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Abstract

Numerous processes and models have been developed in order to explain inverted metamorphism in shear zones. This article
demonstrates, by means of continuum mechanics, that the orientation of a sample pro®le across a shear zone before and after
deformation can be used to quantify the conditions under which inverted metamorphism is likely to have developed. A thrusting

shear zone deforming under ideal simple shear will develop an inverted metamorphic zonation if the angle between the thrust
and isotherms is greater than 5±108, even at only moderate strains. If the ¯ow is general shear, this angle is considerably larger
(i.e. >608 for a kinematic vorticity number of Wk � 0:5). Additionally, the stretch of the sample pro®le across the shear zone,

which is not in¯uenced by the ¯ow type, bears important implications for the interpretation of petrological, geochronological
and structural data. Although this kinematic model is clearly an end-member model, neglecting dissipative processes, it can
easily account for the structural and petrological data of the inverted metamorphism observed throughout the Higher
Himalayan Crystalline wedge in the Sutlej Valley (India). # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Most models developed to explain inverted meta-
morphism appeal to heat conduction, heat advection,
heat production or combined thermo-mechanical pro-
cesses to account for the observations (e.g. Le Fort,
1975; Graham and England, 1976; Jaupart and
Provost, 1985; Molnar and England, 1990;
Grasemann, 1993; Jamieson et al., 1996). However,
because inverted metamorphic zones are generally
observed in rock sequences intensely deformed by duc-
tile ¯ow, another group of models invoking folding
and/or shearing can explain inverted metamorphism
by displacement (e.g. Frank et al., 1973; Searle and
Rex, 1989; Grujic et al., 1996; Hubbard, 1996). Here,
the second group of models, particularly the simple
shear model of Hubbard (1996), is examined in more
detail. Although the approach is very similar to

Hubbard (1996), the use of material lines is clari®ed.
Furthermore, the model of Hubbard (1996) is
expanded to include general non-coaxial ¯ow, using
continuum mechanics. The paper focuses explicitly on
the ®rst order e�ects of deformation ¯ow in shear
zones and completely neglects dissipative processes.
Thus, by implication, only rocks which are cooling
during deformation are considered.

2. De®nitions

In the following text, the process of thrusting a
hanging wall over a footwall in a shear zone of ®nite
width is called deformation. The state before and after
displacement is called undeformed and deformed, re-
spectively. Normalized o�set (gn) is de®ned as the maxi-
mum shear zone-parallel component of ®nite
displacement divided by the initial thickness of the
shear zone. Therefore gn has no physical dimension
and is equal to the shear strain (g ) in cases of ideal
simple shear.

Material lines are imaginary lines connecting an
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array of points or physical features at a single instant
in time. Since these lines behave passively, their pos-
ition in physical space is only in¯uenced by the ¯ow
during a shear zone's deformation history. Therefore,
isotherms are not material lines because, due to con-
duction and/or heat production, these lines do not
behave passively during deformation. Material lines
after deformation that were parallel to the isotherms
before deformation are here called palaeoisotherms.
These are di�erent from the classical de®nition of iso-
grads, which represent lines of constant metamorphic
grade and are commonly de®ned by index minerals.
Since the index minerals along an isograd probably
did not form at the same time, isograds are not ma-
terial lines. However, if rocks only cool after peak
metamorphism, and if the ®rst appearance of an index
mineral is mainly temperature controlled, isograds can
be used as an approximation to palaeoisotherms, so
long as deformation post-dates metamorphism (as in
the case of the proposed model). More accurate
measurement of palaeoisotherms can be made by oxy-
gen isotope studies (e.g. Bottinga and Javoy, 1973).

Much confusion has been generated by the various
de®nitions of inverted metamorphism. Whereas some

authors based their de®nition on an inverted sequence
of metamorphic isograds (e.g. Frank et al., 1973;
Searle and Rex, 1989; England and Molnar, 1993;
Hubbard, 1996), other studies related inverted meta-
morphism to palaeotemperatures increasing structu-
rally up-section (e.g. Swapp and Hollister, 1991;
Ruppel and Hodges, 1994; Macfarlane, 1995; Jamieson
et al., 1996), even though in some instances, the
sampled pro®le was subhorizontal and no evidence
was given to show that the palaeotemperature pro®le
was inverted (i.e. palaeohot on top of palaeocold!).

Where rocks sampled across a shear zone reveal an
inverted palaeotemperature pro®le, we only know that
an imaginary line connecting these sample localities
from the bottom to the top of the shear zone experi-
enced increasing peak temperatures. Therefore, the
orientation of this material line before deformation is
of central interest. In the following, this material line,
which represents a hypothetical pro®le across a shear
zone and which is oriented perpendicular to the shear
zone after deformation, is called FPM ' (®nite perpen-
dicular material line). The same line in the undeformed
state is called FPM (Fig. 1).

