Figure 7.11: V vs. Ti diagram after Shervais (1978). Makran gabbros (diamonds) plot within the MORB field,
pillow basalt (square) in IAT. Mak-06-18, a metamarl falls in the alkalic field.

7.5.3.2 Volcanoclastic metasediments
Trace elements of metavolcanoclastic sediments are comparable to metabasalts. They have
a slightly positive LREE section (Fig. 7.12e). MREE and HREE segments are flat. All
volcanoclastic rocks display a negative Nb-Ta and a positive Pb anomaly (Fig. 7.12f).

7.5.3.2 Metamarls
Metamarls have a negatively trending LREE section with also a slightly descending MREE
and HREE segment (Fig. 7.13e).
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Figure 7.12: Rare earth element and trace element plots of the NMB. Samples that suffered strong deformation
and most likely element exchange are plotted in grey and not considered for interpretations. a) Chondrite
normalized pattern of metagabbros, b) N-MORB normalized pattern of metagabbros, c) Chondrite normalized
pattern of metabasalts, bold line = metapillow d) N-MORB normalized pattern of metabasalts, bold line =
metapillow, e) Chondrite normalized pattern of metasediments, bold line = metamarl, f) N-MORB normalized
pattern of metasediments, bold lines = metamarl.

7.5.4 Bulk ferric/ferrous iron ratios
7.5.4.1 Method
The ferric/ferrous iron ratio of the bulk composition is a required input in the Perple_X
program. Since the Makran blueschists mainly consist of amphiboles and lawsonite, the
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iron ratio is difficult to estimate by the charge balance of its minerals. 20 representative
bulk samples were analysed by wet chemistry analyses (photometer Cary 50 in
concentration mode at 522nm) at the University of Bern. The iron ratios are given in Table
7.5. Crosschecking with the basalt standard (NBS 688 Basalt Rock, wt%FeO= 7.64±0.03),
shows that the applied method results in slightly lower values (average wt%FeO =
7.15±0.3) corresponding to a relative error of ~5%. The derivation could have several
reasons: (1) age of the standard that may have oxidized over time, (2) oxidation during the
solution procedure or (3) not all material was dissolved. To verify that our analytical error
is minimal, at least four solutions per sample were processed, three of which having to be
within the same <5% relative error. The analysis was repeated if only two or no
measurements overlapped.

7.5.4.2 Results
Bulk Fe3+/Fetot ratios range from 0.33 to 0.62 (Fig. 7.13). Metagabbros have lowest ferric
contents, metasediments the highest. Mineralogy affects the bulk iron ratio. Samples with
high barroisite content, for example, have lowest Fe3+ contents. High modal amounts of
lawsonite and glaucophane lead to higher Fe3+ contents. Strong deformation and small
grain sizes are also typical for samples with high ferric iron values. The results of Mak-0608, Mak-08-3, Mak-08-47 and Mak-06-18, four different protoliths, were used for
thermobarometry calculations.
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Figure 7.13: Bulk ferric/ferrous iron ratios of representative samples obtained with wet chemistry.

7.7 THERMOBAROMETRY
Stability fields and mineral compositions were calculated with the Perple_X software
(Connolly, 2005) between 200 and 500°C and between 5 and 15kbar, restricted by the
absence of albite, garnet and epidote and the presence of lawsonite (Heinrich and Althaus,
1988; Frey et al., 1991; Okamoto and Maruyama, 1999). The upper temperature limit is
consistent with the stability of glaucophane (e.g. Evans, 1990). The absence of equilibrium
between plagioclase and pumpellyite places lower P limitations. Most of the conventionally
used solid solution models do not incorporate potassium in amphiboles. Thus, mica
appears as a stable phase in pseudosections, even though it is absent in reality. For this
reason, it is easier to ignore K2O in the bulk, especially if the total bulk amount is very low,
as it is the case for the studied rocks. The same applies to Mn, which is also preferably
incorporated in mica. We avoided samples with aragonite, which could lower the CO2
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activity. We assumed water saturation since amphibole and lawsonite are the main rockforming minerals. The four investigated rock types (metagabbro Mak-06-08, metapillow
basalt Mak-08-47, metabasalts Mak-08-03 and metamarl Mak-06-18) allow testing
whether all blueschists formed under similar conditions. The investigated P-T range in
pseudosections (Figs. 7.14-17) comprises four metamorphic facies concerning the NMB:
lawsonite blueschist facies (LB), epidote blueschist facies (EB), prehnite/pumpellyite (PP)
and greenschist facies (GS).

7.7.1 Metagabbro Mak-06-08
The extensive presence of lawsonite restricts metagabbro Mak-06-08 to the low
temperature field (<440°C) in the studied P-T range (Fig. 7.14a). The measured
(recalculated from electron microprobe analyses) and modelled Na (apfu) does not
overlap in this P-T range (Fig. 7.14b), so that no acceptable fit between stability field and
mineral chemistry could be obtained in this pseudosection. The high modal amount of
amphibole may cause inconsistencies, because amphibole solid solution models do not
account for all compositional properties such as Fe3+/Fe2+ ratio and K incorporation. The
modal amount of glaucophane (Fig. 7.14c) is lowest where only one amphibole is stable
and increases with decreasing temperature.
Modelled modal amount of lawsonite is presented in Figure 7.14d. Correlation with the
actual lawsonite modal amount of ~30% in this sample restricts temperature conditions
only to the field where epidote is not stable, in consistency with the mineralogy of this
sample. Rutile and barroisite, which are primary minerals, are stable at higher
temperature than glaucophane and titanite. With these constraints only, it is difficult to
estimate the metamorphic peak conditions, especially pressure. However, combining
pseudosection information, modelled mineral chemistry and modal amounts of lawsonite
and sodic amphibole, the “best fit” is estimated at 250-350°C and 9-13kbar. Barroisite in
Mak-06-08 points to temperatures of ~400-450°C, typical for greenschist or lower
amphibolite facies, prior to glaucophane crystallization rimming barroisite. Relics of albite
within lawsonite are consistent with greenschist to lower amphibolite facies
metamorphism before blueschist facies overprint.
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Figure 7.14: Pseudosection for metagabbros sample Mak-06-08. a) mineral stability fields compiled with
measured bulk ferric/ferrous iron ratio, b) mineral chemistry with modelled Na(apfu) and XMg in glaucophane
c) modelled modal amount of sodic amphibole, scale of colour code in modal %, d) modelled modal amount of
lawsonite, scale of colour code in modal %.

7.7.2 Metapillow basalt Mak-08-47
Metapillow basalt Mak-08-47 contains 15% of relict magmatic augite based on grid
counting estimation. We subtracted the chemical contribution of this amount of augite
from the bulk. The new bulk composition was used to calculate a pseudosection that
identifies low temperature blueschists (Fig. 7.15a). Na (apfu) in glaucophane and sodic
pyroxene overlaps within a phase stability field between 320 and 400°C (Fig. 7.15b). Three
examples of combined amphibole and pyroxene analyses constrain the position of Mak-0847 in the pseudosection in a narrow temperature range (black circle, Fig. 7.15b).
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Resulting peak metamorphic conditions are ~340-380°C and 10-11kbar. The modelled
glaucophane modal composition essentially corresponds to the actual value (~35%) (Fig.
7.15c). After the subtraction of augite phenocrysts, lawsonite is the main rock forming
mineral, which is in agreement with the modelled >40% lawsonite modal composition (Fig.
7.15d). Relics of albite in lawsonite may represent magmatic or early greenschist facies
minerals.

Figure 7.15: Pseudosection for meta-pillow lava sample Mak-08-47. a) mineral stability fields compiled with
measured bulk ferric/ferrous iron ratio, 15%modal augite subtracted, b) modelled Na (apfu) in glaucophane
(white) and jadeite (green), dot = measured Na(apfu) in glaucophane and jadeite, ellipse = overlap
measured/modelled values, c) modelled modal amount of sodic amphibole, scale of colour code in modal %, d)
modelled modal amount of lawsonite, scale of colour code in modal %.
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7.7.3 Metabasalt Mak-08-03
Metabasalt Mak-08-03 covers a wide range of the P-T spectra with the stability fields of
equilibrium phases glaucophane, lawsonite and titanite (Fig. 7.16a) The Na content (apfu)
in glaucophane and modal compositions of lawsonite and glaucophane were used to
constrain the P-T conditions (Fig. 7.16b). Three representative glaucophane analyses were
plotted to constrain the stability area. Peak conditions were thus estimated at ~13kbar
and 350-380°C. The actual modal amount of glaucophane (~40%) for this sample is
underestimated by the model (Fig. 7.16c). Conversely, chlorite modal composition is
overestimated, compensating the underestimated glaucophane. Modal lawsonite
composition is mostly fitting >30% (Fig. 7.16d).

Figure 7.16: Pseudosection for metabasalt sample Mak-08-03. a) mineral stability fields compiled with
measured bulk ferric/ferrous iron ratio, b) mineral chemistry with modelled Na (apfu) (white) and XMg in
glaucophane (blue), ellipse = overlap measured/modelled values, c) modelled modal amount of sodic amphibole,
scale of colour code in modal %, d) modelled modal amount of lawsonite, scale of colour code in modal %.
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7.7.4 Metamarl Mak-06-18
The pseudosection of metamarl Mak-06-18 (Fig. 7.17a) with abundant lawsonite also
points to a low metamorphic temperature. In this pseudosection, lawsonite and mica
coexist in a very narrow zone (Fig. 7.17a, purple field). Na (apfu) in glaucophane and XMg in
glaucophane were used to constrain P-T conditions (Fig. 7.17b). Stability fields of
glaucophane, lawsonite, titanite in metamarls, are rather extensive and thus do not restrict
conditions in the investigated P-T domain. However, the stability field of mica and the
absence of rutile suggest pressures < 9kbar. Temperature is restricted with Na (apfu) of
glaucophane (Fig. 7.17c) to 320-370°C. Modelled modal lawsonite composition is
consistent with the real ~30% modal lawsonite (Fig. 7.17d).

Figure 17: Pseudosection for meta-pillow lava sample Mak-06-18. a) mineral stability fields compiled with
measured bulk ferric/ferrous iron ratio, purple area = lawsonite and mica coexist, b) mineral chemistry with
modelled Na (apfu) (white) and XMg in glaucophane (blue), ellipse = overlap measured/modelled values, c)
modelled modal amount of sodic amphibole, scale of colour code in modal %, d) modelled modal amount of
lawsonite, scale of colour code in modal %.
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7.8 DISCUSSION
7.8.1 Blueschist origin and protolith
Blueschist facies metagabbros, metabasalts, volcanoclastic metasediments and metamarls
of North Makran represent oceanic crust and its sedimentary cover. Geochemical data
show tholeiitic/MORB-like patterns with a weak calc-alkaline affinity. Similar chemical
patterns suggest that the metagabbros and metabasalts are the likely source of the
volcanoclastic sediments. The chemical pattern of metagabbros and non-pillowed lavas
flows is comparable to older lavas of the Oman ophiolites (Tilton et al., 1981; Godard et al.,
2003), the lavas of the Inner Zagros ophiolites (Desmons and Beccaluva, 1983; Ghazi and
Hassanipak, 1999; Moghadam et al., 2008) and Early Cretaceous lavas of the North Makran
ophiolites (Chapter 5). The pillow lavas show typical features of a supra-subduction
environment (e.g. Pearce and Peate, 1995; Kelemen et al., 2003). The presence of
clinopyroxene phenocrysts in the pillow lavas is consistent with a deeper magma source
than commonly found in a MOR-like setting. Lavas with such clinopyroxene phenocrysts
and similar chemistry are associated with Upper Cretaceous sediments (type 5, Chapter 5).
Overall, the petrology and geochemistry places the blueschist protoliths in the hanging
plate of the northward subduction, likely in a slab-influenced position such as the fore-arc
or juvenile arc region.

7.8.2 Phase equilibria/peak parageneses
The coarse grained metagabbro and metabasalt of the NMB are incipiently
metamorphosed. Similar blueschists were reported in the Franciscan Complex (Coleman
and Lee, 1963), in western Turkey (Okay, 1982) and in Ladakh (Honegger et al., 1989). In
metapillow basalts of Makran, for example, sodic amphibole rims augitic phenocrysts and
forms elongated oriented crystals, replacing matrix and glass. The transformation from
plagioclase to lawsonite on the other hand has mostly been complete, probably due to
lower P-T formation conditions of lawsonite.
Amphiboles are structurally complex minerals and have different solid solution series
depending on the occupancy in their crystal sites (Leake et al., 1997). Crystallization
conditions rule in which structural sites Si, Al and Na are positioned. Na A and AlIV for
example increase with rising temperature (e.g. Raase, 1974; Brown, 1977; Holland and
Richardson, 1979; Laird and Albee, 1981). The reaction from sodic pyroxene to sodic
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amphibole and the lack of chlorite in the studied metavolcanoclastic blueschists indicate
that glaucophane crystallization was controlled by a reaction independent of fluid pressure
using chlorite and sodic pyroxene:
sodic pyroxene + chlorite + quartz = lawsonite + sodic amphibole (Okay, 1980)
Jadeitic pyroxene is the highest pressure phase found in the Makran blueschists. Coexisting
with quartz, it is stable at low temperatures (~200°C) at pressures ≥7kbar and at high
temperatures (~500°C) above 13kbar (Newton and Smith, 1967). Many sodic pyroxenes of
the Makran rocks are also omphacite, which can also be stable in greenschist facies
conditions in mafic rocks. In the Deyader complex, greenschist facies rocks with peak
assemblage omphacite + actinolite + albite + chlorite + quartz formed at the boundary with
blueschists facies. Glaucophane and lawsonite formation may thus be a consequence of
overprinting greenschist minerals through the reaction:
actinolite + chlorite + albite = sodic amphibole + lawsonite (DeRoever, 1955)
The interlayered glaucophane-bearing and omphacite-bearing metasediments shows that
the formation of glaucophane may in some metasediments depend on the chemical
composition. At the same P-T conditions, glaucophane may form in volcanoclastic or marl
layers, whereas in silt, as the matrix of the Coloured Mélange, minerals typical for lower
greenschist facies crystallize (Okay, 1989). In greenschist metapillow basalts, peak phases
close to blueschist rocks, are actinolite, chlorite and albite. Peak minerals in prehnitepumpellyite facies rocks, forming the inner part of the Deyader Complex, are pumpellyite +
lawsonite + albite + amphibole. Coexisting pumpellyite and lawsonite it textural
equilibrium in both rare blueschists and abundant lower grade sediments indicate that the
Makran blueschists reached peak metamorphic conditions along the blueschist,
greenschist and prehnite-pumpellyite facies boundary.

