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a b s t r a c t

Microstructural study of rocksalt samples from an active salt fountain (Qum Kuh, central Iran) enabled to
identify the relative contribution of different deformation mechanisms on extrusive salt flow. The
microstructural study combined reflected and transmitted light microscopy of gamma-irradiated thin
sections, textural analysis of digitized microstructures and Electron Back Scattered Diffraction (EBSD).
Deformation microstructures record the strongly variable deformation conditions of salt flow in the
diapiric system from the diapiric stem towards the distal part of the mature viscous fountain. High-stress
deformation conditions typical for diapiric stems are recorded in the small subgrains within the por-
phyroclasts of all documented samples. Recovery and recrystallization due to divergent and decelerating
flow associated with differential stress drop in the salt extrusion above the diapiric orifice is reflected by
abundant growth band microstructures. This study reveals also evidence for penetration of rainwater
into the salt mass and documents the switch from the dominant dislocation creep into dominant
solution-precipitation creep from the upper part to the distal part of the fountain. This deformation
mechanism switch is provided by influx of meteoric water and grain size decrease likely controlled by
subgrain rotation and grain-boundary migration recrystallization.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The properties of rocksalt are extensively discussed in the
literature. Its multiple role in sedimentary basin evolution (Littke
et al., 2008; McClay et al., 2003; Rowan et al., 1999), fluid sealing
capacity for gas storage (Li et al., 2005), drilling problems in
petroleum industry (Muecke, 1994; Wilson et al., 2002), the
possibility of waste disposal in salt (Salters and Verhoef, 1980) and
salt mining give the topic enormous economic importance and
emphasize the need for the proper knowledge of the mechanical
and transport properties of halite rocks deforming in nature (Drury
and Urai, 1990; Urai and Spiers, 2007; Schoenherr et al., 2007a,b,
2009; Urai et al., 2008).

Zagros mountains (SE part of Iran) are the world-class site for
well exposed salt extrusions and glaciers with up to 60 salt extru-
sions ranging in age from Cambrian to Pliocene displaying at least 6
different morphologies (Talbot, 1998; Jahani et al., 2007). Rocksalt
x: þ49 241 80 92358.
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extruding on flat topography through release-bends of major
strike-slip faults in Zagros (Talbot and Alavi, 1996; Talbot and
Aftabi, 2004) typically forms viscous fountains. However, most
rocksalt in Zagros Mountains forms salt glaciers (namakiers)
flowing down from the crests of the Zagros anticlines or through
one or more fault gullies or uptilted river valleys (Talbot, 1998).

Salt glaciers were also extruded from diapirs in the Central
European Basin during Triassic (Mohr et al., 2007). Vertical extru-
sion rates of salt extrusions (<10 mm/a) were recently measured
using InSAR technique (Interferometric Synthetic Aperture Radar)
(Weinberger et al., 2006; Hudec and Jackson, 2007; Aftabi et al.,
2010) and also estimated by palinspastic reconstruction
(Davidson et al., 1996; Bruthans et al., 2006). Active salt extrusions
offer a unique opportunity to reconstruct deformation conditions
for rocksalt based on identification of deformationmechanisms and
constitutive equations from laboratory calibrations, experiments
and theory. Because the measured flow laws are based on short-
term laboratory tests and performed at high differential stresses,
their precision is limited when extrapolated to low stress, long-
term natural conditions. One key test for correct extrapolation of
mechanical behavior of rocksalt is the direct comparison of the
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deformation mechanisms operative in nature and experiment
(Passchier and Trouw, 2005).

Gamma-irradiation decoration is the most powerful technique
for microstructural investigation of halite (Urai et al., 1987; Garcia
Celma and Donker, 1996; Schléder and Urai, 2007; Schoenherr
et al., 2009). The physical basis of the blue decoration of halite
microstructures is the production of F-center defects by gamma-
irradiation, which aggregate into sodium colloids (Van Opbroek
and den Hartog, 1985). Because the colloids nucleate preferen-
tially at solid-solution impurities and crystal-defect sites
(JaineLidiard model), the resulting coloration reflects the halite
microstructures. The intensity of the coloration is a function of the
solid-solution impurities and crystal-defect density. Decoration of
grain and subgrain boundaries is achieved by chemical etching
of the thin sections (Urai et al., 1987). Combination of both kinds of
decoration provides a rich detail of microstructure (subgrain-rich
grain, strain free/new grains, growth bands, syn-sedimentary
chevrons, grain-boundary indentation/truncation, edgewise prop-
agation of subgrains, dissolution-precipitation features, core-
mantle structure, pressure fringes) and used to infer qualitatively
the deformation, recrystallization and fluid-transport mechanisms
in studied samples (Urai et al., 1986a,b, 1987, 2008; Schléder and
Urai, 2007; Schoenherr et al., 2009). Deformation mechanisms
are also conveniently identified using EBSD for CPO measurements
(Schléder and Urai, 2007) together with grain size and shape
statistics, while subgrain size statistics is used for piezometric
estimates of differential stress (Schléder and Urai, 2005).

While solution-precipitation accommodated grain-boundary
sliding (GBS) is typically associated with low degree of CPO and
abundant substructure-free equant grains (Schléder and Urai,
2007), dynamic recrystallization by dislocation creep is typical
with large variety of substructure richness in the grains and well-
developed CPO (Passchier and Trouw, 2005). The grain size of
samples is controlled by two competing deformation mechanisms
during dynamic recrystallization: subgrain rotation (SGR) and
grain-boundary migration (GBM) recrystallization. SGR tends to
decrease the average grain size of the aggregates and is typical with
low-angle misorientation of marginal subgrains from cores of
porphyroclasts and its dominant activity is manifested by similar
size of subgrains and adjacent new grains in the matrix (Halfpenny
et al., 2004). In contrast, GBM generally increases grain size of the
dynamically recrystallizing aggregate. GBM recrystallization in
combination with SGR can also result in grain size decrease, but
regardless to the size of subgrains developed in porphyroclasts
(Passchier and Trouw, 2005).

