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ABSTRACT
Based on known extrusion rates, the viscosities of the Hormuz and the Namakdan salt diapirs
in the Persian Gulf were estimated to be between 1.15×1017 and 8.75×1020 Pa s, and the Tso
Morari gneiss dome in the Himalaya to be  1022 Pa s. The idea behind doing these exercises was
that the deduced parameters would help us in building scaled analogue model of tectonics of these
areas. Neglecting any gravity spreading, erosion and the geothermal gradient, these diapirs and domes
were assumed to be incompressible Newtonian viscous fluids, which extruded at rates of few mm
per year through channels of uniform elliptical or circular cross-sections driven by buoyant push
arising from minor difference in density of the rocks at the bottom.  However, while the salt diapirs
rose  10 km through vertical channels for 104 yrs, the gneiss dome extruded hundreds or even
thousands of km along a channel that plunged between 70 and 620 (maximum variation allowed
by previous workers in their models) for 53 Ma covering hundreds or even thousands of km along
the channel. Starting from the Poisson equation, the velocity profile of the salt diapirs are deduced
to be time dependent and free from any overburden rocks, whereas that the velocity profile for the
Tso Morari dome was independent to time and a plug of multi-lithology tried to prevent its extrusion
were considered.

INTRODUCTION

That a body of fluid of higher density will sink in a
surrounding immiscible fluid of lower density and
displace it upward is a well known corollary of
Archimedes’ principle in fluid mechanics and is one
of the mechanisms that drive isostasy. The most
majestic manifestations of this physical process are
the downbuilding of salt diapirs over last thousands
of years from a shallow crustal depth up to a rates of
3 mm yr-1 (e.g. Koyi 1997), and bodies of ultra-high
pressure metamorphic rocks that rise > 100 km
equally fast from the asthenosphere over several
million years (Gulliot et al., 2009). One of the most
fruitful applications of the concept of isostasy has
been indirect estimations of the viscosities of the
Earth’s crust based on crustal rebound rates- the
Fennoscandian shield being the classical study area
(Schubert, Turcotte & Olson 2001). Recently
Mukherjee, Talbot & Koyi (2010) estimated the
viscosity of salts in the Hormuz and the Namakdan
salt diapirs in the Persian Gulf (Fig.1) to range

between 1.15×1017-8.75×1020 Pa s. Mukherjee &
Mulchrone (submitted) performed a sequel exercise
on the Tso Morari gneiss dome in the western Indian
Himalaya (Fig.2) and constrained its viscosity during
extrusion to have been  1022 Pa s. This work aims
(i) to compare the tectonic scenarios of these two very
different study areas and summarize the findings of
viscosity through analytical model, and (ii) explain
the underlying extrusion principles. The study does
not involve generation of any new geochemical data.
Rather it uses the existing data to deduce the flow
parameter.

The Salt Diapirs & the Gneiss Dome

The Neoproterozoic Cambrian salts of the Hormuz
and the Namakdan diapirs in the Persian Gulf rose
most of their way to the surface due to a Rayleigh-
Taylor instability created by the downbuilding of
superjacent Phanerozoic limestones of higher density
(Fig.3). The salt also contains relatively small bodies
of Paleozoic silicic igneous rocks. The local rise rates
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Figure 1. Geography of the Hormuz- and the Namakdan diapirs. Shaded areas represent exposed salts. Reproduced
from Bruthans et al. (2006).

