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Abstract

Microstructural processes in mylonitic shear zones from extrusions of EoceneeOligocene rocksalts from Garmsar hills and Eyvanekey
plateau (central Iran) are described and analyzed. The halite samples were studied by transmitted light microscopy of gamma-irradiated
thin sections, subgrain size palaeopiezometry of polished and chemically etched samples and texture measurements by electron backscatter
diffraction (EBSD).

The studied shear zones are thin (<5 cm), subhorizontal and bedding parallel. The protomylonite comprises 2e6 mm sized grains, occasion-
ally rich in primary fluid inclusions indicative of their primary non-recrystallized state. Abundant, well-developed subgrains suggest that the
protomylonite was deformed mainly by dislocation processes. Elongated subgrains at grain edges point to recrystallization by fluid-assisted grain
boundary migration. Recrystallized, strain-free grains are common. The material in the mylonitic zones is fine grained (w0.6 mm) with strong
shape-preferred orientation. Microstructures such as oriented fibrous overgrowths and growth banding (observed in gamma-irradiated sections)
suggest that the principal deformation mechanism was solution-precipitation creep (non-conservative grain boundary migration and grain bound-
ary sliding accommodated by solution-precipitation). Crystal fabrics measured by EBSD show a weak crystallographic preferred orientation that
is consistent with solution-precipitation accommodated grain boundary sliding.

Using published flow laws, the strain rate in the fine-grained mylonites is about 10�10 l/s, which is in a good agreement with earlier in situ
measurements on glacier salt flow rate.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past 50 years our understanding of the salt-sedi-
ment system has increased tremendously. Aspects of the dy-
namics of salt tectonics and sealing of fluids are quantified,
but many questions are unresolved to date (Jackson, 1995).
Salt is also useful as analogue material for understanding the
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microstructural processes and textural development in silicate
rocks (Drury and Urai, 1990).

An interesting, yet poorly understood phenomenon is the
extraordinary mobility of glacier salt that flows downhill at
geologically high strain rates at very low shear stress in the
Zagros Mountains and in central Iran (Talbot, 1979, 1981,
1998; Talbot and Rogers, 1980; Talbot and Jarvis, 1984;
Talbot et al., 2000; Talbot and Aftabi, 2004). Recognition of
equivalents of these salt glaciers was documented by studies
of the Gulf of Mexico salt province (Fletcher et al., 1995),
where the extruded salt flows on the sea floor under a thin, un-
consolidated layer of sediment. Besides the recent examples,
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salt glaciers were shown to have been present in many salt
bearing sedimentary basins during their geologic evolution
(Volozh et al., 2003; Mohr et al., 2005).

If glacier salt had the well known rheology of domal salt
(Wawersik and Zeuch, 1986; Carter et al., 1993; Ter Heege
et al., 2005b), the salt glaciers would be far too strong to
flow under their own weight. Solution-precipitation creep
was inferred to account for the unusual weakening of glacier
salt (Wenkert, 1979). The model explains fairly well the ob-
served shear stress and strain rate (<0.25 MPa, 1.1� 10�11

to 1.9� 10�9 l/s; Jackson, 1985) in salt glaciers as creep due
to diffusion of ions through an interstitial salt-brine solution.
This weak behavior was also observed in experimentally de-
formed fine-grained wet salt (with water content about 0.05
wt%) by Urai et al. (1986), and extensive work by others
(Spiers et al., 1990; Lohkämper et al., 2003) has clarified
many details of this process.

The average grain size in domal salt is around 5e30 mm
(Warren, 2006). Solution-precipitation creep is dominant
over dislocation creep in fine-grained wet salt. From Kuh-
e-Namak (Dashti, Iran) salt glacier, Talbot (1981) reported
processes of progressive subgrain rotation and tensional fail-
ure on cleavage planes which resulted in grain size reduction.
He also proposed that fluid-assisted grain boundary migration
is important both in domes and glaciers. By studying one sam-
ple of naturally deformed glacier salt from Iran, Urai et al.
(1986) noted that the halite grains do not contain any substruc-
ture but do show the same microstructural features as seen in
the fine-grained, synthetic wet halite deformed under wet
conditions.

The aim of this study is to extend our understanding of de-
formation and recrystallization mechanisms in halite (Urai
et al., 1986, 1987; Wawersik and Zeuch, 1986; Spiers et al.,
1990; Senseny et al., 1992; Carter et al., 1993; Peach et al.,
2001; Watanabe and Peach, 2002; Hunsche et al., 2003; Ter
Heege et al., 2005a,b; Pennock et al., 2005) to processes in
glacier salt. The samples analyzed in this study are from the
Garmsar hills and Eyvanekey Plateau (central Iran), where
the EoceneeOligocene salt was squeezed out under the thin
cover of Alborz mountains.

2. Salt extrusions in central Iran

2.1. Lithostratigraphy in the Great Kavir and
in its sub-basins

In central Iran Tertiary, salt reaches the surface in many
places. The most voluminous salt outcrops can be found in
the Great Kavir basin and in its peripheral sub-basins (Qom,
Garmsar and Damghan basins) (Fig. 1). The Tertiary, which
lies unconformably on folded Mesozoic strata, starts with
marine, Eocene sediments, associated with volcanic rocks
(Jackson et al., 1990).

The first evaporites (w500 m thick) were deposited during
the middle Eocene in the southern part of the Great Kavir ba-
sin. Due to regression towards the end of Eocene, deposition
of gypsiferous rocksalt started in the northern part of the basin
Fig. 1. Simplified regional setting of Garmsar hills, Eyvanekey plateau and

surroundings. (A) Location in the map of Iran. (B) Evaporites on the surface

in the Garmsar basin and adjoining Qom and Great Kavir basins (after Jackson

et al., 1990; Talbot and Aftabi, 2004). (C) GeoCover landsat image corre-

sponding to cartoon (B). (D) Simplified geological setting of Garmsar hills

and Eyvanekey plateau after geological map of Amini and Rashid (2005).

(E) GeoCover landsat image corresponding to area of map D (source:

https://zulu.ssc.nasa.gov/mrsid/).
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(Qom and Garmsar). The deposition of these evaporites lasted
until the latest Eoceneeearly Oligocene (Fig. 2A) leading to
the accumulation of a few hundred meter thick evaporite se-
quence (Jackson et al., 1990).