Previous studies (Talbot and Rogers, 1980; Urai et al., 1986b;
Schléder and Urai, 2007; Urai and Spiers, 2007; Schoenherr et al.,
2009) suggest that dislocation-creep-accommodated dynamic
recrystallization and pressure-solution creep both govern rheology
of active salt extrusions. Various creep laws are available (e.g. Carter
et al., 1993 and Spiers et al., 1990) to describe the specific defor-
mation mechanisms. However, the salt flow is best described by
a multi-mechanism creep equation and deformation map for
rocksalt, which combine the flow laws for different deformation
mechanisms (Spiers and Carter, 1998) and suggest that under
natural conditions flow will occur either by climb-controlled
dislocation creep and/or pressure-solution depending on the grain
size (Schléder, 2006; Urai et al., 1986b, 2008). Activity of these
deformation mechanisms is also strongly promoted by inter-gran-
ular fluid (Urai and Spiers, 2007), that was incorporated in the salt
mass during its deposition (Schléder and Urai, 2005) or by influx of
meteoric water into extrusive salt, which together with small grain
size provide suitable conditions for dominant solution-precipita-
tion creep and accelerate salt flow in the salt glaciers (Jackson,
1985; Urai, 1987). In contrast, for relatively large grain size of
domal salts (2e20 mm), dislocation-creep-accommodated
dynamic recrystallization is dominant.

Schléder and Urai (2007) suggested that the salt flow in the
extrusion of Tertiary rocksalt in the Eyvanekey plateau was
heterogeneous and was accommodated primarily by several
mylonitic shear zones, where salt deformed exclusively by solu-
tion-precipitation creep and grain-boundary sliding (GBS) at grain
size of 0.6 mm, while in protomylonites between the shear zones
with grain size of 2e6 mm, salt deformed by combination of
dislocation and solution-precipitation creep with GBS. Schoenherr
et al. (2009) reported that the rocks salt microstructure of surface-
piercing diapirs of Ara Salt in Oman records an overprint of dislo-
cation creep microstructures originated in the diapiric stem by
recrystallization and solution-precipitation creep producing static
growth of new grains and fibrous microstructures. This salt also
contains elongated pores parallel with long axes of grains, which
we interpret as zones of salt leaching by meteoric water (see Fig. 8
in Schoenherr et al., 2009).

This paper presents a detailed microstructural study of salt
samples collected from the active Qum Kuh salt fountain in Central
Iran (Talbot and Aftabi, 2004; Schléder, 2006). Our goal is to
distinguish specific deformation mechanisms active at different
topographic positions of a mature and active salt extrusion (top,
middle and distal parts of the fountain respectively) in order to
understand their relative contribution to the flow of rocksalt and to
identify what processes control the anticipated switch of defor-
mation mechanisms in extrusive salt systems (Urai et al., 1986b).
Our study is based on microstructural analysis of blue thin sections
from rocksalt decorated by gamma-irradiation, quantitative anal-
ysis of the microstructures and CPO (crystal preferred orientation)
measurements using EBSD.

2. Local geology and sampling sites

Several diapirs of the Lower Oligocene Lower Red Fm and Lower
Miocene Upper Red Fm salt sequence reach the surface in central
Iran forming salt glaciers or salt fountains (Fig. 1; Jackson et al.,
1990). Those include the Qum Kuh fountain near the city of Qum,
some 150 km SSW of Tehran (Gansser, 1960; Jackson et al., 1990;
Talbot and Aftabi, 2004). The salt emerged from a depth of 5 to
3 km along a releasing bend in a major dextral transpressive fault
crossing the Qum basin (Jackson et al., 1990; Talbot and Aftabi,
2004). Talbot and Aftabi (2004) suggested that the salt surface
flows at a rate of 82 mm/a through a 1.5 � 1 km vent and that the
extrusion lasted at least 42 000 years. In contrast, satellite inter-
ferometry data reveal uplift of about 10 mm/a (see Fig. 29 in Hudec
and Jackson, 2007). The salt hill is 3 kmwide and rises 315 m above
the surrounding plateau. From the vent, the salt fountain spreads
w0.75 km to the west and w2 km to the south (Fig. 1; Gansser,
1960; Talbot and Aftabi, 2004). The complex surface pattern of
the salt layering reflects multiple repetition of the initial salt stra-
tigraphy by folds and several deformation phases (Fig. 1; Talbot and
Aftabi, 2004). The rocksalt throughout the fountain belongs to the
multicolored Upper Red Formation of Lower Miocene age and
consists of halite with minor buff anhydrite and trace of red clay
and green volcanic ashes. White salt of Lower Red Formation
(Lower Oligocene) occurs locally at the base of the allochthonous
salt (Talbot and Aftabi, 2004).

In a field campaign, we collected 20 samples from different
locations in the salt fountain. For this study, we selected seven
samples (Fig. 1.b) including two samples (1.1 and 1.3) from the top
of the fountain, two samples (2.5 and 2.6) from the southern hill-
side (middle part of the fountain) and three samples (1.7, 1.4 and
9.3) collected in a quarry located on the western margin of the
fountain (distal part, Fig. 1.d). Samples from the top and middle



Fig. 1. Simplified regional setting of Qum Kuh rocksalt fountain (central Iran): (a) Surfaced evaporites in the Garmsar basin and adjoining Qum and Great Kavir basins (after Jackson
et al., 1990). The location of the study area is indicated with a rectangle; (b) Simplified map of the Qum Kuh with sampling localities, topographic contours and stratigraphy
indication (c) Cross-section throughout the salt structure of Qum Kuh, no vertical exaggeration; (d) Cross-sections of fountain structures from profiles indicated in (b): 1) General
pattern of distorted layering corresponding to original rocksalt stratigraphy along southenorth profile; 2) and 3) show simplified profiles depicting old and new recumbent flow
folds with circumferential axes omitting local complications due to radial folds. (e) Typical sampling outcrop showing efflorescence pattern (hammer for scale). (b), (c) and (e) are
re-drawn from Talbot and Aftabi (2004).
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parts of the fountain represent the Upper Red Formation salt,
whereas three samples from the distal part represent the white salt
of Lower Red Formation (Fig. 2).

