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ABSTRACT

T h is  p a p er rev iew s d iffe ren t co n tin u u m  m ode ls  c h a ra c te r iz in g  the  flow  fie ld s  a ro u n d  rig id  
inclusions hosted  in a duc tile  m atrix . It can be shown th a t d iverse types o f  s truc tu res tha t form  under 
the influence o f the heterogeneous s tra in  a round  inclusions can be analyzed  w ith  the help o f  a single, 
s u ita b le  h y d ro d y n am ic  theory . Je ffe ry ’s (1 9 2 2 )  th eo ry  is fo u n d  to be m ore  gener-il in n a tu re ,  and  
ap p licab le  to  both cquan t and inequant shapes o f  inclusions and  ideal o r non-ideal sh ea r defo rm ation  
o f  the m a trix . T he  ap p lica tio n  o f  this theory , therefo re , has ad v an tag es  over o th e r m odels , b ased  on 
L am b 's  th e o ry  d e a lin g  w ith  spherica l inc lusions. T h is  p a p er a lso  p rov ides  a d e ta ile d  d isc u ss io n  on  
ex istin g  num erica l m odels, w hich are bu ttressed  upon hy d ro d y n am ic  th eo rie s , s im u la tin g  the h e te ro 
geneous flow  field and associated  struc tu res around inclusions. T he review  fina lly  illustra tes num erical 
s im u la tio n s , h ig h lig h tin g  the  con tro ls  o f  physical and  k in em a tic  fa c to rs  on the  p ro g ressiv e  d ev e lo p 
m ent o f  som e im portan t s tru c tu res  associated  w ith  rig id  inc lu sions, nam ely  fo lia tio n  d rag  and  s tra in  
sh ad o w s  a ro u n d  in c lu s io n s , m an tle  s tru c tu re s  a ro u n d  p o rp h y ro c la s ts  a n d  in c lu s io n  tra i ls  w ith in  
s y n k in e m a tic , ro ta tin g  p o rp h v ro b las ts .

K ey  w o rd s  : D efo rm ation , rig id  inc lu sions, ro ta tio n , in c lu s io n  tra ils .

IN T R O D U C T IO N

Rocks often contain stiff or rigid inclusions such 
as la rg e  m in e ra l g ra in s  (p o rp h y ro b la s ts  or 
porphyroclasts), xenoliths, pebbles etc. floating in 
a ductile  m atrix . S tudies on the defo rm ation  
behaviour o f such rock systems have been along 
three principal directions: (1) The kinematics of rigid 
or stiff inclusions, i.e. how the floating objects 
change their shape or rotate bodily in the course o f 
progressive deform ation and w hat are the factors 
that control the instantaneous rate o f rotation of 
the inclusions etc. (2) Rock systems characterized 
by stiff or rigid objects floating in a ductile m atrix

are essentially heterogeneous in nature and a v ari
ety o f m icro- to m acro-scale structures, such as 
foliation drag, pressure shadow, porphyroclast tails, 
porphyroblast inclusion trails and intragranular frac
tures, develop under the influence o f the heteroge
neous strain field around the inclusions. T he analy
sis o f  the aforesaid structures in relation to the het
erogeneous flow around inclusions has gained im 
portance in structural geology for the ir precise and 
proper application in the kinem atic analysis o f de
formed rocks. (3) The presence o f  rig id  inclusions 
in a rock also influences the bulk strength  o f the 
rock depending upon the volum e fraction o f  inclu
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sions. their shapes and orientations. Studies along 
th is line have been in vogue using the mechanics 
o f  fiber com posites (Cox, 1952) or viscous m ateri
als containing suspended panicles (Einstein, 1911; 
Jeffery, 1922).

This paper exclusively deals with the second 
line of w ork and reviews the experimental and theo
retical studies pertain ing to the analysis o f several 
structures associated w ith rigid inclusions in rela
tion to the flow field in  the neighbouring matrix.