During late Eocene tectonic movements, the sub-basins be-
came separated from the Great Kavir basin. After these tec-
tonic movements a new sedimentary cycle started, the base
of which is marked by a distinct unconformity. This new cycle
started with red continental clastics and Oligocene evaporites
(Lower Red Formation, LRF), which are overlain by an upper
Oligoceneelower Miocene marine unit, the Qom formation, in
turn overlain by the Miocene Upper Red Formation (URF)
(Jackson et al., 1990; Talbot and Aftabi, 2004). The LRF rea-
ches its maximum thickness of w1000 m south of the Qom
basin and consists mainly of red sediments intercalated with
volcanics. Evaporites of the LRF are w300 m thick in the
Qom basin, further east the beds change to nonevaporitic clas-
tic facies (Jackson et al., 1990). The Qom formation is
a 1000 m thick sequence of platform-type limestone, marl
shale, sandstone and gyprock (Gansser, 1960a; Gretener,
1982; Jackson et al., 1990). The Miocene URF reaches the
maximum thickness of w5000 m in the Qom and the Garmsar
basins. The URF can be divided into a lower evaporitic and an
upper sandy part in the Qom basin, while in the Garmsar basin
it can be subdivided into three members (Jackson et al., 1990).
The lowermost member (w700 m) consists of a rhythmic
saline facies with thin (<10 m) impure rocksalt beds. The
middle member (w3000 m) is gypsiferous mudrock, the
uppermost member is composed of cyclic saline mudrock gy-
prock alterations (Fig. 2A). However, a fully reliable strati-
graphic subdivision of the URF in the Great Kavir is
hampered by the lack of paleontologic and subsurface data
and the dominance of monotonous mudrocks (Jackson et al.,
1990).

Several authors (Gansser, 1960b; Jackson et al., 1990;
Talbot and Aftabi, 2004) proposed that all the salt structures
in central Iran involve the same two salt sequences: a relatively
pure, upper Eoceneelower Oligocene salt (base of lower
Oligocene Lower Red Formation) and a variegated, impure
lower Miocene salt sequence (lower Miocene Upper Red
Formation).

2.2. Geological setting of Eyvanekey plateau
and Garmsar hills

The Garmsar basin (Figs. 1 and 2) is a peripheral embay-
ment of the Tertiary Great Kavir basin, separated by the
Kuh-e-Gachab and Dulasian swell. The Tertiary depocenter
in the Garmsar Basin is situated roughly between the cities
of Eyvanekey and Garmsar. As the stratigraphy is strongly dis-
torted by salt tectonics, their exact thickness is not resolved,
but proposed to exceed 8000 m in this foredeep (Jackson
et al., 1990).

The Tertiary salt was extruded under the thin cover of Al-
borz mountains and reached the surface north of Garmsar and
was further squeezed to south producing a 20� 10� 0.2 km
Eyvanekey plateau salt sheet (Figs. 1 and 2B) (Talbot, pers.
comm.; Talbot, in preparation). The Eyvanekey plateau and
the Garmsar hills consist predominantly of large diapiric
masses of salt and gyprock with inclusions of mafic volcanic
rocks with subordinate marl, calcareous marl, shale and sand-
stone (Amini and Rashid, 2005). Owing to the lack of fossils,
Fig. 2. (A) Lithostratigraphical column of the Garmsar basin after Jackson et al. (1990). The EoceneeOligocene rocksalt is the main source for the extrusions of

Garmsar hills and Eyvanekey plateau. (B) Cross-section through the Garmsar hills and Eyvanekey plateau (modified after Amini and Rashid, 2005). For the po-

sition of the profile see Fig. 1D. Vertical exaggeration is about twofold.
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the exact age of the evaporitic mass cannot be determined
although based on lithologic similarities to Qom Kuh and
the Great Kavir diapirs (Talbot and Aftabi, 2004), it is very
likely that both the hills and the plateau are made up of
evaporites both of upper Eocene and Oligocene age. It is
also unknown whether the salt sheet is still moving today
(Talbot, pers. comm.).

The present surface of the evaporite extrusion in the plateau
and hills is covered predominantly with light green to pale
brown gypsite with subordinate marl and calcareous marl
(Amini and Rashid, 2005). Rocksalt outcrops are rare, but ha-
lite is accessible in the numerous open-pit and underground
salt mines that were opened in the last 10 years (Talbot, in
preparation).

Although in both locations the salt is strongly deformed by
sets of recumbent folds, the bedding is generally subhorizon-
tal. Commonly the salt mass contains thin layers of halite
with strong shape-preferred orientation: halite mylonites.

2.3. Samples

In this study we report detailed microstructural analysis of
mylonitic halite samples from two, currently abandoned, open-
pit salt quarries (Fig. 1D). One sample was collected at the
southern edge of the Garmsar hills (co-ordinate: 35�160N;
52�170E, sample referred to as ‘‘GH’’ hereinafter). This sam-
ple comprises a few, <1 cm thin mylonitic zones and protomy-
lonites (Fig. 4A). In the whole outcrop, the mylonitic zones are
commonly less than 5 cm thick, and develop parallel to the
bedding at the bottom of the individual beds (Fig. 3). In out-
crop, the salt is horizontally bedded, with beds of about
20 cm thick, which often show gradual colour change of gray-
ish white to white and slight grain size change from finer at the
bottom and coarse grains at the top (Fig. 3). We interpret this
variation in individual beds to reflect the variations in sedi-
mentary conditions. Abundant primary features (see below)
in the non-recrystallized grains imply that the salt is not com-
pletely recrystallized.

We note that the similar-looking beds in the outcrop may
represent only one or two beds, which were isoclinally folded e
although the hinges of these were not found in our outcrops.
Such bedding-parallel shear zones were also observed by
Talbot (1981) in the Kuh-e-Namak salt glacier, suggesting
that they are fairly common in extrusive salts.

The other sample was collected at the eastern edge of the
Eyvanekey plateau (co-ordinate: 35�120N; 52�120E, sample re-
ferred to as ‘‘EP’’ hereinafter). This sample is about 5 cm thick
and consists of mylonitic salt with strong shape-preferred ori-
entation (Fig. 4B).