The angle between the shear zone boundary and the

Fig. 1. The left column shows the shear zone of a thrust, the FPM and the isotherms in the undeformed state. The right column shows the shear

zone, the FPM ' and the palaeoisotherms in the deformed state (g � 3, Wk � 1). (a) If the isotherms are ¯atter dipping than the FPM with respect

to the shear zone (z > Z), an upright temperature pro®le (FTG > 0) will develop. (b) The isotherms are parallel to the FPM (z � Z) and conse-

quently FTG � 0. (c) If the isotherms are steeper dipping than the FPM with respect to the shear zone (z < Z), an inverted temperature pro®le

(FTG < 0) will develop.
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FPM z is related to the normalized o�set by (angles in
physical space are measured clockwise throughout this
work):

tan z � gÿ1n �1�
The angle between the shear zone boundary and the
initial pre-deformation isotherms is Z. Only Z-angles
between 0 and 908 are considered. If Z > 908, the in-
itial isotherms are inverted and consequently any ¯ow-
type (including pure shear) causing thrusting will result
in an inverted palaeotemperature pro®le.

3. Upright, isothermal and inverted palaeotemperature
pro®les

In shear zones that undergo homogeneous defor-
mation (i.e. ¯ow parameters are constant through
time) and where the orientation of the ¯ow eigenvec-
tors is ®xed in the external reference frame (steady-
state ¯ow), the magnitude and orientation of the vel-
ocity vectors are strongly dependent on their position
within the shear zone (Ramberg, 1975). A shear zone
deforming under simple shear with a pin-line at its
lower boundary shows increasing magnitudes of vel-
ocity and displacement vectors from the bottom to the
top (Fig. 1a). Consequently, any passive marker line
inclined against the shear direction will rotate in the
shear direction due to the higher velocities at the top
and the lower velocities at the bottom of the shear
zone. During rotation, the material line will shorten at
decreasing rates until it is aligned perpendicular to the
shear zone. At this position the incremental longitudi-
nal strain is zero (Ramsay and Huber, 1983).

Assuming that during deformation the rocks within
the shear zone are not increasing in temperature, the
initial orientation of the FPM with respect to the iso-
therms can be used to quantify the model con®gur-
ations where an inverted metamorphic pro®le can
develop. Note that the metamorphic pressure recorded
by rocks along the FPM ' isÐbesides the ¯ow type of
deformationÐa function of the initial orientation and
depth of the shear zone. However, neither the orien-
tation of the shear zone in the external frame of the
crust nor the external spin of the shear zone during de-
formation is considered in this study. The temperature
gradient along a pro®le can be quanti®ed using a ®nite
temperature gradient (FTG) which is simply de®ned
by:

FTG � TA ÿ TB

AB
�2�

Where AB is the distance between A and B (Fig. 1).
TA and TB are the temperatures at points A and B, re-
spectively, which are the intersections of the FPM '

with the lower and upper shear zone boundaries, re-
spectively. Depending on the sign of the FTG, the fol-
lowing situations can be distinguished (Fig. 1):

(i) FTG > 0, upright palaeotemperature pro®le,
Z < z (Fig. 1a): If the dip of the isotherms with
respect to the shear zone boundary before shearing
is shallower than the dip of the FPM, the resulting
FPM ' will always record an upright palaeotempera-
ture pro®le.
(ii) FTG � 0, isothermal palaeotemperature pro®le,
Z � z (Fig. 1b): If the isotherms are parallel to the
FPM, the palaeoisotherms after deformation will be
parallel to the FPM ' and consequently all samples
collected along a FPM ' will record the same tem-
perature.
(iii) FTG < 0, inverted palaeotemperature pro®le,
Z > z (Fig. 1c): If the dip of the isotherms with
respect to the shear zone boundary before shearing
is steeper than the dip of the FPM, the resulting
FPM ' will always record an inverted palaeotem-
perature pro®le.