3. Sample preparation and methods

Raw samples were first cut into slabs (6 � 6 � 2 cm) with small
amount of water to prevent micro-cracking. The slabs were
gamma-irradiated in the Research Reactor of Jülich (Germany) at
100 �C with dose rate of 3e4 kGy/h to a total dose of 5.7 MGy.
Etched thin sections were prepared parallel to the lineation and
perpendicular to the foliation following the technique described by
Schléder and Urai (2005). The microstructure was inspected in
transmitted and reflected light microscope. EBSD mapping of CPO
was performed on a scanning electron microscope CamScan3200
(Czech Geological Survey, Prague) and LEO1530 Gemini FESEM
(University of Bochum, Germany), both equipped with a Nordlys
EBSD detector. Pattern acquisition was carried out using



Fig. 2. Scanned thin sections of selected samples. Dark patches are second phases, mostly buff anhydrite, in the rocksalt. (a) Sample 1.1 is from the top part of the fountain;
(b) sample 2.5 from the middle part of the fountain, and (c) sample 1.7, is from the distal part of the fountain.
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acceleration voltage of 20 kV, beam current of 5e8 nA and 33 mm
working distance, using step size of 10 and 20 mm. The EBSD
patterns were indexed with the HKL Channel 5 software. The
quality of EBSD patterns was very high; therefore more than 90% of
measured points were successfully indexed. The maps were further
processed to remove erroneous data and to provide more complete
reconstruction of the microstructure (Prior et al., 2002; Bestmann
and Prior, 2003). Axial ratio of grains, together with eigenvalue
ratios of their matrix of inertia (shape preferred orientation) and
grain and subgrain sizes were statistically evaluated using the
PolyLX Matlab toolbox (Lexa et al., 2005; http://petrol.natur.cuni.
cz/wondro/polylx:home) from microstructures digitized in Arc-
View 3.2 from micrographs.

4. Results

4.1. Microstructural observations

4.1.1. Samples from the top of the salt fountain
Samples from the vicinity of salt fountain summit show fabric

made of 0.5e1 mm large equigranular sub-euhedral grains with
minor porphyroclasts (>1 mm in size) (Fig. 3, samples 1.1 and 1.3).
The porphyroclasts have subgrain-rich cores and interlobated grain
boundaries. Subgrains are homogeneous in size and slightly elon-
gated (Fig. 3.c). Subgrain-rich cores exhibit blue patches sur-
rounded by white halo (Fig. 3.b), which resemble but do not
completely match the subgrain boundaries as revealed by the
etching technique (Fig. 3.c). Small grains (less than 500 mm in size)
are euhedral and subgrain-free (Fig. 3.b). The euhedral grains are
decorated with deep blue bands that are parallel to their outer
edges. The bands are more clearly developed in grains that are
adjacent to the large subgrain-rich grains. Truncation relationships
are typical for interfaces between two banded grains (Fig. 3.e).
Grains in the size range of 0.5e1mm (Fig. 3.d) are sub-euhedral and
have a subgrain-rich core surrounded by more intense blue and
banded, but subgrain-poor rim. In the rim, white-decorated sub-
grain boundaries crosscut the deep blue bands (Fig. 3.d). Grain
boundaries between the porphyroclasts and the smaller subgrain-
poor grains contain arrays of fluid inclusions, while the grain
boundaries between the small grains are fluid-inclusion-free.

4.1.2. Samples from the middle part of the fountain
Salt collected from themiddle part of the fountain reveals similar

microstructure andgrain size (see Table 1, Fig. 4, samples 2.5 and2.6)
as that from the top of the fountain: 0.5e1 mm large, subgrain-free
sub-euhedral grains and few subgrain-rich interlobated
porphyroclasts (>1mm in size, Fig. 4.a). Dark blue and subgrain-free
grains have either rectangular edges on the contacts with subgrain-
rich grains (Fig. 4.b,c) or truncated contact (Fig. 4.e), where two
subgrain-free grains are adjacent. Grains (about 500e700 mm in
size) with subgrain-rich core and subgrain-free mantles are also
present. The subgrain-free rim is locallycrosscutbywhite-decorated
subgrain boundaries directing from the grain core towards the
margin (Figs. 4.d and5.c). Distributionoffluids at grain boundaries is
similar to that observed in the samples from the top of the fountain.

In one thin section, the salt is affected by several inter- and
intra-granular cracks that dip at shallow angles towards the front of
the fountain (sample 2.6, Fig. 5). Pores with smooth boundaries
elongated parallel with the sub-horizontal system of anisotropy-
related joints (Talbot and Aftabi, 2004) occur within or between the
grains. The pores have up to 0.5 cm in their long dimension. The
cracks are partially sealed and predate salt precipitates of dark blue
color (Fig. 5.b,c). Dark blue salt decorating most of the inter-gran-
ular boundaries and the intra-granular cracks defines a pervasive
and partly sealed crack network that penetrates the entire volume
of the studied specimen (Fig. 5.a). At higher magnification, the
inter-granular deep blue salt filling from this network is charac-
terized by irregular wavy banded structures (Fig. 5.d) made of
discontinuous white fluid-inclusion-rich bands alternating with
blue fluid-inclusion-poor bands (Fig. 5.e).