7.8.3 P-T path
The peak conditions using real ferric/ferrous iron bulk ratios were determined at ~350°C
and ~10kbar without a visible retrograde overprint (Fig. 7.18). Minerals preserved from
early greenschist to lower amphibolite facies are barroisite, albite and omphacite. Rims
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around barroisite and occasionally omphacite, indicate that glaucophane formed during
cooling at stable or higher pressure conditions. In lower pressures, barroisite would have
been replaced by actinolite. In grained blueschists with peak equilibrium phases
glaucophane, lawsonite, titanite and Na-pyroxene (jadeite and omphacite), the earlier
greenschist metamorphism is not preserved. According to the combined pseudosection
study, cooling during a slight pressure increase from ~400-450°C to ~300-350°C at about
9-13kbar leads to the formation of glaucophane, blueschist facies overprint and
replacement of rutile with titanite. The retrograde path crossed the prehnite-pumpellyite
facies, as late pumpellyite and actinolite in post-foliation veins show, but generally did not
overprint the blueschist facies assemblages. The P-T path recorded in the NMB is thus
counterclockwise and thus makes lawsonite a retrograde mineral. If calculated P and T are
coeval, the blueschists evolved along a higher metamorphic geothermal gradient in the
prograde (~15°C/km) than in the retrograde (~5-10°C/km) path (Fig. 7.18).

Figure 7.18: P-T path obtained from combined pseudosection study. Black dots = blueschist peak, hexagons =
greenschist peak condition estimation on metabasalts, stars = peak condition estimation on matrix of DC.
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7.8.4 Role of Lawsonite
Numerical modelling and experimental data indicate that lawsonite-glaucophane
coexistence represents lower temperature than glaucophane-epidote parageneses and
occurs across a wide pressure-temperature field (e.g. Liou, 1971; Heinrich and Althaus,
1988). Lawsonite contains significant amounts of water (~12wt%), which is released
during prograde metamorphism and thus natural fresh lawsonite is rarely preserved. It
mostly occurs as pseudomorphs, which are reported in the Alpine (e.g. Bearth, 1973; Fry,
1973; Martin and Tartarotti, 1989; Cannic et al., 1996), Aegean (Will et al., 1998; Philippon
et al., 2013), Alaskan (Forbes et al., 1984; Patrick and Evans, 1989), Caribbean (Green et al.,
1968), Uralian (Dobretsov, 1974; Schulte and Sindern, 2002) and Ile de Groîx blueschists
(e.g. Ballèvre et al., 2003). These lawsonite occurrences are generally interpreted as part of
the prograde metamorphic path, either developing with raising pressure and/or
temperature (e.g. Martin and Tartarotti, 1989) or accompanying decompression at the
beginning of exhumation (e.g. Will et al., 1998). Others suggest that lawsonite formed with
cooling of epidote-blueschist conditions during early states of decompression and then
decays into pseudomorphs with ongoing decompression (e.g. Fry and Barnicoat, 1987).
Lawsonite formation during the prograde path is attributed to low geothermal gradients
common in subduction of old, cold oceanic or continental crust (e.g. Liou et al., 2000).
The NMB contains large amounts (<40%) of fresh lawsonite, clearly differentiating them
from the more common occurrences with lawsonite pseudomorphs. They are instead
comparable to blueschists described in the Tavşanli Zone (Okay, 1980) and the
Esfandagheh area (Sabzehei, 1974; Oberhänsli et al., 2007). These two blueschists, as the
NMB, contain sodic pyroxene and comparable pressure/temperature ranges. They also
record incipient blueschist metamorphism in coarse grained samples. However in the
Tavşanli and the Esfandagheh blueschists, lawsonite is not as abundant as in Makran.
In the case of Makran, the anticlockwise P-T path from greenschist facies to blueschist
follows a higher geothermal gradient (ca. 15°C/km) during subduction than in the
retrograde path (5-10°C/km). A small pressure increase from ~8kbar to 9kbar and
cooling, likely related to hydration, is responsible for the blueschist facies metamorphism
at a depth of about 30km. The cooler geothermal gradient during exhumation led the P-T
path through the lawsonite stability field during most of the retrograde path. Only at
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~100°C and 3-4kbar lawsonite becomes unstable and could decay to pumpellyite, however
at such low temperature such reactions or dehydration is less likely. Thus, lawsonite is
preserved and no major retrograde overprint recorded. In the Makran blueschists, where
lawsonite crystallized during cooling and hydration of greenschist facies rocks, rather
suggests subduction of hot, likely young crust or unusually slow subduction (Peacock and
Wang, 1999). Since the North Makran, Esfandageh and Tavşanli blueschists lay in a
geographically similar position along a continuous Late Cretaceous Tethys suture zone,
they likely have the same geotectonic position. We suggest that the age/temperature of the
down-going plate, the maturity of the subduction zone and its rate are the responsible
factors for lawsonite formation and preservation.

7.8.5 Tectonic implications
In order to preserve lawsonite, and other “unstable” minerals such as glaucophane and
jadeite, subduction followed by fast exhumation under relatively cold conditions is
traditionally invoked (e.g. Maruyama and Liou, 1988; Zack et al., 2004; Song et al., 2007).
In the Deyader Complex, the blueschists were thrust over the largely prehnite-pumpellyite
to minor greenschist facies matrix of the DC. Such a setting has also been described for the
Franciscan Complex in the California Coast Ranges (Ernst, 1970; Suppe, 1973; Bauder and
Liou, 1979), the Betic Zone of southern Spain (Platt et al., 1983) and the Sesia Zone in Alps
(Compagnoni et al., 1977; Milnes et al., 1981).
K-Ar ages on imprecisely located blueschist samples in the Makran Coloured Mélange to
the north east of the study area span 80-100Ma (Delaloye and Desmons, 1980). This age
fits other Tethys-related blueschist occurrences in Iran, in Sistan (86-84Ma, Rb-Sr method
(Brocker et al., 2013); 124 ±13 Ma and 116 ±19Ma, Ar-Ar ages (Rad et al., 2009) and in
Zagros (85-95Ma, Ar-Ar method (Agard et al., 2006)) as well as the age of granulites
geographically associated with blueschists in the Sabzevar region (107.4 ±2.4 Ma and
105.9 ±2.3 Ma, in situ U-Pb on zircon and titanite; Rossetti et al., 2010). The age association
links the North Makran blueschists to the history of the Tethys suture zone in this region.
The North Makran blueschists are part of a Coloured Mélange situated below the North
Makran ophiolites between Central Iran and the Dur Kan continental terrane. The trace
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element geochemistry of the NMB shows a small Nb-Ta negative anomaly and LILE
enrichment typical for either continental or subduction influence. Since the blueschist
metasediments are mainly derived from eroded mafic rocks and continentally-derived
sediments, it is likely that the NMB were the southernmost tip of the Eurasian plate, in the
hanging plate of the Tethys subduction as it was proposed by previous authors (Berberian
and King, 1981; McCall and Kidd, 1982; McCall, 1997). The timing of the Makran
subduction initiation is debated but extensive arc magmatism in the Urumieh-Dokhtar
(Fig. 4.17) and Bazman area (westernmost black star in Fig. 1.4; Berberian et al., 1982)
indicates well established subduction around 80Ma. If the proposed subduction initiation
age of ~100Ma (Alabaster et al., 1982; Sengör, 1990; Moghadam and Stern, 2011) is
correct, the Makran blueschists would have been metamorphosed 100-80Ma (Delaloye
and Desmons, 1980) relatively shortly after subduction started. Similar chemistry as Late
Cretaceous (McCall et al., 1985) supra-subduction lavas from North Makran could support
this theory. This evidence could explain the anticlockwise P-T path, because the still hot
mantle in the hanging wall would lead to a higher geothermal gradient than in an old
subduction, where overlying mantle is hydrated and cooled down. After reaching a
pressure equivalent to ~30km, and blueschist facies crystallization, the NMB were
exhumed without significant retrograde overprint, most likely through subduction mass
flow common in the formation of coloured mélanges. A similar model has been given for
the formation of the Franciscan blueschists in California (Wakabayashi, 1990) and has
been supported by numerical modelling studies (Gerya et al., 2002). Detrital sodic
amphibole in Latest Cretaceous and Eocene turbidites of the Inner Makran (Dolati, 2010)
suggests that blueschists were exhumed and exposed before then.

7.9 CONCLUSIONS
The North Makran Blueschists in southeast Iran occur as variously sized klippen and
lenses of metres to kilometre lengths in an imbricate, metamorphic mélange, now exposed
in an antiformal stack. They are mainly composed of fresh lawsonite, sodic and sodic-calcic
amphiboles and minor titanite and hematite. The blueschist protoliths represent
metagabbros, metabasalts, volcanoclastic metasediments and minor metamarls. The
coarse grained metagabbros show only incipient blueschist facies overprint of earlier
greenschist metamorphism. Compositional differences in the mélange are often
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responsible for metamorphic facies changes, which are consistent with blueschist peak
conditions of ~10kbar and 300-350°C, close to the greenschist to prehnite-pumpellyite
transition.
The P-T path is anticlockwise, with a higher geothermal gradient (ca. 15°C/km) from
greenschist to blueschist facies during the prograde path than in the retrograde path.
Blueschist metamorphism occurred with cooling and hydration at a depth of about 30km.
During the retrograde path, these rocks were exhumed along a cooler geothermal gradient
(5-10°C/km) crossing the lawsonite stability field, being responsible for the preservation
of lawsonite and the lack of major retrograde overprint.
Geochemistry of metabasalts reveals enriched MOR-like protoliths with a negative Nb-Ta
anomaly and slightly enriched LILE section. They are chemically comparable to lavas
described in the upper sections of Inner Zagros. This suggests that the NMB belonged to
the Iranian plate, likely at the outer zone of the extended continental margin which had
turned into a fore-arc zone after subduction initiation. Parts of this outermost margin were
introduced into the subduction channel and formed the North Makran Blueschists. Latest
Cretaceous and Early Eocene turbidites with sodic amphibole detritus suggest that the
Makran blueschists were exhumed and eroded at that time.
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CHAPTER 8 FERRIC/FERROUS IRON

The influence of Fe3+/Fetot in blueschists: Applications to
blueschists of Makran (SE Iran), Syros and Sifnos (Cyclades,
Greece)
Abstract
Knowing Fe3+/Fetot iron ratios of bulk rock and minerals in metamorphic petrology is
crucial in geothermobarometric recalculations. Oxidation states of minerals are
implemented in solid solution models used in thermodynamic modeling e.g. Perple_X,
because they influence mineral stability fields. For many minerals, ferric/ferrous iron
ratios are implemented using only few measurements and mostly values estimated by
charge balance during mineral recalculations. Sodic amphiboles, which are key minerals of
the metamorphic blueschist facies, are structurally complex and thus their oxidation state
is challenging to determine. To calculate isochemical phase diagram sections, bulk iron
ratios also have to be estimated. This is usually done using mineral modal composition and
each mineral Fe3+/Fetot ratio, which again is inferred from charge balance calculations. The
aim of this study is to investigate the influence of ferric/ferrous iron ratios on
thermobarometric calculations.
Mössbauer spectroscopy of glaucophanes from Syros and Sifnos shows that charge balance
calculations differ from measured values, if Fe3+ occupies the M1 and M2 sites. In minerals
with Fe3+ occupying only the M2 site, recalculated ratios are accurate using the formula:


number of cations per formula unit = 13 + Ca + Na + K, 23 oxygen p.f.u.,



(Fe, Mn) on (M4) = 0, glaucophane component = 2 - Ca.

In situ XANES analyses of the iron K pre-edge in zoned amphiboles of the Makran
blueschists are promising but further understanding of data treatment and interpretation
is required.
Pseudosection studies using Perple_X on both Makran and Syros/Sifnos blueschists show
that assuming purely ferrous bulk composition leads to different temperatures than those
given by pseudosections based on measured bulk iron ratios: about 50°C higher for the
Makran blueschists and up to 80°C lower for the Syros/Sifnos blueschists. The direction of
temperature shifts depends on mineral assemblages. In the Makran blueschists, epidote
cannot form in the ferrous system. Therefore, the lawsonite field is expanded to higher
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temperatures. In the Syros/Sifnos blueschists, the garnet stability field extends to lower
temperatures when more Fe2+ is available. Determining the effect of bulk oxidation
changes on pressure estimates is more difficult but up to 4kbar lower pressures were
obtained for the Syros/Sifnos blueschists. Excluding ferric iron in lawsonite from the bulk
composition of the Makran blueschists also increases the estimated temperature by up to
50°C.

8.1 INTRODUCTION
Geothermobarometric calculations are crucial to understand the vertical movement and
the thermal evolution of metamorphic rocks during their recrystallization. Blueschists are
commonly interpreted as remnants of subducted lithosphere where material is
transported along an especially low geothermal gradient (e.g. Ernst, 1973; Maruyama et al.,
1996). These cool and water-saturated conditions lead to the crystallization of the
characteristic mineral, glaucophane, at pressure > 7kbar (Maruyama and Seno, 1986).
Ferrous/ferric iron ratios in bulk and mineral composition have been proven to be
important for geothermobarometric recalculations in metamorphic petrology (e.g. Arculus
et al., 1984; Guidotti and Dyar, 1991; Guidotti et al., 1994; Dyar et al., 2002). Phase
equilibria and stability fields of minerals are influenced by the oxygen fugacity which is
monitored in the valence state of multivalent elements such as iron (Bajt et al., 1994).
Ferric/ferrous iron ratios in natural blueschist rocks and minerals are only scarcely
known. To circumvent this caveat, Fe3+/Fe2+ ratios are estimated from either charge
balance calculations of minerals with known stoichiometry or a purely ferrous system is
assumed (e.g. Dale et al., 2005; Diener et al., 2007; Diener and Powell, 2012). This
guesstimate is mainly due to the lack of a suitable analytical method to measure iron
distribution in rocks. Mössbauer spectroscopy and wet chemical analyses are reliable
methods to determine ferric/ferrous iron ratios in minerals but they are time-consuming
and restricted to homogeneous minerals with relatively high iron content.
Most of the common silicates such as pyroxenes and amphiboles have iron in a sixcoordinated structure (Fig. 8.1; e.g. Papike and Clark, 1968; Leake et al., 1997). Amphiboles
have quite a complex structure, which often discouraged detailed studies. The structural
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formula is X2Y5Z8O22(OH)2, where X is M4, Y is M1, M2, M3, Z is Si (or Al). The M4 site is
usually occupied by large cations such as Ca2+, Na+ and Fe2+ while smaller cations Mg2+,
Fe3+ and Al3+ occupy M1, M2 and M3 (Fig. 8.2). A is occupied by excess Na and K or
otherwise empty. M1 and M3 are coordinated in an almost regular octahedron with four
oxygen and two hydroxyl groups. M2, where ferric iron usually sits is more distorted.
Because of the high variability of site occupancy, the theoretical charge balance
calculations in amphiboles may be biased.