Figure 2. Geological map of the Tso Morari dome (reproduced partially from fig. 1 of Epard & Steck, 2008, but the
term 'Tso Morari Nappe' of the authors is replaced with 'Tso Morari Dome' following Mukherjee & Mulchrone
(submitted). TN- Tetraogal Nappe; NT- Nyimaling Thrust, TML- Tso Morari lake.
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of these diapirs were found to match with that
expected from a Newtonian fluid (Bruthans et al.,
2006). The Proterozoic to Paleozoic qurtzofeldspathic
Tso Morari orthogneiss rarely with some pelitic
component, on the other hand, extruded as a NW-
SE trending dome starting from ~ 53 Ma and from
a depth of ~ 120 km through an inclined subduction
channel located at the continental suture of the
Indian- and the Eurasian plates (Mukherjee, Sachan
& Ahmad 2005; also see Guillot et al., 2008)
(Figs.4a,b). Recently the Dalhousie school modeled
its extrusion as the ascent of an incompressible
Newtonian viscous fluid (e.g. Beaumont et al., 2009).
In such considerations, the properties of solids, such
as the Poisson ratio, do not come into consideration.
Ductile shear sense indicators indicative of their
extrusion are not exposed on the flanks of the
Hormuz and the Namakdan salt diapirs. However, the
flank of the Tso Morari dome has revealed prominent
mylonitization and extensional down-dip prominent
ductile shear (Guillot, Hattori & Sigoyer  2000). The
Hormuz and the Namakdan salt diapirs are still
partially capped by recent marine sediments. On the
other hand, the lithology of greywacke and carbonates
that overlay TMC gneiss now surrounds its flank
(Epard & Steck 2008).

As expected in natural cases, both the salts in the
Hormuz and the Namakdan diapirs, and the gneiss

in the Tso Morari dome are ‘impure’. For example, both
thee salt diapirs include < 1% by volume of mélange of
inclusions’ of sedimentary (sandstone, limestone,
dolostone, shale, siltstone), igneous (rhyolite, andesite,
ignimbrite, trachyte, granite, gabbroic rocks,
metaphyres, tuffs) and metamorphic rocks (schists,
gneisses, metabasites, quartzite) (Bruthans et al., 2006;
and references therein). In the TMC gneiss, on the
other hand, there are reports of much smaller
amounts of serpentinites (in the mélange part),
carbonates and eclogites (Sachan, Mukherjee &
Ahmad 2005 but also others). This is one more reason
why taking a range of density values of the lithologies
are justified in the extrusion models of Mukherjee,
Talbot & Koyi (2010) and Mukherjee & Mulchrone
(submitted) rather than single specific values.

The shapes of the channel through which the salt
and the gneiss flowed were similar, i.e. a cylinder with
a uniform elliptical cross-section. However, the
lengths, areas and plunges of these channels were
drastically different (compare Figs.3 and 4). For
example, (i) the length of the channel in the Hormuz
and the Namakdan diapirs are much shorter (d” 10
km; Koop & Stonely 1982; Bahroudi & Talbot 2003)
than the ~ 120 km (Mukherjee, Sachan & Ahmad
2005; Guillot et al., 2008) for the Tso Morari dome.
(ii) In cross-sections, the two salt diapirs have very
low ellipticity (= major axis divided by the minor

Figure 3. Mechanical model of salt extrusion. A: vertical column with an elliptical cross-section for the Hormuz
diapir and a circular one for the Namakdan diapir of diameter '2y0' units. 'A' is of length 'H' and is connected with a
horizontal channel. Both the channels are full of salts of density d1. Overburden limestones of density d2 (> d1)
exerts pressure and extrudes salts through 'A'. Reproduced from Mukherjee, Talbot & Koyi (2010).
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axis) of e ~1.3 (Bruthans et al., 2006; Mukherjee,
Talbot & Koyi 2010). By contrast, the Tso Morari dome
outcrop is an irregular ellipse (Fig. 1 of Epard & Steck
2008). Mukherjee & Mulchrone (submitted) obtained
a best fit ellipse (Fig.5) on this outcrop and deduced
the lengths and trends of its major- (90 km, SE-NW)
and the minor axis (32 km, NE-SW) and a high
ellipticity of 2.81. Physical boundary conditions of the
diapirs and the dome are presented between columns
7 to 11 in Table-1.

The densities of the extruding rocks and their
overburdens in the diapirs and the dome are
unknown. The widest possible variations of these
values were, therefore, collected from literature
(columns 4, 14 and 16 in Table 1). These data were
used in the extrusion models of Mukherjee, Talbot
& Koyi (2010) and Mukherjee & Mulchrone
(submitted) to calculate a range of viscosities (the last
column in Table 1; also see Fig. 6 and its caption).
The two salt diapirs were extruded by the sinking of

limestone 0.17 to 0.8 gm cm-3 more dense than the
salts. On the other hand, the extrusion of the TMC
was driven by sinking of a mantle layer with a similar
density difference that ranged from 0.22 to 0.81 gm
cm-3.