3. Methods of study

Samples were cut parallel to the lineation and perpendicu-
lar to the foliation using a diamond saw with a small amount
of water to prevent microcracking (Schléder and Urai, 2005).
After this, the samples were decorated by gamma-irradiation
in the Research Reactor of Forschungszentrum Jülich using
a technique similar to that of Urai et al. (1985). The irradiation
was done in a purpose-built heated container at a constant tem-
perature of 100 �C. The dose rate was between 4 kGy/h and
6 kGy/h and the total dose was about 4 MGy. The colour in-
tensity developed in the samples during gamma-irradiation re-
flects the heterogeneous distribution of solid solution
impurities and crystal defects in halite grains (Murata and
Smith, 1946; Przibram, 1954; van Opbroek and den Hartog,
1985; Urai et al., 1985; Garcia Celma and Donker, 1996).

Thin sections were prepared following the procedure of
Spiers et al. (1986), Urai et al. (1987) and Schléder and Urai
(2005). Thus, the samples were mechanically ground and pol-
ished dry on grinding paper, etched in 5% undersaturated NaCl
solution for 10 s, subsequently rinsed for 3 s with a strong jet
of n-hexane and finally dried in a jet of warm air. This sample
preparation removed surface scratches and revealed disloca-
tion substructure. The thin sections were studied with reflected
and transmitted, plane-polarized light microscopy.

To attempt to reveal variation in trace element content in
selected grains, conventional microprobe analyses (Type:
JEOL JXA-8900R) were carried out at the RWTH Aachen.

On the EP sample, crystallographic orientation data were
acquired from EBSD patterns using a JEOL 6100 (at the
RWTH Aachen), typically operating with acceleration voltage
of 20 kV and beam current of 8 nA. The EBSD patterns were
indexed with the CHANNEL 5 software (HKL Technologies)
using the file for halite consisting of 46 lattice planes.

Multiple beam maps (12 horizontal� 4 vertical) were used
to map the specimen. For an individual map, data points were
collected on an orthogonal grid of 106� 73 at a fixed step size
of 40 mm by moving the sample and keeping the beam station-
ary. After the mapping, the individual maps were stitched to-
gether using the CHANNEL 5 software. Misorientation
between two stitched maps is <3�, and is due to the gradual
orientation error in each individual map. Misorientation data
between individual grains were calculated separately for each
map and these data were used for the misorientation distribu-
tion histogram. The quality of the EBSD data is very good e
the fraction of patterns that could no be indexed was below
10% e with the exception of the immediate vicinity of the
margins of individual maps, where typically 1e2 pixels could
not be indexed. The maps were further processed in order to
remove erroneous data and to provide more complete recon-
struction of the microstructure (Prior et al., 2002; Bestmann
and Prior, 2003). The accuracy of individual measurement is
better than 1�. The misorientation angle between two grains
was calculated by selecting the minimum misorientation angle
from all possible symmetric variants (Wheeler et al., 2001).

4. Results

4.1. Observations on microstructure and
texture measurement

Both samples studied in this paper are almost pure halite
(w98%) with polyhalite, anhydrite and limestone fragments
as main impurity phase. The GH sample contains a few thin
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Fig. 3. (A) Bedding-parallel mylonitic zones in a salt wall (looking E) exposed near the abandoned salt mines in the Garmsar hills. The strata dip 10� to SW. The

mylonitic zones are relatively thin (<3 cm, see arrows) and are characterized by strong shape-preferred orientation and small grain size. The position of the B

image is indicated with the rectangle. Hammer for scale. (B) Detail of the image (A). Note that the shear zones occur often above coarse-grained, dark gray col-

oured layers. The vertical fluting is a karstic feature due to rainwater. Coin (d¼ 2 cm) for scale. (C) Detail of image (B). Note the flattened porphyroclast in the

shear zone and the abundance of large grains at the bottom of the shear zone.
mylonitic zones and protomylonite, the EP sample is made en-
tirely up of mylonitic material (Fig. 4). In thin section, the my-
lonites from both locations show comparable microstructures;
the descriptions presented here apply to both samples. The
transition from coarser grained protomylonite to the fine-
grained mylonite is rather sharp, but the interface is quite
wavy (Fig. 4A).

4.1.1. Protomylonite
The protomylonite consists of slightly elongated, 2e6 mm

large grains. The aspect ratio of the grains is about 1.5e2 with
the long axis parallel to the mylonitic zones and bedding (Figs.
4A and 5). This shape-preferred orientation (SPO) forms
a weak foliation that is clear in outcrop. Commonly, the foli-
ation is oriented at a few degrees to the bedding.

Inspection of unirradiated thick sections (w1 mm) under
plane-polarized transmitted light reveals that some grains con-
tain regions with numerous fluid inclusions (Fig. 5A). The
fluid inclusions are smaller than 50 mm and show negative
crystal shape. Commonly, the inclusions are arranged into
thin, approximately 500 mm wide, parallel bands. The cloudy,
fluid-inclusion-rich part of a grain is commonly truncated by
the upper and lower neighbour grains, while fluid-inclusion-
free, clear halite rims the cloudy part to the directions of the
SPO (Fig. 5A and C). Gamma-irradiated sections show white
polygonal subgrain boundaries in many grains (Fig. 5C). Sub-
grains in the grain interiors are equiaxial and have an average
size of about 120 mm. In contrast, subgrains close to grain
boundaries have an elongated shape, with the elongation par-
allel to the direction of SPO (Fig. 5C and D). The length of
such elongated subgrains can rarely reach 3 mm. In places,
two neighbour grains contain such elongated subgrains. In
that case, on both sides of the grain boundary which separates
those two grains, the elongated subgrains terminate at the
grain boundary. Inside the subgrain-poor region and very
rarely between the white coloured polygons, a second-
order, dark blue coloured, less developed polygonal structure
is visible (Fig. 5C). Besides the substructured grains described
so far, not uncommonly small, 2e3 mm large grains without
any substructure were also noticed (Fig. 5D).

Typically, the grain boundaries have an irregular, lobate
morphology with occasional euhedral grain boundary seg-
ments. The grain boundaries are invariably filled with con-
nected, lobately shaped fluid and gas inclusions (Fig. 5B).
Based on our microstructural observations, connected porosity
in our samples is very low.

The etched surface was also studied in plane-polarized
reflected light with the aim to verify that all the
dislocation structures were decorated by gamma-irradiation
(e.g. Fig. 5D). Comparing the transmitted light images and



246 Z. Schléder, J.L. Urai / Journal of Structural Geology 29 (2007) 241e255
Fig. 4. Dark-field image of scanned thin sections of the samples studied. The grain boundaries and secondary phases show up as light lines and patches, the halite

grains occur as dark areas. The Garmsar hill sample (A) contains a few shear zones, the Eyvanekey plateau sample (B) is entirely made up of mylonitic material.
the corresponding reflected light images shows that all the
subgrains occurring as white polygons were also visible on
the etched surface. In contrast, the second-order polygonal,
dark-blue structure within subgrain-poor regions were not
visible on the surface.