Figure 8.1: Glaucophane structure after Papike and Clark, (1968): a) along a and b) along c with M1 octahedra
omitted.
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This work was motivated by the description of North Makran blueschists, SE Iran, and
their difficult P-T estimation (Chapter 7). Problems were mostly attributed to the lack of
knowledge about ferric/ferrous iron ratio in bulk and mineral compositions. To investigate
the influence of bulk oxidation state we analysed blueschists from two different localities:
(1) low temperature lawsonite blueschists from Makran and (2) epidote blueschists from
Syros and Sifnos. The Makran blueschists are of a low temperature lawsonite type with
limited equilibrium assemblages, whereas the Syros/Sifnos samples represent higher
temperature blueschists with mineral assemblages including garnet, pyroxene and mica
that are more suitable for geothermobarometry.
Our investigations were two-fold: (1) study the Fe3+/Fetot in single crystals to investigate if
the used charge-balance calculations are reliable and (2) investigating the influence of bulk
rock Fe3+/Fetot in calculations with Perple_X. The Makran blueschists are unsuitable for
mineral iron investigations because grains are zoned, and there are two types of
amphiboles difficult to distinguish by optical microscopy. Therefore, we studied unzoned
glaucophane from Syros and Sifnos, which fulfil the requirements to perform iron
measurements with Mössbauer spectroscopy. We describe in situ XANES (X-ray
Absorption Near Edge Structure) analyses on the iron K pre-edge structure.
Geothermobarometry studies of low temperature blueschist (BS) facies are problematic,
because the dominantly basic composition of the subducted oceanic crust restricts the
stable mineral assemblage to mostly sodic amphiboles, lawsonite, pyroxene and Ti-oxides.
Thus the phases conventionally used in mineral chemistry based geothermobarometric
calculations (e.g. garnet, mica and plagioclase) are not present. P-T conditions are better
estimated using isochemical phase diagrams (pseudosections), which was done with the
Perple_X suite of programs (www.perplex.ethz.ch) in this work. Besides the change of
oxidation state in the bulk composition (purely ferrous vs. measured value), we
investigated the consequences of Fe3+ incorporation in lawsonite on P-T estimations. To
investigate the importance of oxidation state at higher temperature and different
mineralogy than the Makran blueschists, pseudosections were computed using (1)
measured ferric/ferrous iron ratios and (2) purely ferrous systems. Similar calculations
were performed for the Syros/Sifnos blueschists. The mineral stability fields are shifted by
up to 80°C depending on the iron oxidation state of the bulk system and the equilibrium
phases in the system. It is therefore important to know mineral Fe 3+/Fetot ratios to avoid
overestimation in low temperature and underestimation in high temperature blueschists.
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8.2 SAMPLES
8.2.1 Makran blueschists
8.2.1.1 General information
The low temperature lawsonite type Makran blueschists mainly consist of Na-amphibole,
Na-Ca-amphibole, Na-pyroxene, lawsonite, titanite with minor pumpellyite, mica and
chlorite (Table 8.1). Pressure-temperature estimations with measured bulk iron ratios
yielded peak conditions at ~350°C and ~10kbar (Chapter 7).

8.2.1.2 Minerals of interest
Glaucophane and lawsonite are the key minerals of the Makran blueschists defining low
temperature metamorphism and thus are the focus of the mineralogical analyses. In the
thermodynamical database used for the pseudosection calculation (Holland and Powell,
1998), lawsonite is implemented as the endmember composition (CaAlSi2O7)(OH)2*H20,
although in reality it may incorporate significant amounts of ferric iron (~3wt% in Makran
blueschist). A recurrent consequence is the overestimation of clinozoisite or chlorite
content in pseudosection models (Chapter 7). Because North Makran blueschists are
weakly metamorphosed, sodic amphiboles are heterogeneous in coarse grained samples
(Mak-06-08) and thus not suitable for Mössbauer spectroscopy and wet chemical analysis.
Therefore, the Makran samples are mostly used to investigate the behaviour of bulk
ferric/ferrous iron. Few in situ XANES spectra at the Fe K pre-edge are presented.
The amphiboles are glaucophane, crossite and barroisite. In sample Mak-09-08 and Mak09-186, both metagabbros, large barroisite crystals are rimmed by glaucophane. More
detailed petrographic description of the Makran blueschists is given in Chapter 7.
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8.2.2 Syros and Sifnos blueschists (Cyclades, Greece)
The Syros and Sifnos blueschists are among the best described blueschists. Various studies
dealt with their mineralogy and pressure/temperature evolution since the first report of
glaucophane-bearing rocks by Luedecke (1876). These blueschists represent different
protoliths and metamorphic conditions with temperatures between 350 and 550° and
pressure between 8 and 20kbar (Trotet et al., 2001).
8.2.2.2 Minerals of interest
The main focus lays on the sodic amphiboles of Gr-10-3, Gr-10-6, Gr-10-27, Gr-10-28 that
were chosen after petrographical and geochemical investigations for having different total
iron compositions and different equilibrium phases (Table 8.1). Gr-10-3 is a metagabbro
that consists of glaucophane, omphacite, plagioclase and minor rutile (Fig. 2a). Gr-10-6 is
also a metagabbro, which suffered higher P-T conditions and contains omphacite, garnet,
glaucophane and minor rutile (Fig. 2b). These two samples were used for glaucophane and
bulk Fe3+/Fetot analyses and for pseudosection investigations. Gr-10-27 is a marble with
layers rich inferro-glaucophane and minor chlorite (Fig. 2c). Gr-10-28 is a metapelite that
contains garnet, glaucophane, phengite, mica, quartz, plagioclase and minor epidote and
rutile (Fig. 2d). Glaucophane from the latter two samples was analyzed with Mössbauer
spectroscopy.

8.3 FERRIC/FERROUS IRON RATIOS
8.3.1 Wet chemical analyses of bulk rocks
8.3.1.1 Method
For wet chemistry analysis about 10-40mg of fine-grained rock powder, depending on the
total iron content, was dried (110°C) for 12 hours to reduce water contamination. After
weighing the dry powders, 1ml of H2SO4 was added. To prevent oxidation processes, 1ml
of hydrofluoric acid (40%) was added below a hood over boiling water to create a vapoursaturated atmosphere. After 15min, the solution was poured into Teflon bottles with 50ml
buffer solution (2’2-Bipyridine, HCl 0.2N, Na-acetate-trihydrate, H2O) and filled up to
500ml with deionized water. 2’2-Bipyridine binds to all ferrous iron in a red colour
complex. The resulting solution was analysed with the photometer Cary 50 in
concentration mode at 522nm. The concentration is determined using a linear calibration
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curve obtained by normalization to standard solutions with blank, 2.5ml, 5ml, 7.5ml, 10ml,
12ml, 15ml (ICP standard (Fe(NO3)3 in HNO3 (2-3%), 1000mg/l Fe, 1.70326.0100 Merck).
The absolute FeO (in wt%) can be calculated from the obtained concentration. Fe2O3 is
recalculated from XRF or microprobe analyses.

Figure 8.2: Blueschist protoliths of the Syros and Sifnos rocks analysed in this study. Mineral abbreviations after
Whitney and Evans, (2010). a) Metagabbro Gr-10-3 from Siros (N037°26’38.8’’/E024°53’20.4’’), b)
Photomicrograph under polarized-light of metagabbro Gr-10-6 close to eclogite facies from Syros
(N037°26’43.3’’/E024°53’20.3’’), c) Photomicrograph under transmitted light of metamarble Gr-10-27 from
Syros (N037°29’55.7’’/E024°54’24.6’’), d) Photomicrograph under transmitted light of metapelite Gr-10-28 from
Sifnos (N037°01’01.5’’/E024°40’06.4’’).

Problems using this method are that some minerals (e.g. garnet and oxides) do not
dissolve well during the short solution process. It is also difficult to avoid any oxidation
during the strong reaction with the rock material and the two acids. For this reason, at
least four solutions per sample were processed, of which three have to be within the same
5% (relative) error. If only two or no measurements overlap, the experiment was repeated.
The basalt standard (NBS 688 Basalt Rock, (%Fe= 7.64±0.03)) was analysed to control
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whether our experimental setup is reliable and how large is the possible error. Six
repetitions of the measurements showed that the method yields values lower than the real
ferrous iron content, but within the accepted error (average 7.15±0.3). Four
measurements lie within 5% (relative) error, two within the 10% (relative) error field
(Fig. 8.3).

Figure 8.3: FeO content determined with wet chemistry (Photometry) of standard NBS 688 Basalt (%Fe=
7.64±0.03). Accepted error (5-10%rel) marked with bar.

8.3.1.2 Bulk ferric/ferrous iron
We obtained the bulk Fe3+/Fetot ratio for seven samples that were used to calculate
pseudosections, Mak-06-08, Mak-06-18, Mak-08-03, Mak-08-47, Gr-10-3, Gr-10-6 and Gr10-28 (Table 8.2). Ferric/Fetot ratios range between 0.36 and 0.50. Highest ferric values
occur in Mak-08-18, which is strongly deformed and mainly consists of sodic amphibole,
lawsonite, titanite, minor mica and pumpellyite. Lawsonite in this sample contains ~3%wt
of Fe2O3 and might be together with titanite, the main reason for this high ferric
abundance. In Mak-06-08, barroisite is the main rock-forming mineral that usually
incorporates Fe3+ (CaNaMg3AlFe3+(Si7AlO22)(OH)2). Samples Gr-10-6 has lowest ferric
content, which is probably due to abundant garnet. Overall, in each sample, the ferric
content shows a similar trend as the total iron content (Fig. 8.4).
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Figure 8.4: Bulk Fe3+/Fetot composition of Makran and Syros/Sifnos blueschists. Blue line = trend of bulk
Fe2O3tot.
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8.3.2 Mössbauer spectroscopy
8.3.2.1 Method
Mössbauer spectroscopy is the most reliable technique to determine ferric/ferrous iron
ratios with analytical and mathematical errors around 1%. Samples were crushed with the
SelFrag using high voltage pulse power to liberate morphologically intact mineral grains,
which were then magnetically separated and hand-picked below an optical microscope.
Homogenous grains were ground to fine powder in an agate mill to avoid iron
contamination. They were analysed at the University of Salzburg.
Mössbauer absorbers were prepared by embedding samples in copper rings sandwiched
between aluminium foils. The samples were mounted in a conventional Mössbauer
apparatus (Halder Elektronik Ltd.) with constant acceleration (= linearly variable Doppler
velocity) in time mode arrangement, thus modulating the energy of the incoming -rays.
The absorbers were exposed to a nominal 50 mCi (1.8 GBq) 57Co/Rh source (Wissel Ltd.) –
the emitter of the

57Fe

-quants. The transmitted intensities (resonance peaks +

background) were recorded at room temperature and stored in a 1024 multichannel
analyser (Halder Elektronik Ltd.). The Mössbauer spectra were folded to 510 channels,
fitted with a conventional refinement routine using Lorentzian lines (MOESALZ,
Lottermoser et al., 1993) and decomposed into subspectra with parameters of the
following meaning:
 Isomer shift relative to -iron [mms], which is significant for the iron valence
state
 Half width  of the lines with Lorentzian shape [mm/s] giving evidence for the
elastic lattice “quality” of the iron environment
 Quadrupole splitting EQ [mm/s] of the different iron doublets involved providing
information on the iron valence state
 Area A of the relevant subspectrum relative to the total iron content [%] (= amount
of the relevant site occupancy within the given mineral phase)
 The convergence of the iteration and the 2-value of the final fit served as an
indication of the quality of the refinement:
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where Yi,calc and Yi,obs are calculated and observed intensities per channel i, respectively; N
is the total number of measured intensities and K is the number of refined parameters.


8.3.2.2 Results
Mössbauer spectroscopy was performed on glaucophanes Gr-10-3, Gr-10-6 and Gr-10-28
and on ferroglaucophane Gr-10-27. Resulting patterns are rather well resolved (Fig. 8.5)
The experimental count rates (recalculated to resonant absorption in %) are given as dots,
the calculated total spectra as straight lines, together with the different subspectra; the
corresponding Mössbauer parameters and their standard deviations are presented in
Table 8.3.
The assignment of the subspectra to the different crystallographic sites is discussed in a
contradictory manner in the existing literature. We used the assignment scheme of
Redhammer & Roth (2002) for determining the valence state of iron and for the site
occupancies.
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The Fe2+ ions are distributed over sites M1, M3 and M2 with increasing grade of distortion
and decreasing values of QS, respectively (≈ 2.8, 2.6 and 2.2 mm/s). The ferric iron ions in
glaucophanes, recognized by the comparably low isomer shifts, is mainly attributed to the
M2 position (Redhammer and Roth, 2002) but low percentages were assigned to the M1
site (Table 8.3). The highest Fe3+/Fetot ratio (0.403) was found in ferro-glaucophane Gr-1027, lowest in Gr-10-3 (0.187). Fe3+ sits on the M1 and M2 site in Gr-10-3 and Gr-10-6,
whereas in Gr-10-27 and Gr-10-28, Fe3+ is restricted to the M2 site.

Figure 8.5: Mössbauer spectra of a) Gr-10-3, b) Gr-10-6, c) Gr-10-27 and d) Gr-10-28.
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8.3.3 XANES
XANES spectra of the Fe K-alpha pre-edge were measured at the Swiss Light Source (SLS)
at the micro-XAS beamline (X05LA) of the Paul Scherrer Institute in Villigen, Switzerland.
The limiting factor however is the finite core-hole width of the absorbing element
(~1.15eV at the iron K-edge; Krause and Oliver, 1979) leading to a convoluted energy
resolution (FWHM) of ~1.4eV. A metallic reference Fe foil was used for internal energy
calibration of the monochromator (double crystal Si 311) prior to measurements. Spectra
were collected from 7050eV below the K-edge to 7350eV above the Fe K-edge with 0.1eV
steps over the pre-edge area (7108-7117eV) and bigger steps in the rest. Samples were
prepared in thin sections of 30-50µmn thickness. Sections were then separated from the
glass plate, after rehydration of the glue for several hours in water. This aimed at avoiding
scattering through glass during measurements. The points of interest within the thin
sections were selected and marked on thin sections prior to the measurement sessions.
XANES spectra of a large (~2mm) barroisite grain rimmed by glaucophane in the low
temperature lawsonite blueschist metagabbros Mak-09-186 was chosen for this
investigation (Fig. 8.6a). The main interest was to see, if the measurement resolution is
sufficient to distinguish the spectra of thin (~20-40μm) glaucophane rims from the spectra
of barroisite. Elemental distribution maps allowed setting the right coordinates for
measurements (Fig. 8.6b). Three measurements in glaucophane show Fe K-edge spectra
(Fig. 8.6c) similar to those of two barroisites (Fig. 8.6d). Zooming into the pre-edge area,
four peaks can be recognized in both amphiboles around 7112.5, 7113.5, 7114.5
and7115.5eV (Fig. 8.6e and f). The peak ~7112.5eV is more pronounced in glauco_1 than
in the others, whereas the peak at ~7114.5eV is least pronounced in glauco_2. The preedge features of the two barroisites (Fig. 8.6f) are identical but show a weaker 7112.5eV
and stronger 7114.5eV peak than glaucophane. Pre-edge features without removed background, show four peaks. Glauco_1 and glauco_3 are similar, whereas Glauco_2 has a much
weaker peak around 7115eV.

8.4 P-T PSEUDOSECTIONS
For thermodynamical modelling in P-T pseudosections, the Perple_X program (Connolly,
2005; www.perplex.ethz.ch) was used combination with the database of Holland & Powell
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(1998). Aim of this modeling was to investigate how the iron oxidation state changes
univariant reactions and stability fields. Pseudosections computed with bulk rock major
element compositions with (1) measured Fe3+/Fetot ratios and (2) purely ferrous iron were
compared.