Comparing Fig. 1(a±c), the following important points
can be observed:

(i) If the FTG r 0, the distance between rock
samples collected along palaeoisotherms after defor-
mation is always shortened. If the FTG < 0, the dis-
tance between rock samples collected along
palaeoisotherms after deformation can be shortened,
equal or stretched relative to their original distance
depending on the shear strain. For large g, this dis-
tance will always be markedly stretched.
(ii) If the FTG r 0, the distance between the
palaeoisotherms after deformation is greater than
the distance between the isotherms before defor-
mation. If the FTG < 0, the distance between the
palaeoisotherms after deformation can be greater,
equal to or shorter than the distance between the
isotherms before deformation. For large g this dis-
tance will be always markedly shortened.
(iii) Rocks sampled normal to the shear zone
boundary can record increasing, decreasing or uni-
form temperatures. Rocks sampled parallel to shear
zone boundary and parallel to the stretching linea-
tion always record increasing temperatures towards
the root zone.
(iv) If the Eulerian position gradient tensor, which
relates the position of any points in the deformed
state to coordinates in the undeformed state, can be
determined, the undeformed state of the shear zone
can be restored. In this case, Z can be calculated if
the palaeoisotherms can be detected in the ®eld.
(v) If the Eulerian position gradient tensor is
known, the pre-deformational depth and dip of the
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shear zone can be calculated from the pre-deforma-

tional lithostatic peak pressures and the pressure

gradient recorded by the rocks collected along the

FPM '. The external spin of the shear zone can be

thus determined by comparing the shear zone orien-

tation before and after deformation.

(vi) The cooling age pattern recorded along the

FPM ' re¯ects the time at which the rocks along this

material line crossed the isotherm corresponding to

the blocking temperature of the chosen geochrono-

logical system during shearing. Neglecting the defor-

mation-controlled perturbation of the isotherms,

which is only likely in very special tectonic situ-

ations (e.g. during extrusion of orogenic wedges,

Fig. 2. Physical space and Mohr space (variables in the Mohr space

are indicated with subscript m) of unit square deforming by simple

shear: (a) g � 1 and (b) g � 3. With increasing g, the stretch of the

FPM (Om±FDMm) decreases signi®cantly. The sector of possible y
where the deformation would result in an inverted temperature pro-

®le increases.

Fig. 3. Physical space and Mohr space of a unit square deforming

with general shear (Wk � 0:5): (a) gn � 1 and (b) gn � 3. Although

the stretch of the FPM is very similar to the simple shear defor-

mation, the sector of y-angles where the deformation would result in

an inverted temperature pro®le is considerably smaller.
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where conductive heat loss to the hanging wall and
footwall of the wedge is balanced by advection of
heat within the wedge; Hodges et al., 1993), the fol-
lowing age distribution trend along the FPM ' can
be inferred (note that the model presented is not
intended as a forward modeling tool for thermo-
chronological data but outlines the e�ects of a shear
zone being exhumed through a ®xed thermal
frame).

If the FTG r 0 the shear zone will always record
older cooling ages at the top and younger ages at
the bottom. Where the FTG < 0, three di�erent
cooling trends can develop, depending on the block-
ing temperature of the applied thermochronological
method: (a) If the blocking temperature is higher
than the isotherm that passes through the lower
intersection point of the FPM and the shear zone
boundary (point P in Fig. 1c), then the lower part
of the FPM rotates through the blocking tempera-
ture ®rst and so cooling ages at the top of the shear
zone will be younger and ages at the bottom will be
older. (b) If the blocking temperature is equal to the
isotherm that passes through P (i.e. 3008C isotherm
in Fig. 1c), then all rocks will record the same cool-
ing age. (c) If the blocking temperature is lower
than the isotherm that passes through P, then cool-
ing ages at the top of the shear zone will be older
and ages at the bottom will be younger.

It is important to note that many other e�ectsÐ
mainly dissipative processesÐcan obscure the pre-
sented cooling pattern during thrusting. Therefore this
discussion just highlights the e�ects of deformation,
which are neglected in other models focusing on ther-
mal e�ects. Besides the processes of heat advection,
heat production and heat conduction, which are likely
to occur during natural thrust tectonics, this simple
modeling of the e�ects of deformation shows that ther-
mochronological methods have a limited use in inter-
preting inverted metamorphism.

4. Inverted temperature gradient: simple vs general shear
¯ow

The in¯uence of increasing gn is illustrated by means
of Mohr circle constructions of the second kind for the
Lagrangian position gradient tensor Fij (Figs. 2 and 3).
Finite deformation is conveniently described by Fij

relating the position of any material point in the
deformed state to coordinates in the undeformed state.
Fij contains information on ®nite strain, volume
change and rigid body rotation. De Paor and Means
(1984) have shown that for any tensor with com-
ponents a, b, c and d, the points (b, d ) and (c, a ) in
Mohr space specify the diameter of a Mohr circle of

the second kind. This Mohr space coincides with
physical space. In the case of Fij, Means (1982) has
shown that the polar co-ordinates of points on the
Mohr circle are equal to the stretch and the angle of
rotation of material lines after a given ®nite strain.
Additionally, the counterclockwise double angle
measured between points along the circle is equal to
twice the clockwise angle between these lines in real
space in the undeformed state. With this we can con-
veniently describe stretch and rotation of the FPM
and investigate the e�ects of increasing strain and var-
ious ¯ow types.