4.1.3. Samples from the distal part of the fountain
In the three thin sections from the distal part of the fountain, the

grain size distribution is bimodal approximately 2 mm-size por-
phyroclasts surroundedbysmall,<1mmsub-euhedral grains (Fig. 6).
Each thin section exhibits different proportion of porphyroclasts and
small sub-euhedral grains (Fig. 6). Sample 1.4 shows abundant por-
phyroclasts with homogeneous blue subgrain-free cores surrounded
by a white mantle about 200e500 mm thick containing numerous
subgrains less than 150 mm in size (Fig. 6.a). The small sub-euhedral
grains (<1 mm) are patchy-blue with only few well-developed
subgrains. Sample 9.3 (Fig. 6.b) reveals subgrain-rich porphyroclasts
with blue patchy core and white tails containing white or pale blue
subgrains (about 100 mm long), which are mostly elongated parallel
to the stretching lineation (Fig. 7.e). Finally, in sample 1.7 (Fig. 6.c),
porphyroclasts are deep-blue decorated, subgrain-rich and rarely
exhibit thewhite subgrain-rich rims observed for the porphyroclasts
as in sample 1.4 (Fig. 6.a). The surrounding sub-euhedral grains are
homogeneously blue and subgrain-free (Fig. 7.c,d). Where growth
bands are visible, they are clearly truncated by neighboring grains
(Fig. 7.f). Fluid inclusion distribution at grain boundaries is similar to
that observed in samples from the top and middle parts of the
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Fig. 3. Transmitted light and reflected light micrographs typical for samples collected at the top of the fountain. (a) Overview of the fabric at low magnification showing equi-
granular sub-euhedral grains (0.5e1 mm large) and some minor larger porphyroclasts (>1 mm in size). (b) Substructure-free grain rimmed by growth bands embayed by a sub-
grain-rich grain in transmitted light point to GBM, (c) reflected light micrograph of area (b). Note that, the cellular blue pattern revealed by gamma-irradiation does not match
exactly the subgrain boundary network revealed by the etching technique. (d) Subgrain-rich core with new subgrain-poor rim exhibiting growth bands. The new subgrain-poor rim
is crosscut by several white lines (indicated by white arrows) reflecting the edgewise propagation of highly misoriented subgrain boundaries behind the migrating grain boundary.
(e) Truncation of growth bands (the direction of indentation is indicated by white arrow) pointing to zone of preferential PS. On each micrograph, the stretching lineation is
horizontal. Sample number is indicated in the lower left corner of each micrograph.
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fountain (Fig. 8). Samples 9.3 and 1.7 reveal similar microstructures
as the mylonites described by Schléder and Urai (2007) from the
Garmsar hills and Eyvanekey plateau.

4.2. Quantification of textures

4.2.1. Quantitative analysis of microstructures
Quantitative microstructures for all thin sections from salt

fountain (Table 1) include mean grain and subgrain size, axial ratio
and calculated differential stress using the piezometric equation D
(mm) ¼ 215 s�1.15 (MPa) (Schléder and Urai, 2005; Urai and Spiers,
2007). To describe grain and subgrain sizes, we used the geometric
mean and the difference between the third and first quartile (grain-
size spread), which are the most representative values character-
izing the log-normal distribution (Lexa et al., 2005). Grain sizes of
samples collected in the upper and middle part of the fountain
(samples 1.1, 1.3, 2.5 and 2.6) range between 400 and 600 mm in
diameter whereas grain size of samples from the distal part of the
fountain is relatively smaller, 210e330mm(samples 1.7 and9.3). The
grain size spread also generally decreases from the top-middle part



Table 1
Quantitative analysis of microstructures performed on grains and subgrains.

Samples Grains Sub-grains

N Grain size Axial ratio N Sub-grain size Differential stress (MPa)

Geomean (mm) Q3�Q1 Geomean Q3�Q1 Geomean (mm) Q3�Q1

Top
1.1 147 0.442 0.425 1.441 0.360 717 0.038 0.029 4.5
1.3 57 0.413 0.312 1.491 0.446 e e e e

Middle
2.5 205 0.423 0.303 1.422 0.466 388 0.049 0.034 3.6
2.6 96 0.594 0.461 1.413 0.397 591 0.058 0.045 3.1

Front
1.4 279 0.391 0.385 1.648 0.596 850 0.047 0.036 3.8
1.7 628 0.214 0.181 1.562 0.506 1164 0.036 0.025 4.8
9.3 234 0.327 0.291 1.606 0.515 1619 0.038 0.032 4.5

N: number of objects analyzed (grain or subgrains).
Q3�Q1: difference between the third and first quartile; i.e., grain size spread.
Geomean: Geometric mean e most representative value for log-normal distribution.
The differential stress is calculated by sub-grain size piezometry using the equation from Schléder and Urai (2005).
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(Q3�Q1 ¼ 0.3e0.5) to the distal part of the fountain
(Q3�Q1¼0.18e0.3), except for sample 1.4,whereboth grain size and
grain size spread are similar to the samples from the top andmiddle
part of the fountain. In contrast, the axial ratio of grains increases
fromvalues around1.46 at the top to1.6 in distal part of the fountain.
Subgrains from subgrain-rich porphyroclasts measured in all
investigated samples reveal size between 36 and 58 mm corre-
sponding to differential stresses in the range of 3.1e4.8 MPa.

4.2.2. EBSD measurement on samples from the distal part of the
fountain

An EBSD map depicting the crystallographic orientation of 726
grains measuredwithin 8� 3mm area of sample 1.7 is presented in
Fig. 9. The CPO (crystallographic preferred orientation) pattern is
close to random. Only few low degree misorientation boundaries in
the map of crystallographic orientation (Fig. 9.b) confirm the
microscopic observation that the small grains have no substructure.
Subgrains are indicated in some of the larger grains by domains of
low misorientation with respect to the host grain. For sample 9.3,
EBSD mapping was performed in three distinct areas in the neigh-
borhood of substructure-rich porphyroclasts surrounded by sub-
grain-poor grains to test, whether the new grains form by
progressive subgrain rotation of subgrains in the rims of porphyr-
oclasts. The maps revealed porphyroclasts containing subgrains
with dominant misorientations from 2 to 5� with a few boundaries
between 5 and 10� and very rarely with 10e15� (a representative
EBSD map is shown in Fig. 10). Misorientation of 15� was taken as
lower limit for high-angle grain boundary (Bestmann et al., 2005).
Comparing the etched thin section images and the EBSD patterns
(Fig. 10.a,b), it is apparent that some of the subgrain boundaries do
not occur on the EBSD map, indicating that these boundaries have
a lower misorientation degree than 2� (Trimby et al., 2000). The
misorientation profiles indicated in Fig. 10.b reveal that the misori-
entation degree increases from the porphyroclast core towards the
new adjacent grain (Profile A-B, Fig. 10.d). The misorientation
change is gradual within the porphyroclasts. Similarly, profile C-D
(Fig.10.d), reveals a step-like and increasing then decreasing degree
of misorientation from one porphyroclast to another. This profile
and the stereographic projection data (Fig. 10.c) show that the
crystallographic orientation of both porphyroclasts is similar.