Figure 8.6: In situ XANES on amphiboles of Mak-09-186. a) Photograph of thin section. White rectangle =b, b)
Elemental distribution map of white rectangle marked in a). Large barroisite grain (yellow), rimmed by
glaucophane (red), lawsonite (blue). White circles = Location of measurement points. c) XANES iron K-alpha
edge of glaucophane, c) XANES iron K-alpha edge of barroisite, e) zoom to the pre-edge area of glaucophane
spectra, , f) zoom to the pre-edge area of barroisite spectra.
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8.4.1 Low temperature Makran blueschists
8.4.1.1 Changing ferric/ferrous bulk iron ratio
Most studies on such rocks have been done in the NCKFMASH system, which assumes that
all iron is present as Fe2+ even though natural samples are known to incorporate various
amounts of Fe3+. To assess how this assumption influences P/T determinations, we
compiled pseudosections using the same amphibole solid solution model (Massonne and
Willner, 2008) for metagabbro Mak-06-08 and metamarl Mak-06-18 but first
implementing measured iron ratios (Fig. 8.7a and 8.8a) and then all iron as Fe2+ (Fig. 8.7b
and 8.8b). Two amphibole types are stable in the P-T range investigated for metagabbros
Mak-06-08 (Fig. 8.7a). The sodic endmember (GlTrTsMr) is stable at lower pressures
(<5kbar) in the purely ferrous system (Fig. 8.7b). This was unexpected, since, according to
thermodynamic properties, the sodic amphibole stability field should theoretically shift to
higher pressures (e.g. Drickamer et al., 1970).

Figure 8.7: Pseudosections of metagabbros Mak-06-08. a) Using measured Fe3+/Fetot, b) using all iron as FeO.

The second amphibole (Act(M)) solid solution model, which was used for the non-sodic
amphiboles, is stable all over the investigated P/T range (Fig. 8.7a). In the mixed
ferrous/ferric system (using measured bulk iron to create pseudosection) Act(M) is
unstable at temperatures <250° C. Quartz is not stable in the ferrous system (Fig. 8.7b),
because all silica is incorporated in low T amphibole (Act(M)) such as actinolite.
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In the pseudosection of Mak-06-18 computed with ferrous bulk composition, mica is not
stable (Fig. 8.8b). It is difficult to accurately constrain the P-T conditions of this blueschist
rock in the ferrous iron pseudosections, because the mineral chemistry parameters used
for calculations with real Fe3+/Fetot is biased (e.g. XMg due to Fetot = FeO). The sodic
endmember (GlTrTsMr) is stable at lower pressures (<5kbar) in the ferrous system than in
the mixed one (Fig. 8.8a). The lack of measured Fe3+/Fetot data in amphiboles is one
hindrance to low temperature blueschists thermobarometry. Even if newer solid solution
models GlTrTsMr (Massonne and Willner, 2008) consider ferric endmembers (e.g. Dale et
al., 2005; Diener et al., 2007), the data implemented in the thermodynamic database is
based on limited measurements and mostly assumed values of this ratio. Unfortunately, in
Makran blueschists large stability fields of both sodic amphibole and lawsonite make
precise P-T estimations difficult.

Figure 8.8: Perplex-generated pseudosections of metasediment Mak-06-18. a) Using measured Fe3+/Fetot, b)
using all iron as FeO.

8.4.1.2 Excluding the ferric iron of lawsonite
Lawsonite is implemented in the thermodynamic database (Holland and Powell, 1998) as
the pure end member (CaAl2Si2O7(OH)2(H2O)). In reality, lawsonite can substitute Fe3+ for
Al. Lawsonite contains up to 3% iron oxide in several studied samples of the North Makran
blueschists. Given the high modal composition of lawsonite (<40%), these 3wt% come to
~1wt% of ferric iron of the bulk rock attributed to lawsonite. This ‘excessive’ Fe 3+ is
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partitioned into other phases that preferably incorporate ferric iron (e.g. epidote, chlorite).
This increases the computed stability field of these minerals and their modal amount will
be overestimated.
We tested this hypothesis in Mak-06-09 and Mak-08-03, which both contain iron-bearing
lawsonite. The pseudosections (Figs. 8.9a and b) are calculated with absolute bulk iron
content (with measured Fe3+/Fetot), whereas the others (Figs. 8.9b and d) are compiled
with Fe2O3bulk minus 1wt% the measured amount stored in lawsonite). In the
pseudosection of Mak-06-08, sodic amphibole is stable in both pseudosections over nearly
the whole P-T range >7kbar. With lower bulk Fe2O3, the invariant reaction line of
glaucophane rises about 0.5-1kbar. The stability field of quartz is narrowed from 100 to
50° C width with decreasing bulk Fe2O3 (Fig. 8.9b). The field where only one amphibole is
stable (sodic, GlTrTsMr) also narrowed down to half of its width. The modal amount of
chlorite decreases in the lawsonite stability field.
In pseudosection of Mak-08-03 both modelled amphiboles (GlTrTsMr, Act(M)) are stable
over the investigated P-T range above 7kbar (Fig. 8.9a). Act(M) is not stable for T>440°C
and >7kbar (Fig. 8.9b) in the pseudosection calculated after subtracting lawsonite Fe 3+.
The quartz stability field is shrunk from ~50°C width to a line along the lawsonite –
epidote reaction in the ferric-subtracted pseudosection, because all Si was incorporated in
Act(M). The lawsonite – epidote reaction shifts ~30°C towards higher temperature
because the theoretically Fe3+ excess actually taken by lawsonite has no longer to be
incorporated in epidote. Overall, ferric iron in lawsonite does not significantly affect the
pressure in the temperature field (250-380°C) for the Makran blueschist. Subtraction of
lawsonite shifts the formation temperature by ca. 30-50°C for both samples.

8.4.2 Syros and Sifnos blueschists
8.4.2.1 Changing amphibole models
To test the influence of solid solution models on the stability fields of minerals, we
investigated two models appropriate for the Syros/Sifnos blueschists. The GlTrTsPg model
for ferrous systems (from J. A. D. Connolly, IGP, ETH Zurich), GlTrTsMr (Massonne and
Willner, 2008), in which amphibole can incorporate ferric iron and the cAmph(DP2) using
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parameters of (Diener et al., 2007; Diener and Powell, 2012). The properties of both
models can be found online (www.perplex.ethz.ch => solution_models.dat).

Figure 8.9: Pseudosections of metagabbro Mak-06-08 and metabasalts Mak-08-03. Coloured lines mark
stability fields of lawsonite (blue) and glaucophane (violet). a) Pseudosection of Mak-06-08 using measured
Fe3+/Fetot, b) pseudosection of Mak-06-08 subtracting Fe3+ contained in lawsonite (~wt% of bulk). Stars = shift of
quartz stability, hexagon = glaucophane stability. c) Pseudosection of Mak-03-08 using measured Fe3+/Fetot, d)
pseudosection of Mak-03-08 subtracting Fe3+ in lawsonite (~wt% of bulk). Stars = shift of Act(M) stability.

The two pseudosections created with Perple_X (Connolly, 2005) display similar stability
fields and univariant reactions for sample Gr-10-3 (Fig. 8.10). Rutile and plagioclase, the
constraining phases of this rock are stable in almost the same P-T range in both models.
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Only rutile occurs at lower pressures (ca. 2-3kbar) in the pseudosection constructed with
the GlTrTsPg model at temperatures >530°C.

Figure 8.10: Pseudosections of Gr-10-3 comparing amphibole solid solution models. a) GlTrTsMr (Massonne
and Willner, 2008) b) cAmph(DP2) (Diener and Powell, 2012).

In other samples, e.g. Gr-10-6 and Gr-10-28, Perple_X has problems with energy
minimization using the cAmph(DP2) model and cannot be applied to high resolution
computation in the chosen P-T range. Pseudosections can be computed only if only
significant lowering of resolution and decimating the P-T range is done. The GlTrTsMr and
GlTrTsPG solid solutions caused no problem in high resolution and are thus used in all
further computations.

8.4.2.2 Changing ferric/ferrous bulk iron
We compiled pseudosections of Gr-10-3 and Gr-10-6 once with the analysed bulk iron
oxidation using the GlTrTsMr amphibole solid solution once and with a purely ferrous
system, using GlTrTsPg solid solution model, in which amphibole cannot incorporate Fe3+.
In the actual mixed iron system, sample Gr-10-3 can be relatively well located with
overlapping field of plagioclase, omphacite, glaucophane and rutile (Fig. 8.11a). In the
ferrous system, stability fields of rutile and plagioclase do not overlap (Fig. 8.11b), which
makes a P/T estimate impossible.
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Figure 8.11: Pseudosections of Gr-10-3 comparing a) measured Fe3+/Fetot using GlTrTsMr to b) purely ferrous
system using GlTrTsPg. Stability fields of plagioclase (blue) and rutile (orange) are indicated. Star = estimated
P-T conditions.

In sample Gr-10-6, rutile is stable over almost the whole investigated P-T range (Fig.
8.12a). The stability field of sodic amphibole, garnet, omphacite, rutile and quartz in
equilibrium constrains the P-T formation conditions (Fig. 8.12a). In the purely ferrous
system, rutile is stable only at high P and T. The garnet invariant reaction remains similar.
The absence of chlorite and ilmenite in Gr-10-6 suggests a formation temperature of ca.
530-560°C at 18kbar in the ferrous pseudosection. This is about 80°C and 2kbar less than
temperatures obtained with the mixed iron system.

8.5 DISCUSSION
8.5.1 In situ analyses
The well resolved spectra and good measurement quality show that in situ measurements
are theoretically possible and high resolution is achievable. XANES spectra of Mak-09-186
amphiboles show differences between barroisite and glaucophane. Barroisite has a
stronger peak around 7115eV, supposedly related to Fe3+, in consistency with structural
formula of barroisite, which is more likely to incorporate Fe3+ than glaucophane. The two
spectra of barroisite are very similar, showing that polarization effect, hence crystal lattice
orientation to the incident beam, was the same in both measurement points.
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Figure 8.12: Pseudosections of Gr-10-6 comparing a) measured Fe3+/Fetot using GlTrTsMr to b) purely ferrous
system using GlTrTsPg. Stability fields of plagioclase (blue) and rutile (orange) are indicated. Star = estimated
P-T conditions.

Glaucophane spectra are more variable. For example Glauco_2 shows a slightly flatter
pattern and smaller 7115 eV peak that the other two glaucophane spectra. Whether this
difference is caused by measurement error (too high iron absorbance), a polarization
effect or any other reason is unidentified. Differences of pre-edge shapes in analysed
glaucophanes shows, however, that in situ XANES analyses have to be treated with caution.
Remaining problems are how to subtract the background, how to correlate the pre-edge
features to absolute iron ratios and how the crystal orientation influences the calculated
iron ratio.

8.5.2 Accuracy of charge balance calculations in glaucophane
Most estimates of Fe3+/Fetot mineral compositions are based on charge balance calculation
that relies on theoretical site occupations. In fact, amphiboles can incorporate iron in
different structural sites. In general, iron sits in the octahedrally coordinated M1, M2 and
M3 sites and, more rarely, in the M4 with either 6-fold or 8-fold coordination.
Mineral analyses obtained with the electron probe microanalyser (EPMA) have to be
recalculated to mineral formulae to determine the Fe2O3 content because oxide
compositions are given with all iron as FeO. The program NORM (internal report, Ulmer
and Reusser, 1989, IGP, ETH Zürich) provides widely accepted charge balance-based
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recalculation schemes for the mineral compositions (e.g. for amphiboles the schemes
developed by Stout, 1972; Laird et al., 1978; Laird and Albee, 1981). For sodic amphiboles,
such as the glaucophanes studied in this work, the most suitable recalculation schemes are
based on the following assumptions (all values per formula unit):
NAMP:

cations - Ca - Na - K =13, 23 oxygen, (Fe, Mn) on (M4) = 0, glaucophane

component = 2 - Ca
KAMP:

cations – K = 15, 23 oxygen, Na on (A) = 0, glaucophane component = Na,

cummingtonite component = 2 – Ca - Na
To investigate the accuracy of such charge balance calculations, we compared the four
Fe3+/Fe2+ ratios obtained by Mössbauer spectroscopy of the Syros and Sifnos glaucophanes
with the recalculated values of microprobe analyses (mineral geochemistry listed in Table
8.4).

276

CHAPTER 8 FERRIC/FERROUS IRON
These ratios are strongly overestimated with the NAMP-normalization in Gr-10-3 and Gr10-6 and accurate for Gr-10-27 and Gr-10-28 (Fig. 8.13). The KAMP-normalization, on the
other hand, generally underestimates the ferric component but at least shows the same
distribution as the Mössbauer data. Overall, the iron oxidation in amphiboles seems to be
correlated to the total bulk iron content (presented in Fig. 8.13 as FeOtotwt%/100). This
data shows that charge balance calculations are not reliable. The NAMP normalization is
consistent with Mössbauer results in glaucophane with high iron content, where all ferric
iron is located on the M2 site.

Figure 8.13: Figure 12: Plot of Fe3+/Fetot ratios of glaucophane obtained by Mössbauer spectroscopy vs. charge
balance calculations.

8.5.3 Influence of bulk ferric-ferrous iron ratios in thermobarometry
8.5.3.1 Bulk ferric/ferrous iron
The Fe3+/Fetot ratio of the bulk composition clearly plays an important role. In Makran
blueschists, mineral stability fields were shifted towards higher temperature by up to 50°C
in a purely ferrous system. The main reason of this shift is that epidote is unstable at such
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conditions. In the Syros/Sifnos blueschists, shifts up to 80°C towards lower temperature
(e.g. Gr-10-6). In several pseudosections, the stability fields of sodic amphibole is shifted
towards lower pressures, which is unexpected since Fe3+ in minerals is presumed to
progressively reduce to Fe2+ with increasing pressure (e.g. Edge et al., 1965; Drickamer et
al., 1970). This incongruity indicates that amphibole solutions models are not accurate.
8.5.3.2 Fe2O3 in lawsonite
In blueschists like those of Makran, where iron-bearing lawsonite may build up to 40% of
the rock mass, the total Fe2O3 in lawsonite represents ~1% of the rock mass. Our study
shows that this increases the metamorphic temperature by up to 50°C. Depending on the
bulk composition, the excess Fe3+ leads to a decrease (~30°C) in temperature of the
epidote-lawsonite reaction. Another consequence is that modal amount of Fe3+ bearing
minerals such as epidote and chlorite are overestimated. Consequently, Fe3+ should be
implemented into lawsonite models in the thermodynamic database.
8.5.3.3 Solid solution model
The choice of an adequate solid solution model is important. Models GlTrTsPg, GlTrTsPg
and cAmph(DP2) lead to similar results in constructing the pseudosection. While the
cAmph(DP2) model might consider more mineral endmembers and might be more
accurate, Perple_X has problems with the energy minimization method even in low
resolution. To facilitate computation and increase the amount of test runs, the GlTrTsMr
and GlTrTsPg were more suitable for this study.

8.6 CONCLUSIONS
This study demonstrates the importance of iron oxidation state in minerals and bulk rock
during metamorphism:
(1) In situ XANES is an easily applicable method on thin sections to deliver well
resolved and reliable measurements. Variations in spectra of glaucophanes suggest
that polarization effects are a problem.
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(2) Mineral Fe3+/Fetot analyses show that charge balance recalculations are often
deficient. Accurate estimations were obtained only, when all ferric iron was located
on the M2 site.