Fig. 2(a) shows the physical space of a unit square
with the FPM in the undeformed state and the Mohr
circle with the deformed unit square and FPM ' for
ideal simple shear (Wk � 1, g � 1). The Cartesian x-
and y-coordinate axes are parallel and normal to the
shear zone boundary before deformation. z is the

Fig. 4. Plots for (a) stretch of the FPM and (b) orientations of iso-

therms with respect to the shear zone (Z ), which would result in an

isothermal temperature pro®le, for Wk � 1 and 0.5 vs gn. The stretch

is very similar for both ¯ow types, but the curves for Z are markedly

di�erent: For simple shear (gn > 10), initial angles greater than 58
between the isotherms and the shear zone boundary are su�cient to

result in a FTG < 0. General shear (Wk � 0:5) will result in high

(Z0608), even if the gn is large.
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angle between the shear zone boundary and FPM. y is
the angle between the FPM and the normal to the
shear zone boundary. The FPM and FPM ' have a
length of l0 and l, respectively. In the Mohr circle dia-
gram (material lines and angles plotting in the Mohr
space are indicated with subscript m), points plotting
on the ym-axis represent material lines which are not
rotating. In the case of ideal simple shear, only lines
parallel to x do not rotate. In the undeformed state x
is perpendicular to y and consequently xm and ym
specify the diameter of the Mohr circle. The angle
between FPMm and ym is 2ym. The thick line Om±
FPMm gives the stretch (l/l0) of the FPM ' after defor-
mation. The rotation of FPM ' is given by the angle ym
between FPMm±Om and the ym-axis. The thick arc
between FPMm and ym indicates the initial orientation
of isotherms where the applied deformation would
result in an FTG < 0 (i.e. inverted metamorphism).

Comparing Fig. 2(a) and (b) it can be seen that at
higher g, the stretch of the FPM ' (thick line Om±
FPMm) decreases dramatically whereas y increases. In
other words, increasing g implies that even small initial
angles between the shear zone and the isotherms will
result in inverted palaeotemperature pro®les.

Fig. 3 is similar to Fig. 2 but the ¯ow within the
shear zone is non-dilatant general shear (Wk � 0:5).
Contrary to simple shear deformation, a second non-
rotating direction (i.e. eigenvector) develops.
Additionally, there is a signi®cant stretching com-
ponent parallel to the shear zone boundary. Although
the stretch of the FPM ' is very similar in the simple
shear and general shear model, y is considerably smal-
ler in Fig. 3. This is obvious in the Mohr space where
the arc length FPMm±ym is considerably shorter in the
general shear than in the simple shear models. Thus,
the angle between the shear zone boundary and the
isotherms deforming with general shear has to be sig-
ni®cantly larger than in ideal simple shear zones in
order to result in an inverted palaeotemperature pro-
®le.

5. Discussion

In order to demonstrate the e�ect of increasing gn,
Fig. 4 illustrates the stretch and the angle between the
shear zone boundary (Z ) and the isotherms. In this
diagram the FPM ' records an isothermal palaeotem-
perature pro®le, calculated for a ¯ow with Wk � 0:5
and 1, respectively.

Fig. 4(a) shows that the stretch of the FPM ' calcu-
lated by both the simple and the general shear model
has very similar values. However, for both ¯ow types,
the decrease in the stretch of the FPM ' with increasing
gn is dramatic: gn > 5 will result in a stretch of less
than 0.2. Therefore, the distances between samples col-

lected along the FPM ' will be dramatically shorter
than the original distance between the samples before
onset of deformation. This observation bears import-
ant but easily overlooked implications for the in-
terpretation of petrological and geochronological data
from rocks sampled across thick zones of high strain
(Hubbard, 1996).

Fig. 4(b) shows that there is a dramatic di�erence in
Z between the simple and general shear model, where
the FPM ' records an isothermal palaeotemperature
pro®le. Note that isotherms initially oriented parallel
to the FPM plot along the curves, whereas the areas
above and below the curves would characterize angles
of isotherms resulting in an FTG < 0 and FTG > 0,
respectively. For simple shear and gn > 05, initial
angles between the shear zone boundary and the iso-
therms of less than 108 can result in an FTG < 0.
General shear (Wk � 0:5) requires Z0608, even if the
gn is very large. These observations have important
consequences for shear zones revealing an inverted
palaeotemperature gradient and a signi®cant pure
shear component: the initial angle between the shear
zone boundary and the isotherms must have been
large.