5. Discussion

Microstructural analysis of the rocksalt samples collected on the
active Qum Kuh salt fountain enabled identification of several
deformation mechanisms that contribute to viscous salt flow. Their
relative activity depends on the location within the extrusive salt
fountain. We also found microstructural evidence for rainwater
penetration into the fountain, which can causeweakening of salt by
enhancement of fluid-assisted deformation mechanisms. Results
are explained in the tectonic framework of this extrusive diapir.

5.1. Deformation and recrystallization mechanisms inferred from
the selected samples

As suggested by microstructural observations, the flow of
rocksalt in the fountain is provided by dynamic recrystallization,
including both grain-boundary migration (GBM) and subgrain
rotation (SGR) together with pressure-solution (PS) accommodated
grain-boundary sliding (GBS). These mechanisms operate simul-
taneously in deforming salt throughout the salt fountain, although
the evidence for relative dominance of PS-accommodated GBS
increases from the top to the distal part at the expense of dynamic
recrystallization.

5.1.1. Dynamic recrystallization
All gamma-irradiated samples investigated in this study show

evidence for growth bands, which reflect changes in grain-
boundary fluid chemistry or migration rate during grain-boundary
migration (Schléder and Urai, 2005; Murata and Smith, 1946).
Growth bands appear either in small subgrain-free grains in contact
with subgrain-rich porphyroclasts (Figs. 3.b,c and 4.b,c) or in the
subgrain-free rim of subgrain-rich core grains in contact with
subgrain-rich porphyroclasts (Figs. 3.d,e and 4.b). The subgrain-
poor grains with growth bands are interpreted to consume sub-
grain-rich grains by GBM (Guillopé and Poirier, 1980).

The subgrain-rich core in larger grains may be surrounded by
banded rim with elongated subgrains (Figs. 3.d, 4.d and 5.c). These
are interpreted to reflect the edgewise propagation of subgrains
behind migrating grain boundaries (Means, 1983; Means and Ree,
1988; Ree, 1991). This process is similar to that found in bischo-
fite (Urai, 1983, 1987) and octachloropropane (Means, 1983; see
also Urai et al., 1986a), where the dominant process during dynamic
recrystallization is simply the migration of pre-existing high-angle
grain boundaries, without the formation of newgrains sensu stricto
(Urai et al., 1987).

Considering a large variety of “substructure richness” in the
samples from the top andmiddle part of the fountain and abundant
growth bands with edgewise propagated subgrains we interpret
the growth bands as a result of strain-induced GBM rather than



Fig. 4. Transmitted and reflected light thin section micrographs of gamma-irradiated samples collected in the middle part of the fountain. (a) Overview of the thin section at low
magnification showing equigranular sub-euhedral grains (0.5e1 mm large) and some minor larger porphyroclasts (>1 mm in size). (b) Subgrain-rich old grain in contact with three
new subgrain-free grains in transmitted light, (c) shows reflected light micrograph of area (b), (d) banded rims in mantle of grains reveal highly misoriented subgrain boundaries
(white arrows). (e) Truncation of growth bands (the direction of indentation is indicated by white arrow). On each micrograph, the stretching lineation is horizontal. Sample number
is in the lower left corner of each micrograph.
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static annealing. The latter is typical for elevated temperatures
(Piazolo et al., 2006) or high differential stress (Schenk and Urai,
2004) and can be excluded for conditions occurring in extrusive
salt (<50 �C, <1 MPa in salt glacier; Schléder and Urai, 2007; and
<5 MPa for the domal salt; this paper, Table 1). Although static
recrystallization was suggested to be responsible for grain size
growth for a very coarse-grained (up to 14 cm) Ara salt type on the
top of surface-piercing diapir in Oman (Schoenherr et al., 2007a),
that could be alternatively explained by passive transport of coarse-
grained salt domain in undeformed state from greater depths as an
inclusion within the surrounding finer-grained salt. Non-banded,
substructure-free grains with sub-euhedral boundaries in the
vicinity of porphyroclasts in the samples from the distal part of the
fountain (Fig. 7.c,d) are also interpreted as a result of strain-induced
GBM.

Porphyroclasts with subgrain-rich margins (Figs. 6.a and 7.a,b)
observed in samples from the distal part of the fountain are typical
for SGR (Stipp et al., 2002; Drury and Urai, 1990; Passchier and
Trouw, 2005). Though such mechanism has not been clearly
proved to be operative in halite in natural conditions. However, our
EBSD results corroborate also SGR (Fig. 10), where marginal sub-
grains are progressively misoriented from the center towards the
rim of porphyroclasts. Considering the significantly larger grain
sizes of the substructure-poor grains in mantles of porphyroclasts
than the subgrains (Fig. 7.c,d; Table 1), the new grains are inter-
preted as originated by combined activity of SGR and GBM.