The extrusion rates of the salts in the two diapirs
and the gneiss in the TMC dome was mostly of the
order of few mm per year. Detailed geochronologic
studies by Epard & Steck (2008) demonstrated a fall
in extrusion rate of the TMC gneiss dome- in the last
30 Ma the rate was 0.5 mm yr-1. However, Bruthans
et al., (2006) was not sure of any change in extrusion
rate of the salt diapirs. The data set of extrusion rates
at particular locations of the Hormuz and the
Namakdan diapirs come all from Bruthans et al.,
(2006). Those for the Tso Morari Gneiss dome come
from Guillot, Hattori & Sigoyer (2000); de Sigoyer,
Guillot & Dick (2004); Sachan, Mukherjee &
Ahmad (2005); and Epard & Steck (2008). The
extrusion rates of these diapirs and the dome are

Figure 4. Disposition of lithologies in the inclined channel before (Fig. 4a) and during (Fig. 4b) extrusion. The two
shaded layers represent mantle that may have different densities. Layer-0: mantle; layer-1: proto-TMC gneiss;
layer-2: mantle; layer-3: crust of known lithology;  layer-4: crust of unknown lithology. Neither to scale nor angle.
Reproduced from Mukherjee & Mulchrone (submitted).
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Figure 5. Considering sixty six points on its margin, the sub-elliptical outcrop of the Tso Morari dome was
approximated with a best fit ellipse (reproduced from Mukherjee & Mulchrone submitted).

Figure 6. Extrusion rates (mm yr-1) at measured locations of Hormuz- (Fig. 6a) and Namakdan salt diapirs (Fig. 6b).
Reproduced from Bruthans et al. (2006).

listed in the sixth column of Table-1. The TMC
gneiss extruded from ~ 120 km depth through a
channel that plunged at angles ranging from 7 to 620.
Taking these two limiting values of the plunge, allows
an estimate of the distance that the TMC gneiss
moved along the channel to between ~ 234.4 and

1698.5 km. By contrast, the Hormuz and the
Namakdan salt bodies traveled  10 km (Mukherjee,
Talbot & Koyi 2010). While the time taken by the
TMC gneiss to reach the surface was 53 Ma (Epard
& Steck 2008), that for the Hormuz and the
Namakdan diapirs were only 104 yrs.
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MODELS & RESULTS

The starting equation in estimating the viscosities is
the well known ‘Poisson equation’:

(2Uz/x2)+(2Uz/y2)=-1[(P/z)–d1gSin] (1)

The use of this equation is to build up an
extrusion model of the domes in different contexts.
The equation (same as eqn 6.190 of Papanastasiou,
Georgiou & Alexandrou 2000) considers the laminar
flow of an incompressible Newtonian viscous fluid
due to a pressure gradient ‘P/z’. The fluid has a
density ‘d1’ and a velocity ‘Uz’ takes place against
gravity along the ‘Z’ direction through an infinitely
long channel that dip at an angle of ‘’. ‘X’ and ‘Y’ are
the axes on the cross-section of the channel. In the
present cases of salt diapirs, sinking of a fluid of
density ‘d2’ (> d1) pushes the low density fluid
through a vertical ( = 900) channel (Fig.3), so that:

(2Uz/x2)+(2Uz/y2)=-1[g (d2–d1)– Pout(t) H-1]  (2)

where Pout(t) is the pressure exerted by the temporally
piling up of the extruded fluid above the vent.