In the Sutlej Valley (NW India), the High
Himalayan Crystalline (HHC) is a 10 km thick, highly
deformed, high-grade metamorphic sequence bounded
by the Main Central Thrust (MCT) at the base and by
a normal fault at the top. P±T path results suggest
that the rocks of the HHC have only cooled during
decompression, which has been accommodated by
thrusting and synchronous normal faulting (Vannay
and Grasemann, 1998). Thermobarometry and oxygen
isotope thermometry results indicate that the peak
temperatures increase upward throughout this wedge,
with palaeoisotherms parallel to the mylonitic foliation
and in an inverted position. However, peak tempera-
tures were reached at an almost constant depth, imply-
ing that the isotherms in the HHC were dipping
toward the foreland and that they were thus signi®-
cantly oblique with respect to the direction of thrusting
along the MCT (Vannay and Grasemann, 1998).

Several models have been proposed to explain the
Himalayan inverted metamorphism and it is interesting
to discuss the relevance of the main models with refer-
ence to the Sutlej section. An inversion of isograds due
to syn- to post-metamorphic, large-scale recumbent
folding or tectonic imbrications (e.g. Searle and Rex,
1989) is not consistent with the constant pressure ®eld
gradient throughout the Sutlej HHC, as well as with
the absence of tectonic discontinuities between the
mineral zones. The `hot iron' model (Le Fort, 1975)
invokes a transient inversion of the geotherm at the
level of the MCT, as a result of heat conduction
between the hanging wall and footwall of the thrust.
This model predicts a retrograde metamorphic evol-
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ution in the hanging wall of the MCT and peak tem-
peratures increasing upwards to reach a maximum at
some structural level within the HHC. Such features
do not appear consistent with the absence of signi®-
cant retrograde metamorphism in the hanging wall of
the MCT. The shear heating model (e.g. Molnar and
England, 1990), considering the e�ect of heat pro-
duction by friction at the level of the MCT, predicts a
maximum temperature at the level of the thrust. In
contrast, the lowest temperatures of the Sutlej section
are observed at the level of the MCT.

In the Sutlej Valley, material lines in the HHC rep-
resented by the palaeoisotherms have been signi®cantly
rotated during ¯ow to inverted positions, whereas the
material line connecting the sampled rocks did not
rotate as indicated by the equal lithostatic pressures.
These observations require a second (shortening)
eigenvector, which indicates a general shear ¯ow
(Ramberg, 1975). Inasmuch as quantitative kinematic
®eld observations demonstrate that the HHC extrusion
was associated with intense general shear deformation
throughout the unit, a ductile shearing of the palaeo-
isotherms towards the direction of thrusting could
explain the inverted metamorphic zonation in the
Sutlej section (Grasemann et al., 1999).

It should be emphasized that the results of this
study isolate the in¯uence of deformation on the ®nal
distribution of exhumed rocks in a shear zone of a
thrust, which experienced only cooling during defor-
mation, and thus represent only a ®rst order approxi-
mation if the model assumptions are justi®ed. For a
geodynamic model of natural thrusts, many other
time-dependent processes such as heat conduction,
heat advection, heat production, ¯uid ¯ow, mechanical
and rheological aspects, have to be considered.

6. Conclusions

1. Simple shear-dominated ¯ows within shear zones
can easily result in an inverted palaeotemperature
pro®le, even at moderate ®nite strain.

2. Flows within shear zones having a signi®cant pure
shear component need a high angle between the
shear zones and the isotherms in order to result in
an inverted palaeotemperature pro®le. Examples of
such high angles could be the result of a higher
geothermal gradient in the hanging wall than in the
footwall or a steep dip of the shear zone.

3. The distance between rocks sampled across a shear
zone is usually dramatically shortened even at mod-
erate ®nite strain. This consideration bears import-
ant consequences for the interpretation of analytical
data derived from these samples (e.g. pressure, tem-
perature, cooling age, exhumation rate).

4. Inverted palaeotemperature pro®les can record cool-

ing ages which have all the same age or which
become continuously older or younger towards the
top of the shear zone. Consequently, syn-deforma-
tional cooling ages from shear zones need cautious
interpretation.

5. Although this kinematic model is clearly an end-
member model, neglecting dissipative processes, it
can easily account for the structural and petrologi-
cal data of the inverted metamorphism observed
throughout the HHC wedge in the Sutlej Valley.
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