Secondary phases were found frequently in the protomy-
lonite. Commonly, these are 1e2 mm sized anhydrite crystals
or occasional 1e3 mm large limestone fragments. The second-
ary phases are located commonly at the grain boundaries and
more rarely inside the grains, mostly in thin curved bands.

4.1.2. Mylonite
The mylonitic material has a strong shape-preferred orienta-

tion and foliation (Fig. 4B). In plane-polarized light of unirradi-
ated samples, the foliation is characterized by numerous
impurity phases, such as anhydrite, polyhalite and some lime-
stone fragments arranged into bands. The bands are thin
(w1 mm), bedding parallel and have a more or less uniform
spacing of about 5 mm. The halite grain size is about 0.6 mm
on average, with a few large grains. Some of these large grains
contain fluid inclusions identical to those in the protomylonite.

Inspection of etched surfaces in reflected light shows that
the vast majority of the small grains lack substructure
(Fig. 6A and C), while the sporadic large ones contain well de-
veloped subgrains. In transmitted light, irregularly shaped, rel-
atively large inclusions which appear dark grey or black can be
observed, mostly on the triple junctions, less frequently on
grain boundaries and very rarely inside a single grain
(Fig. 6C and D). These inclusions tend to enlarge during dis-
solution of the sample, indicating a gas at slightly higher-than-
atmospheric pressure. The grain boundary structure is similar
to that in the protomylonite and contains amoeboid, inter-
connected brine inclusions (Fig. 6B).

The inspection of gamma-irradiated mylonite in transmitted
light reveals more microstructures not seen in the unirradiated
sample (Fig. 6EeJ). Large grains contain a set of fine, parallel
bands. The orientation of these sets is crystallographically
controlled and is parallel to (100) as shown by the orientation
the cube fluid inclusions in the grains. In the fine grains, a core
and mantle structure is commonly observed with dark blue
core and pale blue rim. Also in the fine-grained part, in
some cases, dark bands are present which are oriented parallel
with the grain boundaries (Fig. 6H). Intragranular, highly elon-
gated fibre-like microstructures (w100e200 mm long fibres)
around limestone fragments are common (Fig. 6E and F). In-
variably, the fibers are parallel to the foliation. Such fibers are
not exclusively present around limestone and anhydrite frag-
ments, but also at haliteehalite contacts, and in places com-
pletely enclosed inside single halite grains (Fig. 6J). In these
cases, they form a coreemantle structure with the fibrous mi-
crostructures inside the grain (core) rimmed by non-fibrous
material (mantle). This mantle commonly shows banding par-
allel to the grain boundaries (Fig. 6H and J). Inspection of
such fibrous structures in reflected light on etched surfaces
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Fig. 5. Micrographs illustrate the characteristic microstructures observed in the protomylonite (sample GH). (A) Plane-polarized, transmitted light image in which

the grain boundaries show up as dark lines, the secondary phases as dark patches. The image shows slight shape-preferred orientation and secondary phases inside

of grains and at the grain boundaries. Insert: Detail of a fluid-inclusion-rich grain. (B) Grain boundary structure, which shows interconnected, channel-like and

separated, island-like fluid inclusions. Some of them opened during sample preparation and are filled with air, thus show up as brown coloured. (C) Highly elon-

gated grain with well-developed subgrains and fluid inclusions (see detail image) on the right and elongated subgrains on the left. Plane-polarized, transmitted light

image of gamma-irradiated thin section. Our interpretation is that the once presumably equiaxed grain deformed with dislocation processes, as evidenced by the

subgrains, after which recrystallization of fluid-assisted GBM took place, which resulted in an elongated shape. (D) Plane-polarized reflected light image shows

a large, elongated grain with well-developed subgrains inside the grain and elongated subgrains at the grain edges. The grain boundaries show up as dark lines. The

black spots at the grain boundaries and inside of the substructured grain are fluid inclusions, which opened during sample preparation. The elongated subgrain

boundaries at the grain edges point to recrystallization mechanism of fluid-assisted GBM.
reveals that these fibres are not individual grains, but that they
are sometimes separated by subgrain boundaries or, more
commonly, that no boundary at all is visible between two fi-
bres in reflected light.

4.1.2.1. Crystallographic orientations in the mylonite. Full
crystallographic orientation of w500 grains was measured in
sample EP using EBSD. In Fig. 7A and B, crystallographic
orientation of individual grains (colour coded according to the
crystallographic orientation) together with the corresponding
gamma-irradiated thin section is shown. The relatively large
grains, seen in the Fig. 7B are remnants of deformed porphyro-
clasts and occasionally contain primary fluid inclusions. The
EBSD measurements confirm the microscope observation,
that these grains are typically lack substructure. Fig. 7C shows
the corresponding pole orientations for the whole dataset. The
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Fig. 6. Micrographs illustrate the characteristic microstructures observed in the mylonite. (A) Plane-polarized reflected light image shows straight to gently curved

grain boundaries. Black spots at the grain boundaries and in the grains are either secondary phases or fluid inclusions which opened up during sample preparation.

Note that the grains are substructure free. (B) Interconnected fluid inclusions at the grain boundaries. Note also the subcontinuous fluid-filled tubes at the triple

junctions. Plane-polarized, transmitted light image. (C) Plane-polarized, reflected light image shows four grains separated by grain boundaries. Note the lack of

substructures. (D) The same area in transmitted light (focused deeper than image C) shows relatively large gas (vapour?) inclusions at the grain boundaries and

triple junctions. (E and F) Fibrous structure around a limestone fragment. Plane-polarized transmitted light image of gamma-irradiated section. These
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fabric is close to random, with a very weak CPO. The few local
maxima correspond to the large porphyroclasts. The grain size
for the whole dataset was calculated based on the EBSD mea-
surement. The grain size distribution is close to lognormal
(Fig. 7D) with the arithmetic mean value around 0.6 mm. Min-
imum misorientation angle distribution for the complete dataset
e depicted on Fig. 7E e shows that low angle misorientations
are absent with the most common misorientation at 45�. The
presence of that peak may be an artefact and may also relate
to the presence of some relative large, 1e4 mm sized porphyro-
clast relicts embedded in the fine-grained material.