Mukherjee, Talbot & Koyi (2010) derived the
solution of this equation is as follows:

Uz (x,y,t) = 0.5g -1 a2 b2 (d2–d1) (a
2 + b2)-1

× (1–x2 a-2 – y2 b-2) (1 – t -1)        (3)

where  = [4  H a-2 b-2 d-1 1 g-1 (a2 + b2)]       (4)

In a simplified case of a circular cross-section of
radius ‘y0’, i.e. a = b = y0, eqn (3) simplifies to Uz
(y1,t) = 0.25 g -1 (d2 – d1) (y0

2–y1
2) (1–t -1)      (5)

and eqn (5) to  = 8  H y0
–2 d-1 g-1       (6)

The velocity profile given by eqn (3) is dependent
on time (t). However, if the effect of the pressure
exerted by the up-building fluid is neglected, i.e. Pout(t)
= 0, eqn (2) takes the following form when a channel
with ‘’ plunge is considered (Mukherjee &
Mulchrone, submitted) (Fig. 4a), which is independent
of ‘t’:

Uz (x,y) = 0.5g -1 a2 b2 Sin (d2 – d1)
     (a2 + b2)-1 × (1 – x2 a-2 – y2 b-2)       (7)

At the centre (x = y = 0), 0.5g -1 a2 b2

  Sin (d2 – d1) (a
2 + b2)-1            (8)

When an overburden of three immiscible layers of
fluids with their lengths along the channel ‘h2’, ‘h3’
and ‘h4’ (Fig. 4a) and densities ‘d2’, ‘d3’ and ‘d4’ at the
top of the fluid column of density ‘d1’ is considered,
eqn (7) takes the following form

Uz (0,0) = 0.5 μ-1 g a2 b2 Sin (d – d1 h1
H-1-d2 h2 H

-1-d3 h3 H
-1-d4 h4 H

-1)(a2 + b2)-1       (9)

While Mukherjee, Talbot & Koyi (2010) used eqn (4)

Table 1. Physical boundary conditions, flow parameters and the estimated viscosities in Mukherjee, Talbot & Koyi
(2010) for the salt domes, and Mukherjee & Mulchrone (submitted) for the TMC gneiss dome.
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to put extrusion rates at known coordinates and
calculate the viscosity of the Hormuz diapir
considering it to have a perfectly elliptic section, and
eqn (5) for the Namakdan diapir considering its
section to be circular; Mukherjee & Mulchrone
(submitted) used eqn (9) to put extrusion rates at the
model center of the ellipse of best fit on the sub-
elliptical profile of the subduction channel through
which the TMC gneiss rose. The locations of known
extrusion rates for the two salt diapirs are shown in
Figs. 6a and -b. The set of chosen parameters for
which the optimum values of viscosities are deduced
for the diapirs and the dome are presented in Tables
2 to 4. The east and the north directions for the
Hormuz diapir were considered to be that of the
positive directions of the X and the Y-axis. Thus,
coordinates of points lying at the west (or south) of
the centre of the diapir were taken negative (e.g. the
data for the second column at the second row in
Table 2). The three layers of overburdens considered
from top to bottom are: the crust of unknown
lithology, a crustal layer of known lithology (mainly
turbidites and ophiolites) and a mantle layer (see
column 12 of Table 1). The former layers now flank
of the TMC gneiss dome as the Tetraogal Nappe, the
Mata Series of rocks, and the Karzok Ophiolite
Complex.

Mukherjee, Talbot & Koyi (2010) estimated the
viscosity of the Hormuz diapir to be 1018 -1021 Pa s,
and 1017 -1021 Pa s for the Namakdan diapir.
Reviewing 37 viscosity values of salts in the
literatures since 1967, they concluded that their
viscosity estimates were higher than usually taken for
natural salts but the data matched with other salt
diapirs. Mukherjee & Mulchrone (submitted), on the
other hand, estimated the maximum viscosity of the
TMC gneiss to be  8× 1022 Pa s. Compared to
previous data on viscosity, summarized here in Table
5, they concluded that the TMC gneiss could be 102

order of magnitude more sluggish than other gneisses
and granites, although the estimated maximum limit
broadly conformed with that for crustal channels and
lithospheric and asthenospheric values. Notice that
while Mukherjee, Talbot & Koyi (2010) gave a range
of viscosity values for salts, Mukherjee & Mulchrone
(submitted) could produce only the upper limit of
viscosity of the gneiss. This was because, unlike
Mukherjee, Talbot & Koyi (2010) who input only the
boundary values of densities in eqn (2), Mukherjee
& Mulchrone (submitted) considered all possible
values of densities and in their respective ranges in
eqn (6), which led in some cases (d – d1 h1 H

-1 - d2
h2 H

-1 - d3 h3 H
-1 - d4 h4 H

-1) to be < 0 leading to
hypothetical negative values of viscosities indicative

Table 2. Calculation of a range of viscosity 1×1018 to 8.75×1020 Pa s, shown in bold in table, for the Hormuz
dome. It is a partial reproduction of table 1 of Mukherjee, Talbot & Koyi (2010). Eqns (3) and (4) were utilized. See
Fig. 6a for sample locations.