Fig. 5. Transmitted light thin section micrographs of gamma-irradiated sample
collected in the middle part of the fountain. (a) Overview of the fabric at low
magnification revealing large grains with subgrain-rich core and subgrain-poor rim
and few smaller subgrain-poor grains. Numerous inter-granular sub-horizontal cracks
segment the whole sample. The dashed white lines outline the pervasive inter- and
intra-granular network of precipitated brine. At this scale, the brine is slightly deeper
blue than the surrounding. (b) A large subgrain-rich core/new subgrain-poor rim grain
segmented by cracks, which are partially sealed by late salt precipitates. (c) Focus area
of the new subgrain-poor rim. The new subgrain-poor rim is crosscut by white line
reflecting highly misoriented subgrains. (d) Focus on the deep blue salt precipitated in
inter-granular channels showing irregular wavy banded structures. (e) Higher
magnification of the wavy banded structures depicted in (d) reveals white irregular
and discontinuous fluid-inclusion-rich bands alternating with blue fluid-inclusion-free
bands. On each micrograph, the stretching lineation is horizontal. Largest pores with
smooth grain boundaries are resulted from leaching of the rocksalt by rainwater (now
filled with epoxy resin). Sample number is in the lower left corner of each micrograph.
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The grain boundary between the subgrain-rich grains and sub-
grain-free grains invariably contains arrays of fluid inclusions. We
assume that this fluid is the original fluid present on grain
boundaries before sampling and that it was not introduced during
etching of the thin sections. Trace amount of brine greatly increases
the grain-boundary mobility and induces dynamic recrystallization
by fluid-assisted grain-boundary migration (e.g. Watanabe and
Peach, 2002).

5.1.2. Solution-precipitation
Truncation of growth bandmicrostructures byneighboring grain

boundaries (Figs. 3.e; 4.e and 7.f) pointing to dissolution during
solution-precipitation creep are present in all studied samples.
Similar microstructures originated by solution-precipitation creep
were reported by Spiers et al. (1990) in porous polycrystalline halite
containing saturated brine. The elongated subgrains in the tails of
porphyroclasts from samples of the distal part of the fountain (Figs.
6.b and 7.e) are interpreted as overgrowths that typically form in the
pressure shadows of rigid clasts and reflect pressure-solution creep
together with grain-boundary sliding process (Schléder and Urai,
2007; Schoenherr et al., 2009). Inter-granular fluid identified on
grain boundaries (Fig. 8) is essential for pressure-solution (Lehner,
1995; Schutjens and Spiers, 1999; Spiers et al., 2004; Passchier and
Trouw, 2005). Though evidence for dislocation creep regime were
also found in samples from the distal part of the fountain (Fig. 7.a-d,
see section 5.1.3), the absence of CPO in sample 1.7 (Fig. 9) and the
abundance of pressure fringes around rigid clasts only visible in
other samples from the distal part of the fountain (samples 1.4, 9.3;
Fig. 7.e) suggest that pressure-solution-accommodated GBS is the
dominant deformation mechanism active in the distal part of the
fountain, which is corroborated by the relatively smaller grain size
(Spiers and Carter, 1998; Table 1).

5.2. Possible incorporation of rainwater into rocksalt
microstructures

In the gamma-irradiated sample 2.6 (Fig. 5), whichwas collected
at the surface of themiddle part of the fountain, the boundaries and
also sub-horizontal inter-granular fractures impregnated by dark
blue salt characterize an interconnected network. The dark blue salt
is interpreted as crystallized brine that penetrated into the porous
salt mass after rainfall. Sub-horizontally elongated pores in the
specimens also likely reflect parts leached by halite-unsaturated
rainwater penetrating the surficial layer of the salt fountain. The
micro-channels that streamlined the meteoric water are man-
ifested by irregularly banded dark blue salt with discontinuous
fluid-inclusion-rich bands, “hugger-mugger” wavy bands and lack
of any grain and subgrain structures (Fig. 5.d,e). These are clearly
different from straight fluid-inclusion-outlined arrays and chev-
rons characteristic primary (syn-sedimentary) structures (Schléder
and Urai, 2005). The origin of porosity in salt is commonly micro-
cracking and dilatancy at high fluid pressure or low mean stress
(Urai et al., 2008; Schoenherr et al., 2007b). However, the long-term
stress conditions at the surface of the extrusive salt do not meet
these requirements for dilatancy. We propose that the porosity in
the rocksalt on the surface of the salt fountain is promoted by joints
that form due to diurnal and seasonal thermal contraction and
expansion (Talbot and Aftabi, 2004), which can cause intra- and
inter-granular micro-cracking. In addition, rainwater influx can also
exploit dilational joint systems that occur parallel and perpendic-
ular to the mechanical anisotropy provided by the compositional
layering and/or the grain-shape fabric. These up to three orthog-
onal joint systems are present on almost every salt outcrop as
described by Talbot and Aftabi (2004). The vertical joints affecting
the surficial rocksalt should also slowly dilate as this surficial



Fig. 6. Transmitted light thin section micrographs of gamma-irradiated samples from the distal part of the fountain, showing small (<1 mm) sub-euhedral grains surrounding the
porphyroclasts (2 mm long in their longer dimension), (a) Sample 1.4; large porphyroclasts with deep blue subgrain-free cores surrounded by thin white subgrain-rich rim. (b)
Sample 9.3; large and subgrain-rich porphyroclasts enclosed in subordinate fine-grained matrix of small polygonal grains. Pale blue or white elongated subgrains occur in pressure
shadows around some porphyroclasts with deep blue color in the core. (c) Sample 1.7; porphyroclasts are deep blue with numerous subgrains developed in a narrow zone
crosscutting obliquely the entire porphyroclast, porphyroclasts are surrounded by sub-euhedral grains, which are homogeneously blue and subgrain-free. On each micrograph, the
stretching lineation is horizontal. Sample number is in the lower left corner of each micrograph.
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carapace extends due to continuous growth/inflation of the viscous
fountain. Identification of this micro-scale crack network marked
by newly precipitated brine (Fig. 5.a) suggests that meteoric water
can be incorporated into the salt rock microstructure as fluid
inclusions trapped in the inter-granular network (Fig. 5.e) and can
be later re-mobilized to enhance the rate of deformation mecha-
nisms in rocksalt (Schenk and Urai, 2005; Schmatz and Urai, 2009).
The sub-horizontal elongation of smooth shaped pores suggests
that the rocksalt is dissolved by fresh water primarily along the
sub-horizontal system of cracks (Fig. 5.a,b). It is also possible that
the leached parts of the rocksalt were partly precipitated along the
identified sealed crack network.