5. Discussion

In most existing reports on deformation experiments on
non-porous natural and synthetic rocksalts, the steady-state
creep behavior is controlled by dislocation mechanisms and
solution-precipitation. In steady state creep, the grain size or-
ganizes itself into the boundary of grain size sensitive and
grain size insensitive processes (de Bresser et al., 2001; Ter
Heege et al., 2005a).

Experimental conditions range in temperature between
20 �C and 250 �C, strain rate 10�4e10�9 l/s and confining
pressure is up to 70 MPa. Before the onset of recrystallization,
in coarse-grained salt the main deformation mechanism is dis-
location creep, with the rate controlling mechanism of cross-
slip of screw dislocations at high stresses of w15 MPa and
with rate controlling mechanism of dislocation climb at low
stresses (5e15 MPa) (Carter and Hansen, 1983; Wawersik
and Zeuch, 1986; Horseman and Handin, 1990; Horseman
et al., 1992; Carter et al., 1993). Both mechanisms have their
own characteristic microstructure: cross-slip produces wavy
slip bands, while climb produces equiaxial subgrains. In addi-
tion at sufficiently fine-grain sizes (w500 mm) in wet salt so-
lution-precipitation creep can control the rheology (Urai et al.,
1986; Peach et al., 2001; Ter Heege et al., 2005b). Dislocation
processes and solution-precipitation process act in parallel
(e.g. Spiers and Carter, 1998). In the regime, where dislocation
creep controls the rheology, the trace amount of brine also
plays an important role, as it drastically increases the grain
boundary mobility and induces dynamic recrystallization by
fluid-assisted grain-boundary migration (e.g. Watanabe and
Peach, 2002).

5.1. Inferred deformation and recrystallization
mechanisms based on the observed microstructures

5.1.1. Protomylonite
Before attempting to interpret the deformation-related mi-

crostructures and to evaluate the possible microstructural evo-
lution of the samples, we first have to be able to unambiguously
identify the primary, synsedimentary microstructures. There is
a considerable amount of evidence in the literature that cubic
fluid inclusions, arranged into bands parallel to (100), are en-
trapped when rocksalt is deposited in shallow water environ-
ment (see Warren, 2006 and references therein). As the
halite deforms, grain boundary migration recrystallization re-
moves those inclusions as the migrating boundary sweeps
through them (Roedder, 1984; Schléder and Urai, 2005).
One might use the presence of fluid inclusions as a criterion
to distinguish between recrystallized and unrecrystallized
parts. It has to be noted, however, that even in a shallow water
environment not all the primary grains are necessarily rich in
fluid inclusions (Shearman, 1970; Lowenstein and Hardie,
1985) or, additionally, the primary fluid inclusions may vary
in a single grain, e.g. commonly there is a difference in the
abundance of inclusions in salt that crystallized near the
cube edge compared with that from the centers of the cube
faces (Roedder, 1984). Thus, this microstructure gives only
a lower bound of the amount of primary grains or, alterna-
tively, upper bound of the amount of recrystallization. In this
paper we interpret the fluid-inclusion-rich part of a grain as
primary (e.g. Fig. 5A and C), and the origin of the fluid-inclu-
sion-free regions as uncertain, unless other microstructures
such as elongated subgrains point to recrystallization (e.g.
Fig. 5C and D).

Well developed, equidimensional subgrains in the fluid-
inclusion-rich part of the grains (Fig. 5C) point to dislocation
processes, and were presumably produced during recovery by
climb/glide of dislocations (e.g. Carter et al., 1993; Ter Heege
et al., 2005b). The fact that the equidimensional subgrains lat-
erally pass into elongated subgrains (Fig. 5C and D), suggests
that the subgrain formation was followed by extensive grain
boundary migration recrystallization. The elongated subgrains
are interpreted to have evolved by edgewise propagation of
subgrains behind migrating grain boundaries (Means, 1983;
Means and Ree, 1988). The evidences for extensive GBM,
in turn, may imply that grain dissection during GBM is also
important mechanism in grain size reduction. In the sub-
grain-poor regions the presence of dark blue, subgrain-like
polygonal microstructure (Fig. 5C) which was not etched is
interpreted as low-energy subgrain walls, with insufficient
amount of dislocations to become subgrains (Humphreys and
Hatherly, 1996). If this suggestion is correct, this would indi-
cate that concurrent subgrain formed behind the moving grain
boundary during dynamic recrystallization.

In some cases, the elongated subgrains occur at both sides
of a grain boundary. Such a microstructure can be explained in
two different ways. One explanation is that between the two
recent grains there existed one highly deformed grain, which
was simultaneously and completely replaced by its two neigh-
bours, resulting in elongated subgrains on both sides.
microstructures are interpreted as strain fringes (Passchier and Trouw, 2005). The black curves are grain boundaries the white particles at the grain boundaries are

secondary phases (mainly anhydrite). (G) Fibrous microstructure in the pure halite part. The grain boundaries show up as black curves. Note the widespread pres-

ence of the fibrous structures. (H) Dark coloured bands which are parallel to the grain boundaries. These dark bands might be regarded as evidence for non-

conservative grain boundary migration. (I) Similar structure to (G). The grain boundaries were slightly opened up during sample preparation. (J) Coreemantle

structure with fibrous structure inside the grain completely enclosed by non-fibrous halite.
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Fig. 7. (A) Part of the automated EBSD map of the EP sample. The map has been coloured according to orientation (green pixels¼ zero solution), with grain

boundaries (>10� misorientation) coloured in black. The area was mapped in 48 maps, with a step size of 40 mm. (B) Microstructures of the thin section, showing

the measured area in (A). (C) Equal area, lower hemisphere projections of orientation data. The sample shows a very weak crystallographic preferred orientation.

The few local maxima correspond to the orientation data from the large porphyroclasts. (D) Grain size statistics based on the EBSD measurement. The mean grain

size is about 0.6 mm. (E) Minimum misorientation angle distribution for all orientation data. The histogram represents neighbour pair misorientation. Solid black

line indicates the theoretical misorientation distribution for randomly oriented grains.
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Alternatively, this microstructure can be explained with a pro-
cess somewhat similar to the crackeseal mechanism (Ramsay,
1980), that is the two neighbour grains move away from each
other, perhaps with grain boundary sliding/solution-precipita-
tion creep or both, and a gap opens between them which is
subsequently sealed with precipitates from the grain boundary
fluid. In the latter case, the microstructure points to deforma-
tion by grain boundary sliding/solution-precipitation creep as
an additional deformation mechanism beside the dislocation
processes. It is hard to find unambiguous microstructural evi-
dence for those mechanisms (Passchier and Trouw, 2005).