(3) Bulk ferric/ferrous iron ratios in blueschists mainly affect temperature calculation
and less significantly pressure. Systems containing all Fe as ferrous Fe account for
errors in opposite direction of up to 50°C in the Makran blueschists, and up to 80°C
in the Syros/Sifnos blueschists.
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CHAPTER 9 TOWARDS IN SITU FE3+/FETOT XANES ANALYSIS

In situ analysis of Fe3+/Fetot ratios in silicate minerals at
microscopic spatial resolution

9.1 INTRODUCTION
9.1.1 General introduction
The knowledge of the oxidation state of iron in minerals is crucial because iron is a major
component in many minerals and its oxidation state affects dramatically their stability
with respect to pressure and temperature. As a consequence, several geological processes
depend on the oxidation state (Muan, 1979). Natural iron occurs in three oxidation states:
Fe0, Fe2+ (ferrous) and Fe3+ (ferric). Fe3+/Fetot ratios in bulk rocks and minerals
significantly depend on the formation conditions, more specifically pressure, temperature
and the total oxidation state controlled by mineral parageneses and fluid composition (e.g.
Arculus, 1985; Parkinson and Arculus, 1997). In metamorphic petrology, bulk and mineral
compositions are used to calculate theoretical stability fields and reactions of mineral
phases in pseudosection models. The oxidation state of minerals is crucial in phase
equilibria calculation and therefore directly affects these stability fields. Oxygen fugacity
under which rocks formed is difficult to estimate because the fluid phase is rarely
preserved. We therefore have to rely on the information stored within the peak mineral
assemblage. To constrain the oxidation state in which rocks formed, the valence state of
multivalent elements of two or more phases in equilibrium needs to be determined.
Most solid solution models in petrology use recalculated ferric/ferrous iron ratios. In fact,
the real ferric/ferrous iron values are scarcely known, especially in structurally complex
minerals such as amphiboles and pyroxenes. Sodic amphibole is the index mineral of
blueschist facies rocks. Blueschists crystallize under high pressure and correspondingly
low to moderate temperatures (Fig. 9.1a, defined blueschist field) such as those formed in
subduction zones (e.g. Ernst, 1973; Maruyama et al., 1996). Four sodic amphibole
endmembers glaucophane (Mg-Al), ferroglaucophane (Fe2+-Al), riebeckite (Fe2+-Fe3+) and
magnesio-riebeckite (Mg-Fe3+) form the solid-solution series (Fig. 9.1b) stable over the
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blueschist field (Fig. 9.1a). Because iron can be incorporated at different valence states and
in various structural sites in amphiboles, earliest thermodynamic solid solution models of
amphiboles considered only part of this solid solution series with a purely ferrous
configuration. Later solution models (e.g. Dale et al., 2005; Diener et al., 2007; Massonne
and Willner, 2008) incorporated ferric endmembers on the basis of estimated and few
measured Fe3+/Fe2+ ratios.

Figure 9.1: Metamorphic blueschist facies and key minerals. a) Metamorphic facies diagram after Eskola,
(1939), b) Sodic amphibole classification and iron incorporation after Leake et al., (1997).

The importance to understand the ferric/ferrous iron distribution for accurate P-T
calculations from metamorphic minerals is emphasized in Chapter 8. Modelled
pseudosections with Perple_X, investigating low temperature lawsonite blueschists from
Makran (SE Iran) and higher temperature epidote blueschists from Syros and Sifnos
(Cyclades, Greece), show that Fe3+/Fe2+ ratios in bulk and mineral composition strongly
affect estimated P-T conditions. In the Makran blueschists, the large modal amounts of
lawsonite (around 30%) incorporating up to 3wt% of Fe2O3 raise problems because the
ferric iron is not accounted for in the model database. Ferric/ferrous iron measurements
in homogenized glaucophane of Syros and Sifnos blueschists indicate that iron distribution
in sodic amphiboles is more complex than charge balance calculations propose. Ideally, the
iron distribution should be investigated in situ to determine the effect of equilibrium
parageneses or zoning. The requirement for high spatial resolution in situ analyses
proposes X-ray Absorption Near Edge Structure (XANES) spectroscopy as the main
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investigating method since absolute methods such as Mössbauer spectroscopy and wet
chemistry analysis can only be carried out on mixed and comparably large powdered
samples.
XANES spectroscopy is used to measure spectral features near the X-ray absorption edge.
These features differ for varying molecular bonding environments of an investigated
element. However, XANES investigations require monochromatic incident (excitating) Xray of an energy radiation similar to the natural X-ray line of the absorption edge. The iron
K pre-edge structure is based on resonances arising from transitions of the innermost K
shell electrons to higher shell orbitals. The iron K pre-edge features have previously been
used to determine Fe3+/Fe2+ ratios of minerals compared to standard materials or
theoretical values (Wilke et al., 2001; Dyar et al., 2002). The strength of micro-XANES is its
high energy resolution high enough (~1eV) that allows to recognize shifts of the iron K and
L absorption edges when one valence electron is removed or added and thus allows
distinguishing Fe2+ and Fe3+ (Cressey et al., 1993; Bajt et al., 1994).

9.1.2 Approach and methodological challenges
Measuring iron oxidation state in minerals has mostly been limited by the required
micron-scale resolution and by the insufficient number of measured oxidation states that
could be correlated with absolute measurements. Mössbauer spectroscopy delivers the
most accurate quantitative results but is limited to powdered, milligram-sized samples.
This method reaches its limit when sample sizes are small (Sobolev et al., 1999) or the
total iron content is low. Conventional Mössbauer spectroscopy has the additional
inconvenience that only homogeneous minerals can be analysed. In situ measurements are
possible (micro-Mössbauer) but are extremely time consuming and yield a high error
(McCammon, 1994). XANES has increasingly been used to study the oxidation state of
natural samples. The major advantages of the technique are a minimal sample preparation
that does not affect the oxidation state of Fe and a very small required volume (one
mineral grain or few powdered grains). The beam diameter can be reduced to (sub-)
micrometres, which makes XANES potentially useful as an in situ resolution method
applicable to thin sections. Three main aspects, which yield different information about the
iron valence state, can be investigated using X-ray absorption spectroscopy:
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(1) Iron K-edge
XANES spectra allow investigating the iron edge position that shifts according to the iron
oxidation state (Fig. 9.2). Predominant oxidation states (Fe3+/Fetot close to 0 or 1) are
recognized in the iron K-edge position. The iron K-edge position can even be used to
determine iron ratios accurately with linear combination analysis if the iron ratios of
mineral solution endmembers are known. Because the edge position is rather insensitive
to the local coordination of iron and because of the complex signature of multiple
scattering phenomena (Finkelstein et al., 1992), the iron K-edge resolution is
unsatisfactory to study mixed coordination Fe species.
(2) Pre-edge feature
The pre-edge structures are weak resonances located about 15-20eV below the main Fe Kedge (Waychunas et al., 1983; Fig. 9.2). The iron pre-edge structure yields information
about oxidation state and local coordination. The latter mainly affects the intensity of the
pre-edge feature while different oxidation states result in shifts in the pre-edge position
and consequently centroid position of the peaks (White and Keester, 1966; Waychunas et
al., 1983; Bianconi et al., 1985). Investigating the detailed shape of the pre-edge features is
challenging as the low signal intensity of the actual pre-edge structure is difficult to
separate from the background signal. Determining pre-edge transitions related to local
coordination depends on appropriate deconvolution strategies and is further limited by
the fact that not all transitions are well understood theoretically.
(3) Two-dimensional spectroscopy of the pre-edge features (RIXS)
Two dimensional spectral pre-edge analysis can be investigated with Resonant Inelastic Xray Scattering (RIXS) technique, so that the intensity and position of pre-edges resonances
(bound-bound transitions) can be identified in a more robust manner. Analogous to the
one-dimensional XANES, the 2D analyses can be assigned to oxidation state and local
coordination. In some materials, very low signal intensity and pre-edge transitions that are
not understood make interpretation of the pre-edge structure challenging.
This work mainly focuses on pre-edge investigation because the resolution of the main Fe
K-edge is too low for the analysed materials. Complex, mixed Fe-minerals are better
resolved in the pre-edge structure than in the iron K-edge because the coordination is
taken into account.
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Figure 9.2: Iron K-alpha edge influenced by iron oxidation state.
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9.2 PREVIOUS WORK
Studies on the iron K pre-edge are based on the observation that the momentum shift in
energy depends on the oxidation state whereas the intensity is controlled by the Fe
coordination (Fig. 9.3). The pre-edge spectrum of staurolite, for example, which
incorporates iron in tetrahedral coordination, shows a transition around 7113eV. This
intensity is up to 4 times higher at the same transition position than that of olivine and
siderite with iron in 6-fold coordination. In contrast, octahedral bound Fe in epidote and
andradite yield a shift of the transition up to 7114eV. Using this empirical information,
studies were obtained on mostly iron endmember minerals, meaning phases with pure
Fe3+ or Fe2+ contribution, or minerals with simple crystal structure (e.g. Wilke et al., 2001).
The iron pre-edge is a feature of quadrupolar (1s – 3d) and/or dipolar (1s – 4p) metal
electronic transitions (Dräger et al., 1988; Heumann et al., 1997; Westre et al., 1997).
Measuring the iron pre-edge structure is done by mapping the X-ray absorption K-edge of
iron using an energy resolution comparable to the natural line width. The position of the
Fe pre-K-edge position has been increasingly used to determine the ferric/ferrous iron
ratio in oxide and silicate minerals (Bajt et al., 1994; Heald et al., 1995; Dyar et al., 1998;
Wilke et al., 2001; Dyar et al., 2002; Schmid et al., 2003). It is accurate for most minerals
with iron in six-fold (octahedral) coordination (Delaney et al., 1998).

9.3 CHALLENGES TO BE ADDRESSED
9.3.1 Background and Deconvolution
Several XANES studies on minerals have been conducted on the iron K- absorption edge
(e.g. Bajt et al., 1994; Heald et al., 1995; Dyar et al., 1998; Wilke et al., 2001; Dyar et al.,
2002; Schmid et al., 2003). The problem of this method lies within the data treatment,
more precisely the background elimination of the pre-edge structure. Fe3+/Fetot ratios vary
according to the used background model function and the position of the fitted curve. We
followed the method described by Wilke et al., (2001) to test whether the result is
reproducible and how much measurement settings and data processing influence the
calculated iron partition.
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Figure 9.3: Iron K-alpha pre-edge structure dependent on the coordination and oxidation state.

9.3.2 Mineral complexity
Earlier studies were performed on structurally simpler oxides such as magnetite or
hematite (e.g. Bajt et al., 1994) and on minerals such as olivine, diopside and epidote in
which iron is present at only one oxidation state (Burns, 1974; Waychunas et al., 1983;
Dyar et al., 1998; Petit et al., 2001). Later studies investigated more complex minerals such
as amphibole, garnet and mica (e.g. Delaney et al., 1998; Dyar, 2002; Dyar et al., 2002;
Schmid et al., 2003). Little data has been collected on sodic amphibole, which defines the
metamorphic blueschist facies (Maruyama et al., 1986). The oxidation state of sodic
amphibole influences the thermodynamic properties and thus the pressure and
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temperature stability fields. Amphibole incorporates iron cations in the M sites aligned
between (Si,Al)O4 tetraeder (Fig. 9.4). Most amphiboles contain mixed Fe2+ and Fe3+, which
may lead to problems recognizing and properly assigning all transitions. The little known
distribution of iron with P/T changes is one of the reasons, why ferric/ferrous iron ratios
of these minerals have not been much studied.

Figure 9.4: Amphibole structure and possible iron position on the M1 and M2 sites.

9.3.3 Correlating XANES spectra to absolute standards
Iron K pre-edge structures have been used to estimate ferric/ferrous iron ratios (e.g. Wilke
et al., 2001; Dyar et al., 2002). Theoretical transitions were used to interpret spectra of
several minerals. Additional peaks in the pre-edge structure were ignored for minerals
such as epidote and hematite. The origin of these unexplained peaks is still unknown.
Correlating XANES pre-edge spectra with Mössbauer spectroscopy or wet chemistry
should help understanding these additional features and constrain the reliability of current
interpretations (e.g. Wilke et al., 2001).
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9.3.4 Polarization effect
Fe K-edge XANES spectra and pre-edge peaks in phyllosilicate single crystals confirmed
that the crystal orientation is an important factor due to the p and d characteristics of the
final state (Munoz et al., 2013). We carried out several in situ measurements in thin
sections. Variations in iron K pre-edge structures in homogeneous and chemically identical
grains of glaucophane suggest that the orientation of the beam with respect to the crystal
lattice has an effect on the iron edge structure of amphiboles also. It is therefore crucial to
investigate the polarization influence in the analysed minerals and to find a solution to
avoid or correct for this signal. In phyllosilicates, shifting centroid positions in function of
mineral orientation correspond to Fe3+/Fetotal between 0.22 and 0.15 (Munoz et al., 2013).
We investigated the polarization on single crystals of magnesio-hornblende and
glaucophane. The pre-edge structure varies significantly with changing impact angle of the
X-ray beam to mineral orientation, so that the resulting Fe3+/Fetot estimations are not
reliable. In order to avoid polarization effects, high resolution x-ray emission spectroscopy
(as part of the RIXS analyses) can be employed. Choosing a final state with s character,
measurement would be insensitive to the alignment of the electric field vector to the
crystal orientation.

9.4 INFLUENCE OF HIGH RESOLUTION DETECTOR
9.4.1 Samples
Mineral properties of the samples used in this study are listed in Table 9.1. Four reference
samples with iron in octahedral coordination were chosen. Ferrous endmember (olivine)
and the ferric endmember (hematite) minerals have been analysed in previous studies
(Wilke et al., 2001), which allows crosschecking our results. The two amphiboles in this
study are both dominantly ferrous mixtures and were compared to previous kaersutite
data from Wilke et al. (2001), assuming that all amphiboles have similar atomic structures
and site occupations. Hand-picked single crystals were crushed to fine powder (<5μm)
with an agate mortar to avoid contamination. The powdered samples were mixed with
boron nitrite and filled in 3mm diameter drill holes in plexiglas sealed with transparent
mylar tape before analysis.
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9.4.2 Experimental setup
Synchrotron analyses were done at the Swiss Light Source (SLS) using the microXAS
beamline (X05LA) at PSI in Villigen (Switzerland). The experimental setup is presented in
Figure 9.5. A van Hamos detector equipped with a Mythen stripe detector (Szlachetko et
al., 2012) was added to the end station for high resolution XANES and RIXS measurements.
For each sample, three complete XANES spectra were obtained at low resolution
(integrated fluorescence measured by KETEK silicon drift diode detector) for
normalization; 5 spectra were measured at high resolution over the pre-edge area. For all
spectra a metallic Fe reference foil was used to calibrate the monochromator (double
crystal Si 311). Data was simultaneously collected in transmission and fluorescence modes.

9.4.3 Data treatment
Each XANES spectrum was normalized over the whole energy range between 7050 to 7330
eV with an arctangent function using the software Athena (Fig 9.6a). The normalized
spectra were then averaged into one (Fig. 9.6b). Background in the pre-edge region was
subtracted from the averaged high resolution spectra using a cubic function of the
software PeakFit4, taking in account few eV before and after the pre-edge (Fig 9.2c).
Background subtracted pre-edge data (Fig. 9.6d) were then deconvoluted with the
PeakFit4 software. Peaks were first identified without any fixed parameter (Fig. 9.6e) and
then using values of Wilke et al., (2001) for fixed peak numbers, positions and peak widths.
Because the latter authors calibrated the iron edge on 7111eV, instead of 7112eV as we
and others (Glatzel et al., 2005) did, fixed peak positions were shifted by 1eV. Finally, the
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integrated transition intensities (areas below the deconvoluted peaks) and their peak
position (Fig. 9.6e) allow calculating the centroid position. The Fe 3+/Fetot ratio was
estimated according to the non-linear calibration of Wilke et al. (2001, Fig. 9.6f).