5.3. Salt flow dynamics in extrusive salt from identified deformation
mechanisms

The movement of rocksalt from the source layer through
a diapiric stem to the Earth surface is accompanied by significant
changes in deformation conditions, which is accentuated by the
three-dimensional nature of salt flow in the diapiric system
(Talbot and Jackson, 1987). Besides decreasing temperature of
deformation given by the local geotherm, the salt flow is strongly
accelerated, when flowing radially from the source layer to the
narrow diapiric stem and is characterized by convergent flow
(Fig. 11; Talbot and Jackson, 1987; Paterson et al., 1998; Kratinová
et al., 2006). The accelerating salt flow in the narrow diapiric stem
is accompanied by differential stress increase. In contrast, the flow
rate of salt decelerates, where the salt fountain pours out radially
from its orifice on the Earth surface due to divergent flow (Talbot,
1998; Buisson and Merle, 2002, 2004; Závada et al., 2009).
Microstructural evidence in this and previous studies suggests
that these changes in deformation conditions throughout the
entire diapiric system are recorded in the deformation micro-
structures. Subgrain size piezometry in our samples indicates
differential stresses of 3.1e4.8 MPa, which is at least four times
than we can expect in the salt glacier (less than 1 MPa in Schléder



Fig. 7. Transmitted and reflected light thin section micrographs of gamma-irradiated samples collected from the front of the fountain showing details of microstructures in Fig. 7. (a)
Large porphyroclasts showing deep blue core surrounded by white rim in transmitted light. (b) Same region presented in (a) but in reflected light, note that the white rim is
subgrain-rich whereas the core is subgrain-free. (c) New subgrain-free grains interpreted to nucleate from subgrain-rich mantles of pophyroclasts by SGR and GBM. (d) Subgrain-
free grains at subgrain-rich old grain contacts. (e) Pressure shadow behind a large subgrain-rich grain showing characteristic fringes consisting of white-pale blue elongated
subgrains. (f) Small sub-euhedral grains exhibiting band microstructures are systematically truncated by indentation from the adjacent grain. On each micrograph, the stretching
lineation is horizontal. Sample number is in the lower left corner of each micrograph.

Fig. 8. Transmitted light micrographs of nongamma-irradiated sample from the front of the fountain (sample 9.3). Fluid inclusion topology on grain boundaries is typical for all
samples regardless of their location. (a) Arrays of fluid inclusions at the grain boundary (upper left), micrograph shows grain boundary between porphyroclast and strain-free grain.
(b) Fluid-inclusion tubes at triple point junctions between “strain-free” grains.
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Fig. 9. EBSD measurements of the halite fabric in sample 1.7 from the distal part of the fountain. The stretching lineation is horizontal. (a) Reflected light micrograph showing area
mapped by EBSD. (b) EBSD map colored according to all Euler orientations (green pixels ¼ zero solution), created with a step size of 10 mm. Misorientation between grains was
plotted using the following color code: white boundary >2e5� , blue: 5e10� misorientation, yellow: 10e15� and black: >15� misorientation. (c) Equal area, lower hemisphere
projections of the crystallographic orientation data (one point per grain is plotted for total 726 grains). The dataset shows random crystallographic orientation typical for dominant
PS-accommodated GBS regime.
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and Urai, 2007), two times than calculated for the Garmsar hills
salt glacier in central Iran (Schléder and Urai, 2007), slightly
higher than the salt from diapiric wall in Klodawa salt mine
(Schléder et al., 2007) and in the same range as rocksalts repre-
senting the upper part of surface-piercing diapirs by Schoenherr
et al. (2009). Differential stresses calculated from piezometry are
about 2� higher in the diapiric stems represented by surface
piercing Ara salt in Oman than in the source layer of the same
rocksalt (Schoenherr et al., 2009). Therefore, for the Qum Kuh
fountain, we interpret that the subgrains in the porphyroclasts
originated in the diapiric stem (Fig. 11), marked by high
differential stresses during dynamic recrystallization of rocksalt
governed by accelerated convergent viscous salt flow. The sub-
grains were then preserved within the porphyroclasts during salt
flow towards the distal part of the fountain. This interpretation is
in agreement with previous studies (Schléder and Urai, 2007;
Schoenherr et al., 2009) and seems possible, considering that
primary sedimentary features were found in porphyroclasts of
surfaced rocksalt extruding from depth of 2 km (Schléder and
Urai, 2007). The diapiric stem is also marked by balanced
activity of SGR and GBM as also suggested for diapiric salt wall in
Klodawa salt mine in Poland (Schléder et al., 2007).



Fig. 10. EBSD measurement of an area encompassing two substructure-rich porphyroclasts (sample 9.3). (a) Reflected light micrograph showing sub-euhedral grains between the
deformed grains. (b) Same area as (a), mapped with a step size of 20 mm. The map is color-coded according to all Euler orientation. White boundary: 2e5� misorientation, blue:
5e10� misorientation, yellow: 10e15� misorientation and black: >15� misorientation. Note that the upper grain has a subgrain-poor core and a subgrain-rich rim. Some subgrains at
the immediate vicinity of the grain boundary reveal higher misorientation angle than the others. (c) Equal area, upper hemisphere projection of all the data points. The orientation
of the substructure-rich porphyroclasts are denoted with a yellow cross and a yellow circle symbols (see image b). For comparison, orientation of three strain-free grains is also
shown (see circle, diamond and triangle in image b). (d) Misorientation profiles across the EBSD map indicated in (b) reveal a systematically increasing degree of misorientation
from the porphyroclast to a new adjacent grain (Profiles A-B and C-D). Profile C-D indicates step-like increase and decrease in misorientation between the two porphyroclasts in the
EBSD map (b), which can represent remnants of a single large porphyroclast, considering their close crystallographic orientation (c). Starting points of these profiles (A or C) were
used as reference points (i.e. 0� misorientation).
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In contrast, growth of grains and subgrain boundaries growing
edgewise from subgrain-rich cores (GBM, Fig. 11) reflect recovery of
the aggregate during dynamic recrystallization after stress drop
and salt flow deceleration, where the salt fountain pours out
radially from its orifice on the Earth surface (Talbot, 1998; Buisson
and Merle, 2002, 2004). Although the microstructures evince
combined activity of both dynamic recrystallization (GBM) and
pressure-solution-accommodated GBS, dynamic recrystallization is