Equidimensional subgrains do not exclusively occur in the
fluid-inclusion-rich part of the grains, but also in the fluid-
inclusion-poor part. It can be that this part of a grain is also
primary, e.g. it was never swept by a migrating boundary,
or, alternatively, it can be that it represents an already recrys-
tallized but subsequently deformed portion of a grain
(Schléder and Urai, 2005).

New, substructure free, euhedral grains (Fig. 5D) can be ex-
plained by the process of nucleation, in which new grains nu-
cleate at the grain boundary region and grow at the expense of
the old, deformed ones. It is unclear whether these grains were
nucleated during the upward transport, or are results of late,
post-extrusion recrystallization after contact with rainwater.
Regardless of their origin these grains are always smaller
than the large elongated ones so that the original grain size
of the host rock was coarser than that in our samples.

As possible processes for grain size reduction, based on
studies of salt glacier in southern Iran, Talbot (1981) proposed
processes of subgrain rotation and intergranular cracking of
the porphyroclasts, which lead to grain size reduction. We
did not find evidence for this in our samples, we note however,
that Talbot (1981) studied Hormuz salt from a different setting
with a possibly different deformation history (strain rate, dif-
ferential stress) before and after extrusion. It is also unclear
whether the Garmsar prototype microstructures of the proto-
mylonite represent steady state microstructure.

5.1.2. Mylonite
The lack of strong CPO (Fig. 7) and dislocation substruc-

ture suggests that the mylonite did not deform by dislocation
processes. The large grains in the mylonites with well-
developed subgrains, fluid-inclusion bands and with sets of
perpendicular dark bands seen in the gamma-irradiated sec-
tions indicate that these grains are almost certainly remnants
of porphyroclasts. This assumption is in good agreement
with experimental deformation on wet, fine-grained halite by
Urai et al. (1986) who showed that solution-transfer processes
dominate over crystal plastic deformation mechanism in fine-
grained halite aggregates deformed at low differential stress.

Fibrous microstructures (Fig. 6EeJ) around second-phase
fragments and between halite grains point to deformation by
grain boundary sliding (GBS). The fibrous structures then
fill the voids between grains formed by grain boundary sliding.
As the gap between two grains opens up they are continuously
sealed by precipitates from the grain boundary fluid (cf. Fig. 1
of Schenk and Urai, 2004). Following this approach, fibrous
structures around limestone particles are interpreted as strain
fringes around rotating rigid blocks (Fig. 6E and F). Fibrous
microstructures, similar to those reported here, were also ob-
served in some other rocks, and are also consistent with grain
boundary sliding and solution-precipitation creep (Rutter
et al., 1985; Cox and Etheridge, 1989).

The coreemantle structures with the fibrous microstruc-
tures inside a single grain, surrounded by non-fibrous material
are interpreted as overgrowth structures (Fig. 6GeJ) formed
by non-conservative grain boundary migration. The growth
bands may reflect changes in chemistry of the grain boundary
fluid (Murata and Smith, 1946). Alternatively, the growth
bands could record stages of grain boundary energy driven
grain growth. We have attempted to measure the chemical var-
iation inside such a banded grain using electron microprobe
analysis, but results show that the impurity content is below
the detection limit (0.02%). The occurrence of dark blue fi-
brous microstructure may also be due to local enrichment in
some chemical elements along the fibre though the exact
mechanisms, which are responsible for the development of
such microstructure, are not clear.

The presence of voids (Fig. 6C and D), seen now as vapour
inclusions, could either be explained by the process of GBS or,
alternatively, they may represent dissolution caused by rainwa-
ter. As the rainwater dissolves halite from the shear zone, the
zone becomes enriched in residual secondary phases. It has
been experimentally demonstrated by Hickman and Evans
(1991) that such a mixed-phase aggregate is particularly sus-
ceptible to pressure solution. The authors reported that a small
percentage of secondary minerals e especially clays e dra-
matically enhances the rate of pressure solution. In the sam-
ples analyzed in this paper we did not find clays at the grain
boundaries, neither in the wall rock nor in the shear zones,
which would suggest that this enhanced pressure solution
did not take place, though it may play a role in other extrusive
rocksalts as they reportedly contain traces of clay minerals
(Talbot and Aftabi, 2004).

5.2. Rheology of the extrusive salts as predicted by
the flow laws

The deformation and recrystallization microstructures de-
veloped in the protomylonite and mylonite show that the mi-
crostructural processes are significantly different between the
two rock types. Based on the microstructures we inferred
above that the protomylonite presumably deformed mainly
by dislocation creep, while the main deformation mechanisms
in the mylonitic shear zones are solution-precipitation creep
and GBS accommodated by solution-precipitation. In what
follows we attempt to quantify the effect of these differences
on rheology.

5.2.1. Stress and strain rate calculation
Experimental deformation of various rocks showed that

there is a strong correlation between the steady state subgrain
size D and flow stress s (e.g. Twiss, 1977; Carter et al., 1993).
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This relationship for halite can be written by (Schléder and
Urai, 2005)

D ðmmÞ ¼ 215 s�1:15ðMPaÞ ð1Þ

The relationship can be used for estimating the paleostress in
halite. For this calculation we measured the sizes of the equi-
axial subgrains by the method of equal circular diameter
(ECD), which involves the tracing of subgrain boundaries
from digital photos of etched thin sections taken in reflected
light, and calculating of the enclosed subgrain area using Im-
ageJ software. The calculated differential stress for the proto-
mylonite is 1.4e2 MPa (95% confidential limits, Table 1),
which is in good agreement with the literature data for other
rocksalts (Carter et al., 1993). Such high differential stress
clearly does not exist in the glacier and we interpret these mi-
crostructures to have formed during the upward transport of
the salt mass in the extrusion canal. In the glacier itself, the
deformation is driven by the downslope component of gravity.
The common salt glacier thickness does not exceed 200 m,
and with a slope of 5� the shear stress is about 0.4 MPa, (Wen-
kert, 1979; Jackson, 1985).