Figure 9.5: Schematic view of the measurement setup.
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Figure 9.6: Figure illustrating data treatment (K-edge) and background normalization.

9.4.4 Results
9.4.4.1 Micro-XANES without van Hamos spectrometer
The collected XANES spectra of the reference olivine, hematite and amphiboles, show that
the shape of the iron K pre-edge structure varies with iron oxidation state (Fig. 9.7). In
agreement with the theoretical purely ferrous oxidation state, olivine has the largest peak
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around 7112-7113eV. Hematite, supposedly incorporating ferric iron, has a dominant peak
around 7115eV. Actinolite and Mg-hornblende show three equally distributed heights, but
generally a much lower intensity than hematite. Even though the pre-edge features of both
amphiboles are recognizable, much of their shape is concealed by the background (Fig.
9.7).

Figure 9.7: XANES spectra without Mythen detector. Left side shows full normalized and merged spectra, right
side the normalized pre-edge area.

9.4.4.2 Micro-XANES with high resolution van Hamos spectrometer (Mythen detector)
There is no obvious difference between full spectra obtained with the van Hamos
spectrometer (Fig. 9.8) and the previous data (Fig. 9.7) apart from slightly higher
absorbance in the von Hamos spectra (due to the enhanced spectral resolution). Zooming
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into the pre-edge area, the shape of the pre-edge structure is better defined and the
background input small compared to the spectra collected without the high resolution
detector. The dominant peak around 7112-7113eV in olivine is pronounced next to a
smaller peak at 7114-7115eV. The hematite iron pre-edge structure has a dominant sharp
peak at 7115eV with at least subordinated peaks around 7113 and 7116eV. The two mixed
iron amphiboles show a much flatter pre-edge structure, which suggests at least three
transitions. Overall, the iron K pre-edge features are much clearer with the von Hamos
detector. Additionally, the background contribution is much smaller, thus simplifying
further data treatment.

Figure 8: XANES spectra with Mythen detector. Left side shows full normalized and merged spectra, right side
the normalized pre-edge area.
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9.4.4.3 Iron K pre-edge structures analyses
We present four versions of peak deconvolution from the iron K pre-edge structures to
investigate the influence of the enhanced spectral resolution provided by the van Hamos
spectrometer and the peak search strategy. Figure 9.9 is derived from spectra obtained at
low resolution and peaks were set without any restriction in number, position, width and
amplitude. Figure 9.10 shows peak distribution of the same low resolution spectra, but
using fixed reference peak number, position and width (Wilke et al., 2001). Tables 9.2a and
9.2b show the peak parameters of figures 9.9 and 9.10 and the calculations for oxidation
state. Figure 9.11 shows peak deconvolution of spectra obtained using the high resolution
van Hamos detector with freely set peaks, whereas figure 9.10 represents fitting with fixed
peak numbers, position and width. Peak parameters and correlation to ferric/ferrous iron
ratios are listed in Table 9.3a and 9.3b.

Figure 9.9: Normalized and background subtracted pre-edge spectra. Number and width of peaks freely
chosen. a) olivine, b) hematite, c) actinolite, d) magnesio-hornblende.
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Freely set peaks (Fig. 9.9) generally fit the measured spectra much better than those with
fixed positions (Fig. 9.10). Olivine was manually deconvoluted to 6 peaks (Fig. 9.9a). For 6coordinated Fe2+ incorporating minerals, three components are recognizable in the preedge feature of non-distorted material (Westre et al., 1997; Arrio et al., 2000). Highly
distorted sites in minerals result in two visible peaks in the pre-edge spectra. Olivine
spectra are thus deconvoluted defining three maxima at fixed positions (Fig. 9.10). Olivine
has a rather low integrated intensity when Fe2+ preferably sits in the less distorted M1 site
in Mg-rich olivine (Burns, 1974). The centroid positions determined from both olivine
peak deconvolutions are 7112.65 and 7112.86eV, which is a rather large offset. Two
transitions are observed in the high resolution pre-edge spectra. Four (freely set)
components (Fig. 9.11a) and 3 set peaks (Fig. 9.12a) result in centroid positions at 7112.93
and 7113.02eV.

Figure 9.10: Normalized and background subtracted pre-edge spectra. Fixed peak number (4); position of
peaks from Wilke et al., (2001) plus 1 eV. a) olivine, b) hematite, c) actinolite, d) magnesio-hornblende.

In oxides with octahedrally coordinated Fe3+, such as hematite, components in addition to
the two theoretically expected ones (Wilke et al., 2001) occur above 7115 eV. They have
been partially explained to reflect long-range order around Fe, involving 3d orbitals of iron
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neighbours (Dräger et al., 1988). However, unlike the theoretical number of peaks defining
the pre-edge shape, these unpredicted peaks have large intensities and cannot be
explained by quadrupolar (1s – 3d) and/or dipolar (1s – 4p) metal electronic transitions.
For this reason, Wilke et al., (2001), who based his calculation of iron transitions, only took
the first three components in account to derive the centroid position. In the low resolution
measurements, six peaks were freely set in the hematite pre-edge structure (Fig. 9.9b), one
in addition to the 5 fixed peaks (Fig. 9.10b) according to model values of hematite (Wilke
et al., 2001). Centroid positions were calculated at 7115.15 and 7115.25 eV. In high
resolution spectra, both freely set and fixed peaks show 5 peaks (Figs. 9.11b and 9.12b).
The obtained centroid position is similar 7114.70 and 7114.74eV, respectively.

Figure 9.11: Normalized and background subtracted pre-edge spectra taken with the van Hamos detector.
Number and width of peaks freely chosen. a) olivine, b) hematite, c) actinolite, d) magnesio-hornblende.

Amphiboles show a flatter more complex spectrum than olivine and hematite. Amphiboles
yield three components in the low resolution pre-edge areas (Figs. 9.9c and d and 9.10c
and d). High resolution pre-edge structures show a distinct contribution around 7113eV
and smaller peaks at 7114eV and 7115eV (Figs. 9.11c and d and 9.12c and d). With both
peak-fitting methods, free and set parameters, four peaks were deconvoluted for these two
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amphiboles. The low resolution spectrum of actinolite (Fig. 9.9c) shows the centroid
position at 7113.92 eV with free peak parameters and at 7113.95eV with fixed position
and width (Fig. 9.10c). High resolution XANES results in close but lower centroid positions
of 7113.40 and 7113.39eV, respectively (Figs. 9.11c and 9.12c). Mg-hornblende behaves
like actinolite with centroid positions in low resolution spectra at 7114.04 and 7114.08eV
(Figs. 9.9d and 9.9d). In high resolution, the centroid position of Mg-hornblende is at
7113.60eV (Fig. 9.11d) for both peak deconvolution methods.

Figure 9.12: Normalized and background subtracted pre-edge spectra with the van Hamos detector. Fixed
peak number (4); position of peaks from Wilke et al., (2001) plus 1 eV. a) olivine, b) hematite, c)actinolite, d)
magnesio-hornblende.

9.4.4.4 2D-RIXS
RIXS maps obtained over the pre-edge area of the four reference minerals show that the
peak features are clearly detectable. Olivine shows strongest intensity around 7113eV, the
theoretical position of the Fe2+ contribution (Fig. 9.13a). Hematite has distinct features
around 7115eV (Fig. 9.13b) whereas actinolite and Mg-hornblende show mixed intensities
(Fig. 9.13c and d).
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Figure 9.13: 2D RIXS maps of standard minerals: a) olivine ferrous endmember, b) hematite ferric endmember,
c) actinolite dominantly ferrous and d) Mg-hornblende dominantly ferrous.

9.4.5 Discussion
Even though we were able to mostly reproduce the method proposed by Wilke et al.
(2001) for ferric/ferrous iron ratios with XANES, several points remain to be addressed in
a fundamental manner. First, Wilke et al. reported theoretically unexpected pre-edge peaks
of model minerals. These authors simply neglected these unknown resonances to calculate
the pre-edge centroids. However, the centroid position clearly depends on the oxidation
state, as it was previously suggested (Bajt et al., 1994; Wilke et al., 2001). The position of
the centroids for Fe2+ and Fe3+ are separated by about 1.4-1.5 eV (Galoisy et al., 2001;
Wilke et al., 2001) but the calculation of ferric/ferrous iron ratios of mixed iron
components may not be as straightforward as previously presented (e.g. Dyar et al., 1998;
Wilke et al., 2001; Dyar et al., 2002). Theoretically, it should be possible to derive absolute
Fe3+/Fetot from the iron K pre-edge, but quantification is still challenging because the preedge is not linearly related to the oxidation state (e.g. Farges et al., 2005). Only in the case
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of well known (and limited number of) endmembers, reliable empirical relations can be
established.
A second difficulty relates to the background removal. Finding the best function to fit the
background before subtraction has been problematic, especially in low resolution XANES
pre-edge analyses. Because the pre-edge structure is located close to the part of the
spectrum that rises to the main iron edge, pre-edge features and background are often
difficult to separate (e.g. Fig. 9.7). Depending on the chosen function, some area below the
pre-edge is cut or added, which leads to errors in calculating peak areas and centroids and
the correspondent Fe3+/Fetot values. The van Hamos high resolution detector significantly
improved the spectra quality. Background contribution could be minimized so that fitting
the functions and subtracting the noise became easier. The pre-edge shape is less affected
by all previous steps, which improves overall ferric/ferrous iron estimations. Generally,
the obtained peaks fit the theoretically expected ones and yield similar centroid positions,
whichever on the peak fitting method. The improvement using the high resolution detector
has a larger impact than the choice of the peak-fitting method. The peak deconvolution
method has less influence in the mixed iron minerals, where calculated centroid positions
vary much less than in olivine and hematite. This is probably because we used natural
samples, where purity of endmember composition is not absolute and thus the proposed
model compound properties (Wilke et al., 2001) are not accurate. This data also results in
more realistic Fe3+/Fetot estimations (Tables 9.2 and 9.3).
Further studies on natural reference minerals are necessary to investigate the potential of
in situ analyses with the XANES technique. It is important to understand the origin of the
additional transitions/components. Where the peak number was set freely, some
additional (artefact) components (e.g. in olivine and hematite, Fig. 9.11) are relicts of
background elimination. If too many measurement points are taken into account on the left
and right border of the pre-edge area, small heights make additional peaks. These
subsidiary peaks, however, are so broad and have such a small area that they do not
influence the centroid position or the ferric/ferrous iron ratio significantly. Other
additional components are not related to the background and remain unexplained.
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9.5 CORRELATING XANES WITH ESTABLISHED ABSOLUTE METHODS
To better understand the iron oxidation states in minerals, we investigated different
natural minerals with iron in 6-fold coordination. Ferrous and ferric endmember minerals
were investigated as well as mixed iron compositions. Our data show that the iron K-alpha
pre-edge reflects the oxidation state but the correlation to absolute values is needed.

9.5.1 Samples
Eight of the investigated 21 natural reference minerals are supposedly endmembers,
incorporating either purely ferrous or ferric iron. The samples include one epidote and one
olivine, 11 amphiboles and 8 pyroxenes (Table 9.4), all incorporating iron in octahedral
coordination. Amphiboles usually contain Fe3+ and Fe2+ that can occupy different
structural sites.

305

CHAPTER 9 TOWARDS IN SITU FE3+/FETOT XANES ANALYSIS
The major element compositions of these 21 minerals were determined using a JEOL JXA
8200 Superprobe at ETH Zurich. Data were acquired at 15kV acceleration voltage and
20nA beam current during 40s for Si, Al, Na, Mg, Ca, Cr, K, Ti, Mn and Fe. Each mineral was
carefully tested for elemental zoning and at least 10 point analyses were done to guarantee
statistical certainty. The iron content was obtained as FeO (Table 9.5).

9.5.2 Methods
9.5.2.1 Wet chemistry
All standard samples were analysed with wet chemistry techniques to determine absolute
FeO content and thus, indirectly, Fe2+/Fetot. Unzoned grains were handpicked under optical
microscopy to avoid inclusions and grain aggregates. About 500mg of separated grains
were grinded in an agate mortar to prevent iron contamination. Powdered samples were
then left about 12 hours at 110°C to reduce the weight of water to a minimum. Depending
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on the total iron content, between 10-40mg of rock powder were prepared for dissolution.
The dry powder and 1ml of H2SO4 were added in platinum crucibles and placed below a
hood in a vapour-saturated atmosphere to keep oxidation to a minimum. Below the hood,
1ml of hydrofluoric acid (40%) was added. The solution was poured after 15 minutes into
Teflon bottles with 50ml buffer solution (2’2-Bipyridine, HCl 0.2N, Na-acetate-trihydrate,
H2O) and filled up to 500ml with deionized water. 2’2-Bipyridine binds to all ferrous iron
in a red colour complex. The resulting solution was then analysed with the photometer
Cary 50 in concentration mode at 522nm. The concentration is extracted using a linear
calibration curve obtained by normalization with standard solutions with blank, 2.5ml,
5ml, 7.5ml, 10ml, 12ml, 15ml (ICP standard (Fe(NO3)3 in HNO3 (2-3%), 1000mg/l Fe,
1.70326.0100 Merck). The absolute FeO (in wt%) can be calculated from the obtained
concentration.