Table 3. Calculation of a range of viscosity 1.15×1017 to 6.5×1020 Pa s, shown in bold in table, for the Namakdan
dome. Eqns (5) and (6) were utilized. It is a partial reproduction of table 2 of Mukherjee, Talbot & Koyi (2010). See
Fig. 6b for sample locations.
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of unrealistic combinations of flow parameters. Thus
the lower limit of viscosity of the TMC gneiss
remained unconstrained.

COMPARISON

The underlying mechanism of extrusion considered
in Mukherjee, Talbot & Koyi (2010) and in
Mukherjee & Mulchrone (submitted) are the
followings. (i) The rock/geological body was
considered to be a Newtonian viscous fluid. Such
fluids obey the simple relation of proportionality
between the applied stress and the strain rate. While
this assumption is justified for the two salt diapirs
since Bruthans et al., (2006) had already established
this point, it was certainly a simplified consideration
for the TMC gneiss. The reason is that Treagus &
Sokoutis (1992) compiled various magnitudes of
stress exponent (n), varying from 3 to 6 or more, in
shear zones in the following constitutive equation:

(d/dt)  = A n (10)

where ‘d/dt’ is the steady state strain rate on a fluid,
‘’ is the differential stress, ‘A’ is a material constant,
and ‘n’ is the stress exponent. For n = 1, the fluid is
Newtonian. However, the stress exponent specifically
for the TMC gneiss is unknown but since it extruded
from a depth of > 100 km, i.e. certainly from the

asthenosphere, the flow exponent (n) could be 4 ± 1
(Melson 1980; also see Polyansky et al., 2010). In the
present study, however, I followed the simple
assumption of Newtonian rheology as done by
Whitney, Teyssier & Vanderhaeghe (2004). (ii)
Further, the two materials- salts and the gneiss were
considered incompressible. Salt is practically
incompressible over a wide range of temperature and
pressure (Hudec & Jackson 2007). The kinematic
dilatancy of the salt diapirs and the gneiss dome has
not yet been established. (iii) Erosion of the extruded
materials was neglected both in cases of Mukherjee,
Talbot & Koyi (2010) as well as Mukherjee &
Mulchrone (submitted). The key reason is that
although erosion prevailed during extrusion, it was
not focused specifically over those diapirs and the
dome. (iv) Geothermal gradient was neglected in
both cases. The rationales are- while the subduction
channel through which the Tso Morari Gneiss rose
had quite a low geothermal gradient presumably of
< 10 0C km-1 (Guillot et al., 2009); the salt diapirs
were presumably subject to a normal geothermal
gradient of 30 0C km-1 (Khutorskoi et al., 2010) down
to the mother layer of salt at merely ~ 10 km can
give a maximum temperature variation of just ~ 300
0C. (v) Lateral gravitational spreading was neglected
in both the salt and the gneiss domes. Mukherjee &
Mulchrone (submitted) considered that the rock
overburden to the TMC gneiss shielded the former

Table 5. Relevant viscosities compiles by Mukherjee & Mulchrone (submitted) is reproduced to compare with
that estimated for the TMC gneiss.