It has been proposed that natural rocksalt deforms with
a combination of dislocation climb and solution-precipitation
creep processes which act in parallel (Spiers and Carter,
1998). The microstructures seen in the protomylonite are in
agreement with this assumption, enabling us to calculate the
strain rate using the Eq. (2) for dislocation climb and Eq.
(3) for solution-precipitation creep. For solution-precipitation
creep there are numerous flow law parameters in the literature
(Lohkämper et al., 2003). To calculate the strain rate we used
the flow law parameters quoted by Spiers et al. (1990). In that
work, they calibrated the flow law on the basis of experiments
on porous and dense polycrystalline aggregates of synthetic
rocksalt.

_3CL ¼ 8:1� 10�5 exp

�
�51600 J mol�1

RT

�
ðs1� s3Þ3:4 ð2Þ

after Carter et al. (1993);

_3PS ¼ 4:7� 10�4 exp

�
�24530 J mol�1

RT

�
ðs1 � s3Þ=TD3 ð3Þ

after Spiers et al. (1990); where strain rate ( _3) is expressed in
s�1, the pre-exponential constant is in MPa�n s�1, apparent ac-
tivation energy is in J mol�1, Boltzmann’s gas constant (R) is
in J mol�1 K�1, temperature (T ) is in �K, differential stress
(s1� s3) is in MPa and grain size (D) is in mm. For the
calculation we assumed that the salt extrudes from a depth
of 1.5 km (Fig. 2), thus we used 40 �C as deformation temper-
ature for the protomylonite. This value is admittedly only
a crude estimate, since we do not exactly know at which stage
the protomylonite was deformed and what was the real geo-
thermal gradient in the area.

The mylonite microstructures depict deformation mecha-
nisms of solution-precipitation creep and GBS accompanied
with solution-precipitation. We postulate that the rate limiting
process is the solution-precipitation process, enabling us to de-
scribe its rheology by Eq. (3). For the mylonite we assumed
that the shear zones developed and the deformation took place
on the surface and that the deformation occurred mostly in the
rainy, relatively cold seasons (Talbot and Rogers, 1980), thus
we used 20 �C. The strain rate calculations for the protomy-
lonite indicate that dislocation creep and solution-precipitation
creep contribute approximately equally to the total strain rate
(Fig. 8). It has to be noted here that if we calculate only with
the grain size of the large, elongated grains, dislocation creep
dominates over the solution-precipitation creep.

The strain rate calculated for the mylonite is about one or
two orders of magnitude higher at much lower shear stress
than in the protomylonite. It shows that this material is
much weaker than the coarse grained counterparts. If the rhe-
ology is comparable to that observed in experiments of Spiers
et al. (1986) and Urai et al. (1986) (Fig. 8), the calculated
strain rate also agrees well with field measurements (Talbot
and Rogers, 1980; Talbot et al., 2000), and corresponds to gla-
cier flow of w1 m in 2 years.

5.2.2. Initiation of the shear zone
As we discussed above, the protomylonite suggests disloca-

tion creep at differential stress of 1.4e2 MPa. This deforma-
tion mechanism is characteristic for the upward transport of
the salt through the cold diapir stem. In the glacier the strain
concentrates in multiple, narrow shear zones in which the
salt deforms by mechanisms of GBS and solution-precipitation
creep (Fig. 8). It follows that there has to be a zone where the
two deformation mechanisms switch, i.e. where the deforma-
tion changes from a dislocation process controlled one to
a GBSþ solution-precipitation controlled one. Unfortunately,
the limited outcrop did not allow us to locate where the salt
is extruded. It is possible that the shear zones were already de-
veloped before the salt mass reached the surface, or that the
strain was accumulated in shear zones when it was squeezed
out and moved to its recent position.
Table 1

Statistics of grain and subgrain size and calculated differential stress, strain rate values

Sample Mean grain

size (mm)

1 SD Mean subgrain

size (mm)

1 SD Differential

stress (MPa)

Assumed deformation

temperature (�C)

Strain rate

(l/s)c

Protomylonite (GH) 4 2 114 71 1.4e2 40 7.2� 10�12 1.1� 10�11

Mylonite (GH and EP) 0.6a 0.35 e e w0.4b 20 1.2� 10�10

a The mean grain size in the mylonite was quantified based on EBSD measurements.
b Shear stress calculated for 200 m thick salt sequence and 5� slope.
c For the protomylonite the total strain rate is a sum of those from Eqs. (2) and (3). For the mylonite the strain rate is calculated using Eq. (3).
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Fig. 8. The diagram shows the calculated differential stress values plotted against the calculated strain rate values for both the protomylonite and mylonite. The

differential stress for the protomylonite was calculated using subgrain piezometry (1.4e2 MPa), while the shear stress arising from the downslope component of

gravity was taken for the mylonite (<0.4 MPa). For the protomylonite, strain rate was calculated assuming deformation mechanisms of dislocation creep and

solution-precipitation creep and that these processes act in parallel (Spiers and Carter, 1998). Thus, the flow law from Carter et al. (1993) is plotted for 40 �C
(dashed line) and the flow law for solution-precipitation creep (Spiers et al., 1990) for grain sizes of 3 mm and 10 mm for 40 �C is also shown (solid lines).

The strain rate for the mylonite was calculated assuming that the rate controlling mechanism is the solution-precipitation creep. Thus, the flow law of Spiers

et al. (1990) was taken and calculated for a grain size of 0.6 mm and a temperature of 20 �C. The relevant field for both domal salt and the glacier salt is indicated

with a gray rectangle. Besides these, experimental data from numerous sources (Hansen and Mellegard, 1980; Hansen and Carter, 1984; Handin et al., 1986; Spiers

et al., 1986; Senseny, 1988; Horseman and Handin, 1990; Horseman et al., 1992; Hunsche et al., 2003) are also shown for comparison. The grain size in the wet

halite test is w0.1 mm, for the others it is significantly coarser: >5 mm. Note that the experiment on fine-grained wet halite shows a comparable rheology to that

calculated for the glacier salt.
Although the protomylonite in the Garmsar hills sample is
considerably recrystallized, it is probable that the salt still re-
tained some of its primary grain size variation when it reached
the surface. This assumption is supported also by the fact that
in the protomylonite primary microstructures such as fluid-
inclusion-rich crystals still exist. If the salt retained some
slight primary variations in its grain size, this in turn could in-
fluence the emplacement of the shear zone in the glacier. As
the simplest solution, we suggest this process to be responsible
for the emplacement of the bedding-parallel shear zones and
that the spacing of the shear zones corresponds to the initial
layering produced by primary (synsedimentary) processes
(Shearman, 1970; Lowenstein and Hardie, 1985; Warren,
2006). Nevertheless, as the glacier advances downhill, and
the whole glacier becomes strongly folded by sets of recum-
bent folds, resulting probably in that the individual shear zones
also become folded.