9.5.2.2 Mössbauer Spectroscopy
Within a rock-forming mineral, the isomer shift and the quadrupole splitting are
measureable with Mössbauer spectroscopy. The shift from zero velocity, referred to as
centre shift, is composed of the sum of the isomer and the second-order Doppler shifts.
Since the second-order Doppler shift is very similar in most standard materials, the isomer
shift and centre shift are set equal. The range of the centre shift depends on coordination,
valence state and spin state of the iron atom. Quadrupole splitting is commonly regarded
as a measure of distortion. It consists of two factors, the valence term that exists due to the
asymmetry of charge distribution while the lattice term leads from the deviation from a
cubic symmetry of the crystal lattice. The width of the absorption lines gives also
information about which crystallographic sites iron occupies.
Amphiboles have the complex structural formula AX2Y5Z8O22(OH)2, where X is the M4 site,
Y are M1, M2, M3 sites, Z is the tetrahedrally coordinated site occupied mainly be Si and Al.
The M4 site is usually occupied by large cations such as Ca2+, Na+ and Fe2+ while smaller
cations Mg2+, Fe3+ and Al3+ sit on M1, M2, M3. The A site is either occupied by excess Na
and K or empty. M1 and M3 are coordinated in an almost regular octahedron with four
oxygen and two hydroxyl groups. M2, where ferric iron usually sits is more distorted.
Five absolute standards Mak-09-265 (Hornblende), Gr-10-3, Gr-10-6, Gr-10-28 (the three
of them glaucophane) and Gr-10-27 (ferroglaucophane) were analysed with Mössbauer
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spectroscopy at the University of Salzburg, Austria. Mössbauer absorbers were prepared
from the sample powders embedded in copper rings sandwiched by aluminium foils of
excellent purity.
The samples were mounted in a conventional Mössbauer apparatus (Halder Elektronik
Ltd.) with constant acceleration (= linearly variable Doppler velocity) in time mode
arrangement thus providing the variable energy of the incoming -rays. The absorbers
were exposed to a nominal 50 mCi (1.8 GBq) 57Co/Rh source (Wissel Ltd.) – the emitter of
the

57Fe

-quants. The transmitted intensities (resonance peaks + background) were

recorded at room temperature and stored in a 1024 multichannel analyser (Halder
Elektronik Ltd.). The attained Mössbauer spectra (Fig. 9.14) were folded to 510 channels
fitted with a conventional refinement routine with Lorentzian lines (MOESALZ,
Lottermoser et al. 1993) and decomposed into subspectra with parameters of the
following meaning:
 Isomer shift  relative to -iron (mms), which is significant for the iron valence
state,
 Half width  of the lines with Lorentzian shape (mm/s) giving evidence for the
elastic lattice “quality” of the iron environment,
 Quadrupole splitting EQ (mm/s) of the different iron doublets involved providing
information on the inhomogeneous electric field surrounding the iron ions,
 Area A of the relevant subspectrum relative to the total (%) iron content (= amount
of the relevant site occupancy within the given mineral phase),
 The convergence of the iteration and the 2-value of the final fit served as an
indication of the quality of the refinement:

 
2

N


i1

Yi,calc  Yi,obs

2

2
i,obs

Y



1
N K

where Yi,calc and Yi,obs are calculated and observed intensities per channel i,
respectively; N is the total number of measured intensities and K is the number of

refined parameters.
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9.5.3 Results
9.5.3.1 Mössbauer spectroscopy
We obtained well-resolved Mössbauer patterns for all amphibole samples (Fig. 9.14). The
experimental count rates (recalculated to resonant absorption in %) are given as dots, the
calculated total spectra and different subspectra as straight lines; the corresponding
Mössbauer parameters and their standard deviations are presented in Table 9.2.
Most analysed samples are glaucophanes and we expect elements to be in similar sites. The
magnesio-hornblende has a slightly different behaviour. Compared to all other samples,
most ferric iron is on M1 sites in hornblende, while in glaucophane Fe3+ is mainly on M2. If
more Fe3+ occupies M2, Fe2+ goes to M4 site. This suits glaucophane, but is opposite in the
Mg-hornblende.
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Figure 9.14: Mössbauer spectra of the five standard amphibole samples.
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In view of the numerous publications on amphibole, the assignment of the subspectra to
the different crystallographic sites is difficult and sometimes contradictory. As a guide to
attribution given here, we cite the study of Redhammer and Roth (2002) where the
polyhedral site distortions and occupancies of a synthetic amphibole from X-ray diffraction
measurements were correlated with the relevant quadrupole splittings and area
distributions, respectively. Since the values of the former and the shape of the spectra are
very close to those of the present study, we assume a similar assignment. According to
Table 9.2, the ferrous iron ions are distributed over the sites M1, M3 and M2 with
increasing grade of distortion and decreasing values of QS, respectively (≈ 2.8,2.6,2.2
mm/s).
The comparably low QS value (1.8 mm/s) and a low standard deviation in the Mghornblende, justify assignment to the highly distorted M4 position. These findings match
the study of Ingalls (1964) about the relationship between quadrupole splittings and
polyhedral distortions. The ferric iron ions (to be recognized at the comparably low isomer
shifts) in the glaucophanes may be attributed to the M2 position in accordance with
Redhammer and Roth (2002) and in small percentages to the M1 site. In the Mghornblende we use the assignment of (Darby Dyar et al., 2006) with QS = 0.7
corresponding to Fe3+ on M1 and QS = 1.7(2) to Fe3+ on M2.

9.5.3.2 XANES
9.5.3.2.1 Endmember XANES spectra
XANES pre-edge spectra of endmember minerals (enstatite, diopside, epidote and
aegirine) were deconvolved after background subtraction (Fig. 9.15). Peak number,
position and width were fixed after Wilke et al. (2001). However, the present data clearly
suggest a higher spectral resolution than Wilke et al.’s study.
Enstatite, a Fe2+ end member, has one transition in addition to the three predicted (Westre
et al., 1997; Arrio et al., 2000). We cannot exclude a ferric contribution because this
enstatite contains 3.93%wt Al2O3. Diopside has low iron content and thus less intensity in
the pre-edge. The set peak positions are slightly shifted to lower energy with respect to the
study of Wilke et al. (2001). Epidote as ferric endmember shows three peaks in the preedge structure. The second peak at 7114.49 is not related to a 1s -> 3d or 4d transition
(Westre et al., 1997; Arrio et al., 2000). Its origin, however, remains unexplained. For this
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reason, earlier studies excluded this peak from centroid calculations. In our data, this peak
has the largest integrated intensity and was considered in centroid calculation, which still
suggest Fe3+/Fetot = 1.

Figure 9.15: Deconvolution of peaks in the pre-edge area of endmember minerals enstatite, diopside, epidote
and aegirine.

Only two components are observed in the aegirine pre-edge structure, consistent with
theoretical predictions for high spin Fe3+ in octahedron symmetry (Wilke et al., 2001).
Calculations of Fe3+/Fetot (Table 9.7) reflect mostly what was expected of endmembers
based on structural formulas. However, the additional transition observed in enstatite or
diopside (not considered in the centroid calculation) points towards a minor fraction of
Fe3+ in these ‘endmembers’. These findings are consistent with the wet chemical results
(Table 9.4).

9.5.3.2.2 Mixed mineral XANES spectra
XANES pre-edge spectra of mixed ferric and ferrous iron minerals were deconvolved after
background subtraction (Fig. 9.16). Peak number, position and width were fixed after
Wilke et al. (2001) using parameters of kaersutite. Magnesio-hornblende shows lower
normalized intensity than glaucophane. The four transitions well model the measured
spectra (Fig. 9.16a). The three glaucophane spectra can be well modelled with four
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components. The positions shift about 1eV with respect to Mg-hornblende and higher
intensities are due to higher Fe content. Estimated Fe3+/Fetot are systematically
overestimated compared with Mössbauer results (Table 9.7b).

Figure 9.16: Deconvolution of peaks in the pre-edge area of standard amphiboles magnesio-hornblende Mak09-265, ferroglaucophane Gr-10-27 and glaucophanes Gr-10-6 and Gr-10-28.

9.5.4 Discussion
The five amphiboles analysed with Mössbauer spectroscopy and their wet chemistry
overlap within the accepted error (Fig. 9.17). Wet chemistry always delivers slightly
overestimated Fe3+ contents within 5% error for low and within 10% error for high
ferric/ferrous ratios. Overall, these results show that the wet chemistry analyses can be
trusted.
Our dataset of wet chemistry analyses underlines the complexity of mixed iron minerals
such as amphiboles and pyroxenes. Typical amphibole ferrous endmembers actinolite and
Mg-hornblende contain up to 0.13 Fe3+. Glaucophane grains, which are presumed to be
similar to each other, also vary between 0.2-0.45 Fe3+. Diopsides dio(3) and dio(16) (Table
9.4), even though chemically similar, show different oxidation states. This shows that such
minerals can hardly be generalized and candidly implemented into thermobarometric
calculations.
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Figure 9.17: Comparing standard methods. X-axis = the Fe3+/Fetot obtained with wet chemistry analyses, y-axis
= the Fe3+/Fetot obtained Mössbauer Spectroscopy. Black error bars = 5% relative error, grey error bars = 10%
relative error.

Crosschecking all sodic amphibole analyses show that the iron pre-edge analyses based on
the quantification model proposed by Wilke et al. (2001) systematically overestimate the
content in ferric iron compared to the Mössbauer spectroscopy and wet chemistry data.
Consistent, however, the extracted Fe3+/Fetot from XANES spectra show a trend similar as
that from the absolute methods; these spectra also yield increasing ferric component from
Mak-09-265 to G-10-27. The quantification of the Fe3+/Fetot ratios deviates considerably
from the other two techniques. First results show that the ferric and ferrous components
in RIXS 2D maps are clearly recognized (Fig. 9.18).
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Figure 9.18: RIXS map over the pre-edge area of a) diopside and b) aegirine.

9.6 POLARIZATION EFFECT IN AMPHIBOLE SINGLE CRYSTALS
9.6.1 Samples
For this study, we used homogeneous amphibole single crystals of ~50μm diameter. After
breaking the rock along grain boundaries with the SelFrag machine and running through
the FRANTZ magnetic separator, single minerals were handpicked from a fraction
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<150μm. Impurities and inclusions were identified by microscopy and only clean single
grains were used for analyses.
Sample SCMak-09-265 is a magnesio-hornblende from a magmatic hornblendite dyke of
the North Makran ophiolites (Fig. 9.19a). This rock consists of >95% of magnesiohornblende and plagioclase. The variously sized amphiboles are homogeneous and
unzoned (Fig. 9.19c). The chemical composition is given in Table 8. SCGr-10-28 is a
glaucophane from a metapelite blueschist from Sifnos (Fig. 9.19b). It is associated with
garnet, mica and quartz (Fig. 9.19d). The composition is given in Table 9.8.

Figure 9.19: Outcrops and petrography of samples Mak-09-265 and Gr-10-28. a) Hornblendite dyke (Mak-09265) in dunite of the ultramafic Kuh-e Niran complex in Makran, SE Iran (N026°49’09.3’’, E059°17’49.9’); b)
blueschist metapelite in Sifnos (N037°01’01.5’’, E024°40’06.4’’); c) Photomicrograph of Mak-09-265 under
transmitted light, all minerals are hornblende d) Photomicrograph of Gr-10-28 under transmitted light.
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9.6.2 Methods
Single crystals of each amphibole type were chosen and mounted on thin glass fibres (Fig.
20). These fibres were then placed in a wax-filled copper tube, which was mounted onto a
rotating stage, so that the grain could be rotated. The diffraction pattern was recorded
along with a full XANES spectrum over the K-alpha edge; detailed pre-scans and a 2D-RIXS
map were obtained each 30° rotation. The optical axis orientation of the single crystals was
not determined before starting the measurements, but diffraction images were taken at
every step to possibly identify the crystal orientation. These measurements were done at
the SLS synchrotron with the microXAS beam line X05LA at Paul Scherrer Institute in
Villigen, Switzerland. The method and the data treatment are described in parts 5.2 and
5.3, the Mössbauer technique is described in 6.2.2.

Figure 9.20: a) Mak-09-265 and b) Gr-10-28 samples mounted on thin glass fibres of single crystals.
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9.6.3 Results
9.6.3.1 Mössbauer Spectroscopy
Well resolved Mössbauer patterns were obtained for both samples (Fig. 9.21). The
experimental count rates (recalculated to resonant absorption in %) are given as dots, the
calculated total spectra and different subspectra as lines (Fig. 9.21a und b). The
corresponding Mössbauer parameters and standard deviations are presented in Table 9.9.
In Mak-09-265, ferrous iron is distributed over all three M sites, and ferric iron sits in M1
and M2. As expected the general ferric iron content is low (8%Fetot). In Gr-10-28, ferric
iron is located in the M2 site and accounts for 31% of the total iron content.

Figure 9.21: Mössbauer spectra of a) magnesio-hornblende of Mak-09-265 and b) glaucophane of Gr-10-28.

319

CHAPTER 9 TOWARDS IN SITU FE3+/FETOT XANES ANALYSIS
9.6.3.2 XANES Results
9.6.3.2.1 Magnesio-Hornblende Mak-09-265
Three full XANES spectra over the iron K-alpha edge were taken for several orientations.
Spectra at six different angles (30 degrees rotation per step) of Mak-09-265 were obtained
(Fig. 9.22). Both normal and high resolution XANES show a distinct change in the shape of
the pre-edge feature at each rotation step. As the used synchrotron radiation is linearly
polarized, clear polarization dependence is observed.
At the first step (0°), a prominent peak around 7115eV and a smaller one at around
7113eV were recognized. At 30° the contribution of the 7115eV peak is smaller, nearly
equal to the 7113eV peak. After 60° rotation, the 7115eV peak is again slightly higher than
the 7113eV. At 90° rotation, the peak at 7115eV is very distinct, whereas the other is
subordinate. With the next step (120°), both peaks are again nearly equal; the 7115eV
peak becomes slightly higher again at 150° rotation. The intensity of the signal decreased
with ongoing measurements, which is probably due to shifting and related defocusing of
the sample. However it is obvious that the pre-edge structure is similar for spectra taken at
90° difference in rotation angles, which is consistent with the monoclinic crystallography
of this amphibole.

Figure 9.22: XANES scans over the iron K-alpha pre-edge region obtained from 0-150° on the single grain of
Mak-09-265.
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9.6.3.2.2 Glaucophane Gr-10-28
For glaucophane Gr-10-28, the angular resolution was enhanced by decreasing the
rotation steps down to 15° degrees. Both normal and high resolution XANES show a strong
dependence on the orientation of the X-ray beam with respect to the alignment of the
single crystal (Figs. 23 and 24).
The pre-edge structures show two main peaks around 7115eV and 7113eV and a smaller
one at 7112eV at 0° and 15°. With the next rotation steps the dominance of the 7115eV
peak increases up to a maximum at 75°. At this orientation, the 7113eV peak decreases and
7112eV peak vanishes contemporaneously. At 90° the 7113eV peak increases again until
the 120° step. Afterwards, the 7115eV peak is the dominant pre-edge feature between
rotation angles of 135° and 150°. In the last two spectra at 165° and 180°, the peaks at
7112eV and 7113eV reappear.

Figure 9.23: XANES scans over the iron K-alpha pre-edge region obtained from 0-90° on the single grain of Gr10-28.
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The spectra of 0° and 180° are consistent and show that measurements are accurate and
instability of the crystal during rotation minimal. In this glaucophane single crystal, the
spectra are not equivalent for each 90° rotation, as in Mak-09-265, but instead every 60°
rotation. This is due to different orientation of the two amphibole crystals with respect to
the crystal rotation axis and incoming beam vector.

Figure 9.24: XANES scans over the iron K-alpha pre-edge region obtained from 105-180° on the single grain of
Gr-10-28.

9.6.4 Discussion and Conclusions
Results of the recorded XANES spectra show that polarization influences the iron K edge
structure. The example of the Mak-09-265 single crystal shows that transitions at
~7113eV and ~7115eV have different amplitudes depending on the incidence angle of the
X-ray beam (Fig. 9.25). The Mak-09-265 amphibole shows a modulation of the pre-edge
features with pattern repeated after every 90° rotation. Different amplitudes of the
components influence the centroid position and ultimately derived Fe3+/Fetot ratio
(notably for the very same single crystal).
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Figure 9.25: Pre-edge spectra of Mak-09-265 with changing orientation of the incidence angle with respect to
the crystal lattice.