Table 4. Calculation of maximum possible viscosity of 1022 Pa s of the Tso Morari gneiss. ‘d1’, ‘d 2’, ‘d 3’, ‘d 4’
(in gm cm-3): 2.59-3.12, 2.9-3.4, 2.22-2.90, 2.7-2.9, respectively. ‘d1’ to ‘d4’ correspond to densities of layers of lengths

‘h1’ to ‘h4’. ‘d’ of the bottommost layer ranges between 2.9-3.4 gm cm -3. Eqn (9) is utilized in this calculation. It is a
partial reproduction of table 1 of Mukherjee & Mulchrone (submitted).
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spreading for a considerable time span. On the other
hand, the parabolic velocity profiles of the salt diapirs
deduced by Bruthans et al., (2006) was considered by
Mukherjee, Talbot & Koyi (2010) indicative of their
insignificant spreading.
The final fluid mechanical equations on which
Mukherjee , Talbot & Koyi (2010) and Mukherjee
& Mulchrone (submitted) worked are different in the
following ways. (i) The fluid mechanical derivation
by Mukherjee & Mulchrone (submitted) took care of
the hindrance created by the mass of the overburden
plug that tried to resist the extrusion of the TMC
gneiss. However, Mukherjee, Talbot & Koyi (2010)
did not consider any overburden above the salt
column. (ii) Instead, they took account the mass of
the extruded salt as hindering further extrusion by
reducing the pressure gradient that drove the salt. In
contrast, Mukherjee & Mulchrone (submitted) did
not consider any role of progressively piled up
overburden.

CONCLUSIONS

This paper compares two studies, Mukherjee , Talbot
& Koyi (2010) and Mukherjee & Mulchrone
(submitted), on indirect estimation of viscosity of
geological bodies based on approach applied to the
crustal rebound rates. In one of the study areas in the
Persian Gulf, the post Miocene rise of the Hormuz
and the Namakdan salt diapirs took place due to a
Rayleigh-Taylor instability because higher density
limestones overlies its source layer. In the second
study area in the Himalaya, the Tso Morari gneiss
extruded through a subduction channel at the leading
edge of the Indian continental crust. The estimated
viscosity ranges for the salt diapirs were 1.15×1017

to 8.75×1020 Pa s, and  1022 Pa s for the Tso Morari
gneiss. Impurities in lithology in these diapirs and the
dome justify assigning ranges of viscosity values
rather than specific magnitudes. The estimated values
for the salts matched those available from other salt
diapirs in the world, and that for the gneiss dome
matched viscosities previous constrained for the
crustal channel, the lithosphere and the
asthenosphere.

The common approach in these works have been
that (i) the geological bodies were considered to be
Newtonian viscous. While this is a concrete
assumption for the studied salt diapirs, for the
Himalayan gneiss it is only tentative. (ii) The bodies
were further assumed to be incompressible. (iii)
Those diapirs extruded through a very long smooth
channel with uniform elliptical (or circular) cross-
section. (iv) Extrusion took place due to sinking of

denser limestone in the salt diapirs, and mantle in
the gneiss dome. (v) A density difference from 0.17
to 0.81 gm cm-3 between the extruding diapirs and
the dome and the sinking surroundings led to
extrusion rates of a few mm per year. (vi)
Gravitational spreading, erosion and the geothermal
gradients are neglected in all cases for geologic
reasons.

Although viscosity estimation of the salt diapirs
and the Himalayan gneissic domes are based on the
Poisson equation, the following dissimilarities exist
between their physical boundary conditions (i) While
the UHP rock extruded from a depth of 120 km, the
salt diapirs rose only few km. (ii) The salt diapirs
extruded through vertical channels (stems); whereas
the TMC gneiss extruded through a gently (70) or a
steeply dipping (620) channel. (iii) Thus while the
salt diapirs traveled no more than 10 km, the
Himalayan gneiss moved a very long distance of
226.53 to 1640.69 km. (iv) The extrusion rates in
both cases was a few mm per year, the Himalayan
gneiss took a very long span of ~ 53 Ma to extrude,
whereas only the last 104 yrs were considered for the
salt diapirs. (v) While the studied salt diapirs are
circular or sub-circular in cross-sections, the TMC
dome is strongly elliptical. (vi) The salt extrusion was
considered to take place without any overburden,
whereas a three-layer plug hindered but could not
prevent the latter extrusion. (vii) The weight of the
extruded salt was considered to lower the effective
pressure gradient of the salt diapirs, whereas this was
not taken into account in the Himalayan gneiss
dome.
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