Mylonitic shear zones illustrated here have never been de-
scribed in deep salt mines and if they exist they may be quite
uncommon indeed, although coarse-grained shear zones do
exist during salt diapirism (Kupfer, 1974). Therefore, we pre-
fer the interpretation that such shear zones do not play an im-
portant role in deep subsurface halokinetic movement. In the
salt extusion perhaps it is the low confining pressure which al-
lows the development of mylonitic shear zones.
5.3. Brine in grain boundaries

Several in situ field measurements showed that the downhill
flow of the salt glacier is episodic. Talbot and Rogers (1980)
reported accelerated flow after heavy rain, and noted that in
dry seasons, the movement involves only daily thermal exten-
sion and contraction due to variations in air temperature. There
is considerable evidence that these daily variations create an
extensive and penetrative crack system (Talbot and Aftabi,
2004), which in turn is able to conduct the rainwater into
the salt glacier. The process after which this conducted rainwa-
ter wets the whole shear zone is not entirely clear.

The mass transfer, necessary for the solution-precipitation
process, could take place in either static fluid network or in
migrating fluid. The episodic glacier flow may imply that
the mass transport occurred in migrating undersaturated fluids.
This assumption seems to be confirmed by the presence of nu-
merous air inclusions at grain boundaries and triple junctions,
which could be interpreted as the result of dissolution by the
trespassing rainwater.

6. Summary and conclusions

Two mylonitic and protomylonitic samples from naturally
deformed extrusive EoceneeOligocene rocksalt from the
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Eyvanekey Plateau and Garmsar hills were studied with the
aim to characterize the deformation and recrystallization
mechanisms.

1. Conclusions presented in this study may be applicable to
other areas where salt glaciers are or were present, since
it is very likely, that the deformation involves similar
mechanisms in any types of extrusive salts. Mechanics
of actively deformed halite at the surface are those of
the shear zones described in this paper. Thus, the recent,
shallow buried salt glaciers at the Gulf of Mexico may
also deform by similar processes and be very weak and
many of the ancient now deeply buried bedding-parallel
salt flanks (i.e. Christmas-tree structures) were developed
by similar processes in weak salt.

2. In the protomylonite dislocation climb controlled creep
and solution-precipitation creep were the main deforma-
tion mechanisms during the upward transport of the rock-
salt. The differential stress was between 1.4 and 2 MPa, as
deduced from subgrain size piezometry.

3. As the rocksalt reaches the surface, numerous bedding-
parallel shear zones develop, in which the deformation
mechanism is solution-precipitation creep (non-conserva-
tive grain boundary migration and grain boundary sliding
accommodated by solution-precipitation). The microstruc-
tural evidences for this are the fibrous structures,
growth bands and the lack of crystallographic preferred
orientation.

4. The grain size reduction, which is necessary for the grain
size sensitive mechanism to become active occurs by nu-
cleation of new grains and/or dissection by grain boundary
migration.

5. The formation of the shear zones is perhaps controlled by
synsedimentary variation in some mechanical properties,
most probably grain size. Thus, the synsedimentary pro-
cess results in rhythmic variation in grain size, which grain
size variation is maintained until the salt reaches the sur-
face. In the salt extrusion, this variation might be the
main controlling factor in the emplacement of the shear
zone.

6. The GBS and solution-precipitation allow the salt glacier
to flow downhill under its own weight with a geologically
high strain rate of about 10�10 l/s.
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carrying out the gamma irradiation. C.J. Talbot and Abbas
Bahroudi are thanked for the introduction into the geology
of Garmsar hills and Eyvanekey plateau. We thank the stuff
at the Geodynamic Department of Geological Survey of Iran
(GSI) in Tehran for the hospitality during the 2005 field sea-
son. For helpful discussions O. Schenk, J. Schoenherr, Chris
Hilgers at the Department of Geologie-Endogene Dynamik
(RWTH Aachen) are acknowledged. The manuscript was
improved by thorough reviews of M.P.A. Jackson and
W. Schmahl. This work was performed as part project of
SPP 1135 (project UR 64/5-1-2) financed by the Deutsche
Forschungsgemeinschaft.

References

Amini, B., Rashid, H., 2005. Garmsar geological map 1:100000 in scale.

Geological Survey of Iran, Tehran, Iran.

Bestmann, M., Prior, D.J., 2003. Intragranular dynamic recrystallization in

naturally deformed calcite marble: diffusion accommodated grain bound-

ary sliding as a result of subgrain rotation recrystallization. Journal of

Structural Geology 25, 1597e1613.

Carter, N.L., Handin, J., Russell, J.E., Horseman, S.T., 1993. Rheology of

rocksalt. Journal of Structural Geology 15 (9/10), 1257e1271.

Carter, N.L., Hansen, F.D., 1983. Creep of rocksalt. Tectonophysics 92,

275e333.

Cox, S.F., Etheridge, M.A., 1989. Coupled grain-scale dilatancy and mass

transfer during deformation at high fluid pressures: examples from Mount

Lyell, Tasmania. Journal of Structural Geology 11 (1e2), 147e162.

de Bresser, J.H.P., Ter Heege, J.H., Spiers, C.J., 2001. Grain size reduction by

dynamic recrystallization: can it result in major rheological weakening?

International Journal of Earth Sciences 90, 28e45.

Drury, M.R., Urai, J.L., 1990. Deformation-related recrystallization processes.

Tectonophysics 172, 235e253.

Fletcher, R.C., Hudec, M.R., Watson, I.A., 1995. Salt glacier and composite

sediment-salt glacier models for the emplacement and early burial of al-

lochtonous salt sheets. In: Jackson, M.P.A., Roberts, D.G., Snelson, S.

(Eds.), Salt Tectonics: A Global Perspective. AAPG Memoir, 65, pp.

77e108.

Gansser, A., 1960a. Die Geologische erforschung der Qom gegend. Iran.

Bulletin der Vereinigung Schweitzerisches Petroleum Geologen und

Ingenieur 23, 1e16.
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