To analyse this polarization effect on Fe3+/Fetot, we compared spectra obtained at five
different angles, 0, 45, 90, 135 and 180° of glaucophane crystal Gr-10-28 and four, at 0, 60,
90 and 120°, of magnesio-hornblende Mak-09-265. XANES spectra were first normalized
between 0 and 1 with an arctangent function (Athena). The average pre-edge information,
the so-called centroid, was derived by determining the integrated area (intensity),
composed of the peak areas of each peak, and the peak position of each peak (Table 9.10).
The result (Fig. 9.26 and 9.27) shows that not only the intensity of the transitions but,
more crucial, also their centroid position changes. Accordingly, Fe3+/Fetot estimations using
the approach of Wilke et al. (2001) result in too high and strongly varying iron ratios
between 0.5 and 1 for Gr-10-28 (Table 9.10a) and values between 0.5-0.9 for Mak-09-265
(Table 9.10b).
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With such large variations in quantifying the Fe3+/Fetot ratio for the same single crystal,
polarization effects turn out to be a major obstacle in applying this approach as an in situ
method.

The outcome of this study shows that XANES on in situ minerals has to be used cautiously.
Precaution is most critical within microscopic in situ studies. The intersection of the microbeam with the (thin section) sample results in analytical volume of only a few cubic
micrometres.

324

CHAPTER 9 TOWARDS IN SITU FE3+/FETOT XANES ANALYSIS

Figure 9.26: Peak deconvolution of rotated magnesio-hornblende single crystal Mak-09-265.

Only a very limited number of single crystal mineral grains of undefined spatial orientation
were analysed. Accordingly, the obtained spectra are highly susceptible to corruption by
the established polarization dependence. Not knowing the orientation of the analysed
single crystals might lead to misinterpretation of the Fe3+/Fetot ratio.
The iron K pre-edge structure depends on the oxidation state as well as on the
crystallographic site position of the iron in the crystal structure. Thus, analysing only the
pre-edge signature of single crystals will always be biased by polarization effects. A
possible analytical strategy to disentangle the chemical (oxidation state) and the physical
(coordination and site position) signal contributions could be investigating the emission
spectrum observed in the far post-edge region by high resolution emission spectroscopy
(non-resonant XES).
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9.7 DISCUSSION AND CONCLUSIONS
Our data shows, that XANES has the potential to become an important and easily applied in
situ technique to determine oxidation states of minerals. Significant improvements have
been achieved employing advanced spectroscopic techniques based on the van Hamos
detector. The application of this high resolution spectrometer results in a significant
reduction of background contributions, simplifying differentiating between spectroscopic
information and background. The resulting background-corrected pre-edge structure
features are clearly better defined, which simplifies peak deconvolution. The present
investigations also showed that inadequate background removal based on low resolution
data has a more adulterant effect on the quantification of Fe3+/Fetot ratio than the chosen
peak deconvolution methodology (e.g., fixed versus free peak parameters).
Data obtained with Mössbauer and wet chemistry show that the method proposed by
Wilke et al. (2001) overestimates the ferric component. This method might work for
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simple minerals and simple (dual) mixtures but turned out to be inaccurate for mixed
minerals as those investigated in the present study.

Figure 9.27: Peak deconvolution of rotated glaucophane single crystal Gr-10-28.

RIXS has the potential to improve interpretation of the pre-edge structure, but
quantification remains challenging (at least at present). Polarization has a strong influence
on the pre-edge structure and consequently on the ferric/ferrous iron ratio. Until this
approach can be applied routinely as an in situ method, several problems need to be
addressed. Even if it is obvious that the transitions in the Fe K-alpha pre-edge yields
information about mineral oxidation state, the derivation of quantitative values with the
required precision is still not well developed. The occurrence of additional transitions that
are not predicted in theory e.g. as observed for hematite or epidote is hampering
quantification but might yield valuable information. Methods to neutralize or avoid
polarization effects need to be found.
327

CHAPTER 9 TOWARDS IN SITU FE3+/FETOT XANES ANALYSIS

328

CHAPTER 10
Discussion and Conclusions

CHAPTER 10 Discussion and Conclusions

Discussion and Conclusions
The Makran area offers a beautiful case study of convergent settings. Excellent outcrop
conditions of a well-preserved ophiolite complex and associated blueschists, in North
Makran, allowed modern investigations combining field and laboratory analyses. The goal
was to better understand the evolution of this region and particularly learn more about
general processes of ophiolite formation, obduction, subduction, blueschist metamorphism
and exhumation. Special emphasis was put on the influence of ferric/ferrous iron ratios in
bulk and minerals and their influence on pressure and temperature estimates of blueschist
facies rocks.

10.1 GEOLOGY OF NORTH MAKRAN
Six months of field work allowed gathering new information on lithological and structural
relationships

of

the

different

rock

types

of

North

Makran.

Three

major

tectonostratigraphic units were identified: (1) North Makran ophiolites (2) Dur Kan
Complex (3) metamorphic Deyader Complex with blueschists
(1) The North Makran ophiolites expose a continuous sequence from upper mantle
through lower crust to upper crust. The mantle-melt interaction in the mantle-crust
transition zone is the subject of chapter 2. Two situations were distinguished:
(I) A Mid-Ocean-Ridge-like setting (on-axis) with well-developed magmatism
responsible for the large plutonic intrusions, a sheeted dyke complex and
widespread lava flows (Chapter 5). The preservation of intrusive relationships
between the mafic plutonic and subvolcanic lithologies permitted to study magma
evolution in a MOR-like system (Chapter 4).
(II) An off-axis region, with smaller magma volume and thin subvolcanic and
volcanic sequences (Chapter 4). Correlating field observation with known sediment
ages suggest that both ophiolitic domains formed before Barremian times.
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(2) Granitoids of the continental Dur Kan Complex are unconformably covered by lavas.
Outcrop distribution and orientation of mafic dykes related to the lava suggest N-S
extension before and during the early Cretaceous. The differentiated Si-rich character of
the granitoids requires an enriched melt source. The evolution of this complex is the
subject of Chapter 5.
(3) The metamorphic Deyader Complex contains blueschist facies rocks. It represents
oceanic crust overridden by the ophiolites and exhumed in an antiformal stack. The
significance of these blueschists and their evolution are the focus of Chapter 6.
(4) Non-metamorphic lava and Eocene deep sea sediments are exposed in a tectonic
window below the metamorphic Deyader Complex and the ophiolites. These lavas, which
are more evolved than those associated with the ophiolites, are discussed as part of the
effusive rock variability (type 5) in Chapter 5.
In conclusion, North Makran was part of the Tethys margin of Eurasia before its
implication in the accretionary wedge.

10.2 MANTLE-MELT INTERACTION
Harzburgite and minor lherzolite represent the upper mantle section of the North Makran
ophiolites. In the on-axis domain several hundred meter thick dunite bodies pass to
impregnated dunites towards troctolite intrusions. In the off-axis domain, dunite is scarce,
even absent, and impregnated dunites marking the mantle-crust transition are few meters
thick. The structural difference is due to the larger availability of melt in the on-axis region
where melt percolation leads to diapiric structures, whereas percolation is limited in the
off-axis region. Dunite and impregnated dunite mark the mantle-crust transition zone.
Troctolite represents the lowest crust. Melt percolation led to mantle re-fertilization
recorded in the trace element geochemistry of harzburgite bulk compositions and
pyroxene trace element patterns. Melt-mantle interaction produced dunite and
plagioclase-impregnated dunite in a shallow mid-ocean ridge-like environment. Apart
from small concentration differences between the on- and off-axis domains, general
chemical trends are the same, which suggests similar magmatic evolutions.
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10.3 MAGMA EVOLUTION IN A LOW K THOLEIITE
Major element trends of bulk rocks and minerals of the on- and off-axis North Makran
ophiolites indicate that the plutonic to subvolcanic section derive from the same magma.
Small chemical differences suggest two magmatic centers, one in on-axis position
represented by the Fannuj-Espakeh Complex, the other in a more proximal off-axis
domain, the Remeshk-Mokhtaramabd Complex. They evolved through fractional
crystallization along a low pressure tholeiitic liquid line of descent with first olivine and
later plagioclase fractionation as the main differentiation process.

10.4 GEOTECTONIC AFFILIATION OF LAVA
Lavas exposed in North Makran show a wide range of petrographic and geochemical
diversity. Type 1 lavas are doleritic basalts that conformably cover diabase. Type 2 lavas
are trachy-basalts to trachy-basaltic andesite that unconformably cover the Dur Kan
granitoids. Pelagic early Cretaceous sediments are associated with these lavas. Type 3
lavas are basaltic trachy-andesites that cover the Type 1 lavas and diabase and exhumed
plutonic bodies of the North Makran ophiolites. Type 3 occurs only in the on-axis part of
the ophiolites and is associated with early Cretaceous pelagic to hemipelagic limestones
and marl. The alkaline signature and major and trace element geochemistry suggests
formation in an Early Cretaceous MOR-like system on an extensional continental margin.
Type 4 lavas unconformably cover type 3 and are associated to late Cretaceous turbiditic
volcanoclastic sediments and neritic calcareous sandstone; the enriched island arc
tholeiite affinities of these lavas suggest formation on the upper plate of a subduction zone.
Type 5 lavas are basaltic to andesitic and occur in a tectonic window below the ophiolites.
They are associated with red and green deep sea shales and radiolarites or cover
granitoids unconformably. The tholeiite to calc-alkaline character and more distinct LREE
enrichment, negative Nb-Ta anomaly and lower εNd(t) values than the lava types 1-4 are
all signs of increased subduction influence in the magma source. Type 1, 2 and 3 emplaced
in Early Cretaceous in different areas of a continental margin, type 2 proximal, type 1 prior
to type 3 in a more distal environment. Type 4, 5, Tangeh Sareh lavas and the blueschists
formed between late Cretaceous and Eocene in a hanging plate of a subduction zone.
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10.5 JURASSIC GRANITOIDS
The Dur Kan Granitoids are the most evolved rocks of North Makran. They define an Atype granite – diorite – trondhjemite – plagiogranite sequence intruded by diabase and
unconformably covered by alkaline to tholeiitic type 2 lavas. U-Pb geochronology on
zircons reveals Mid Jurassic to Upper Jurassic crystallization ages (175 – 153Ma).
Inherited zircon cores and grains with similar ages as granites (175-170Ma) suggest that
part of the granite was assimilated during the formation of the diorite and trondhjemite. Sr
and Nd isotopes show three magma sources (1) continentally derived magma forming the
granites with εNd(t) = -4.06 - -0.81 and high

87Sr/86Srinitial

= 0.7060-0.7065 (2) mixed

mantle-continental source of the diorite – trondhjemite – plagiogranite sequence with
εNd(t) = 1.5 - 2.5 and

87Sr/86Srinitial

= 0.7041-0.7050 and (3) a mantle-derived magma

source in the overlying diabase and lavas with εNd(t) = 5.4 - 6.7 and 87Sr/86Srinitial = 0.70360.7064. The increasing mantle component in the magma source reflects an extending
continental margin at least from the beginning of Middle Jurassic.

10.6 BLUESCHIST METAMORPHISM
Blueschists in North Makran are blocks in a low grade, essentially metasedimentary
complex. The blueschists have protoliths of gabbro, pillowed and non-pillowed basalt
flows. Blueschist parageneses are sodic amphibole, sodic pyroxene, lawsonite and titanite.
Few metasedimentary samples contain minor amounts of mica and chlorite.
Pseudosections calculated with Perple_X of four blueschists with different protoliths reveal
metamorphic conditions of ~350°C at ca. 10kbar. Mineral reactions such as barroisite =>
glaucophane, albite => lawsonite, rutile => titanite suggest that the blueschist equilibrium
phases formed during isobaric or increasing pressure, cooling and deformation. The P-T
path is thus anticlockwise and indicates greenschist metamorphism adjusting to a cold
geotherm. Such conditions are attributed to the subduction of young and hot oceanic
lithosphere exposed to sea floor alteration. The Makran blueschists represent a piece of
supra-subduction oceanic lithosphere that was introduced into the subduction channel
below the North Makran ophiolites.
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The second part of the thesis investigates the ferric/ferrous iron ratios in both blueschist
minerals and bulk and their influence on pressure temperature estimates.

10.7 IRON PROBLEM
Investigations of ferric/ferrous iron ratios in bulk and minerals of two blueschists types,
North Makran (SE Iran) and Syros/Sifnos (Cyclades, Greece), show that the iron oxidation
state influences thermobarometric estimates. P-T pseudosections computed with Perple_X,
using measured and purely ferrous bulk iron ratios reveal temperature shifts of up to 50°C
in the Makran and up to 80°C in the Syros/Sifnos blueschists. Fe3+-bearing lawsonite in low
temperature blueschists of Makran is responsible for shifting stability fields, especially of
epidote, which influences that of lawsonite.
Excluding from the bulk the approximately 1% of Fe2O3 bound in lawsonite, yileds
estimated temperatures ~30°higher than with bulk composition including Fe2O3 of
lawsonite. Charge balance recalculations of glaucophane iron ratios are rarely consistent
with Mössbauer spectroscopy on samples with all Fe3+ located on the M2 site. In other
samples Fe3+/Fetot ratios are either significantly under- or overestimated. In situ XANES
analyses in amphiboles of Makran blueschists show the potential for high resolution in situ
application, but the technique needs further improvement before being applied routinely.
An important problem remains the angular relationship between the crystal lattice and the
incident beam.

10.8 TOWARDS IN SITU FERRIC/FERROUS IRON MEASUREMENTS
Driven by the problems observed in the P-T estimation of the Makran and Syros/Sifnos
blueschists, we investigated the oxidation state of blueschist and standard minerals. Trying
to overcome remaining drawbacks with the XANES technique led to the following results:
(1) Background elimination, especially in the iron K-alpha pre-edge region is improved
using the high precision MYTHEN detector. Such improvements have a larger impact than
the peak deconvolution method. (2) A database of endmember minerals (purely
ferrous/ferric) and sodic amphiboles was produced with Mössbauer spectroscopy and wet
chemistry adding to the general knowledge of iron distribution in minerals. This data was
also used as external standard to calibrate the XANES measurements. These
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measurements show, that the commonly used approach to interpret absolute Fe 3+/Fe2+
ratios from XANES spectra is consistent for endmember minerals but unreliable for mixed
Fe3+/Fe2+ ratios. (3) Results of in situ measurements show varying spectra and thus
different Fe3+/Fe2+ ratios in grains of the same mineral type. XANES analyses on two
amphibole crystals at different incident angles show that the ferric/ferrous component in
the K-alpha pre-edge structure changes with mineral orientation. The polarization effect
has large impact on Fe3+/Fe2+ recalculations and bears a big problem for in situ analyses.

10.9 OUTLOOK AND FUTURE WORK
10.9.1 Makran
More geochronological studies in the effusive section should establish a connection
between increasing calc-alkaline magmatism with the evolution of the Makran subduction.
The Dur Kan Complex, especially its southern part, needs more investigation to determine
the past paleogeographic position and locate possible old continental basement.

10.9.2 Ferric/ferrous iron
In this thesis, the work on ferric/ferrous iron in blueschist minerals has only been
approached. Quantifying the XANES results is still challenging and may be improved by
comparing 2D RIXS maps that unravel the pre-edge feature in more detail. XANES has
great potential as an in situ high resolution method. However the polarization effect needs
to be handled, possibly by correlating to the iron edge, which displays the chemical signal
unrelated to the site position of the iron cations. All data should ultimately be implemented
to improve existing solid solution models of blueschist minerals.
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