Fig. 11. Schematic diagram explaining the evolution of deformation microstructures in
the entire diapiric system. The microstructural evolution reflects primarily the
changing deformation conditions governed by the three-dimensional flow geometry in
the diapir. From the source layer to the diapiric stem, salt flow converges radially and
accelerates, which is accompanied by higher differential stresses producing small
subgrains. In contrast, at the surface, salt flow diverges and therefore decelerates when
flowing from the diapiric orifice. Flow kinematics of viscous extrusions (radial
stretching at the base and circumferential stretching in the top part) is also depicted
(Buisson and Merle, 2004; Závada et al., 2009). GBM e grain boundary migration, SGR
e subgrain rotation, PS e pressure-solution creep.
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clearly dominant in the top and middle part of the fountain
(compare similar microstructures in Figs. 3 and 4).

Rainwater influx (Talbot and Rogers, 1980; Urai et al., 1986b;
Urai and Spiers, 2007) into the salt extrusion was documented in
one sample collected in the middle part of the fountain (Fig. 5). The
amount of water incorporated into the salt extrusion is unknown,
though it must be considerable as suggested by the semi-perma-
nent salty lake at the southern, distal part of the fountain. However,
considering the abundance of microstructures indicating pressure-
solution creep in surface piercing plug of Ara salt in Oman
(Schoenherr et al., 2009) in contrast to lack of such microstructures
in the top of Qum Kuh fountain, we suppose that the influx of
meteroic water into the fountain (Qum Kuh) was slower than into
the surface piercing plug of Ara salt. This can be explained by slower
viscous flow-induced extension of the surficial salt carapace and
consequent extension of inter-granular channels in mature extru-
sions (Buisson and Merle, 2002, 2004) than in the surface piercing
salt plugs or by higher precipitation rate in Oman than in central
Iran.

In contrast to similar microstructures in samples from the top
and middle part of the fountain, each sample from the distal part of
the fountain displays different microstructures (Fig. 11). The
sequence of samples 1.4, 9.3 and 1.7 is interpreted to represent
a continuous microstructural evolution. While the gneiss sample
1.4 reveals core and mantle porphyroclasts and poorly developed
pressure shadows with elongated subgrains, in protomylonite
sample 9.3, porphyroclasts contain abundant subgrains in their
entire volume and most of them are surrounded with well-devel-
oped pressure shadows with elongated subgrains (Fig. 7.e). Finally,
the most intensely recrystallized sample (mylonite in this
sequence) 1.7 reveals only few porphyroclasts with variable
content of subgrains and large amount of subgrain-free polygonal
grains. This sequence is interpreted to record an increased activity
of pressure-solution (PS) creep accommodated GBS on behalf of
coupled SGR and GBM accommodated dynamic recrystallization
(Fig. 11).

Two interpretations can explain the textural variation of the
samples 1.4, 9.3 and 1.7 from the distal part of the fountain: 1) This
variation reflects a locally high strain gradient in rocksalt, which is
expected at the base of the fluid extrusions (Merle, 1998; Buisson
and Merle, 2004) and these samples record a continuous
sequence of increasing finite strain. 2) The samples represent
different original salt layers characterized by various original grain
size and strength. The relatively “strong” rocksalts (represented by
samples 1.4 and 9.3) deformed primarily in the diapiric stem and
were then transported passively to their present position “en
masse” within weaker rocksalt layers as individual porphyroclasts
enclosed in the “weak” matrix of small grains in sample 1.7.

Increasing dominance of pressure-solution creep over dynamic
recrystallization from the top to the distal part of the fountain is
explained by influx of meteoric water into the salt fountain and also
grain size decrease by combined activity of SGR and GBM. Our
results are in good agreement with experimental deformation of
wet fine-grained halite (Urai et al., 1986b; Peach et al., 2001; Ter
Heege et al., 2005; Schléder and Urai, 2007) where solution-
transfer processes dominate over crystal-plastic deformation
mechanisms in fine grain halite aggregates deformed at low
differential stress.

6. Conclusions

Our study of rocksalt microstructures from the Qum Kuh salt
fountain confirms that gamma-irradiation is a fundamental tech-
nique for rocksalt microstructural investigations. This technique,
together with EBSD analysis of crystallographic orientation and
quantification of the rocksalt microstructures using the PolyLX
Matlab toolbox represent a powerful approach for identification of
deformation mechanisms in natural rocksalt. Concerning the study
of the Qum-Kuh salt fountain, our microstructural analysis of the
gamma-irradiated specimens revealed that: (1) the internal parts of
porphyroclasts in all samples preserve deformation micro-
structructures recording the high-stress deformation conditions
from the diapiric stem, (2) differential stress drop and recovery of
rocksalt during dynamic recrystallization and decelerating diver-
gent flow above the extrusion orifice is reflected by grain growth
and edgewise propagation of subgrains by grain-boundary migra-
tion (GBM), (3) the transition from GBM-controlled dislocation
creep with subordinate solution-precipitation e grain-boundary
sliding (PS-GBS) in the top and middle part of the extrusion to
dominant PS-GBS with subordinate GBM and probably SGR in the
distal part of the fountain, (4) the role of combined activity of GBM
and SGR for grain size reduction inducing the switch from domi-
nant dynamic recrystallization into dominant solution-precipita-
tion creep from the top and middle part to the distal part of the
fountain and (5) penetration of rainwater into the salt mass and
storage of small amount of fluid in the surperficial salt mass, which
is later susceptible to enhance the activity of both dynamic
recrystallization and solution-precipitation accommodated GBS.
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