F L O W  F IE L D  A R O U N D  R O T A T IN G  R IG ID  
IN C L U S IO N S

T heoretical form ulations
The mechanical analysis o f different geological 

structures arising from  the deformation o f a rock 
system containing rigid inclusions within a  ductile 
m atrix  hinges on characterization of three funda
m ental aspects: 1) rotation and shape of the inclu
sion, 2) the flow o f the surrounding m atrix and 3) 
the type o f deform ation (pure shear, simple shear 
or a  combination o f  them). The theoretical formula
tion o f the deformation pattern of such a system 
requires determ ination of the rotation rate of the 
inclusion and the velocity field in the surrounding 
m atrix. Such form ulations, however, also dem and 
assum ptions on the rheology o f the matrix, for ex
am ple w hether the m atrix is elastic or viscous, 
N ewtonian or Non-Newtonian etc.

C onsidering elastic rheology and using plane 
theory o f  elasticity (M uskhelishvilli, 1953) several 
w orkers have analyzed the kinem atics of stiff ob
jects floating in a softer m atrix and the neighboring 
s tra in  field  (Eshelby, 1957, 1959; G hosh and 
Sengupta, 1973;M andalandChakrabortv, 1990; Ji 
et al., 1997). Experimental studies, however, reveal 
that rocks can undergo a lim ited clastic strain and 
that too at upper crustal levels only: consequently 
the elastic models are unsuitable for characterizing 
deformation of rocks that may have undergone large 
ductile strain  at deeper crustal levels. Application 
o f  the theories o f hydrodynamics, on the other 
hand, appears to be more appropriate for modeling

deformation behavior o f rock systems con tain ing  
stiff inclusions in a viscous m atrix. U sing L am b’s 
(1932) theory of spherical harm onics, Gay (1968) 
has modeled the deform ation of floating  objects 
w ithin a  matrix w ith respect to the bulk  strain , fo r 
different viscosity contrasts between th e  object an d  
the matrix. He derived the velocity' fiinctions as fo l
lows :

Velocity components outside the inclusion.

U '  =  \ A ~*̂ X(*2 - y 2) l r 5 + B  i p $

[- 5x(x2 - y 2)/ r 1 +2x /r 5]+<sx

v ' =  p 3y { x 2 - y 2 ) / r 5 + B ^ p ' \

\ -5y(x2- y 2) / ^  - l y / r ^ - t y

Velocity com ponents inside the inclusion,

u = A 2p ~ 2[ ( 5 / 2 \ ) x r 2 ~ { 2 / 2 \ ) x ( x 2 - y 2 ) \ + 2 B 2x

v  =  A 2p ~ 21- ( 5 / 2 \ ) y r 2 -  ( 2 /2 l ) > - ( >  -  y 1 )] -  2 B 2 v

where r = ^ix; + y2; p  =  b /V l- e2cos2a ,  e is the 
eccentricity of the elliptical object a and b are the 
major and m inor axial dim ensions o f the object re
spectively; A, B  are constants, w hich need to be 

determ ined by applying boundary conditions. ^  

is the principal rate o f natural strain in  the far-field.

Gay’s work reveals that the deform ation w ithin 
the object is essentially homogeneous, w hereas the 
deformation outside the object is heterogeneous, 
as also obtained from elastic models (Eshelby, 1957. 
1959). However, in Gay’s mathematical formulation 
it is not explicit how rotating objccts affcct the het
erogeneous flow field in the matrix, although from 
Lam b’s theory one can also determ ine the velocity 
functions around a spherical rigid body in term s o f 
its rotation rate by solving the fam ous N avicr-



Stokc’s equation (Oertel, 1965; Wakiya, 1956), which 
have been utilized to model different aspects o f 
heterogeneous deform ation around rigid objects, 
e.g. particle paths, strain distribution, distortion 
patterns of foliations (M asuda and Ando, 1988), 
porphyroclast tails (Bjornerud and Zhang, 1995) 
an d  in c lu s io n  tra il p a tte rn s  o f sy n k in em atic  
porphyroblasts (M asuda and M ochizuki, 1989) as
sum ing a Newtonian rheology for the matrix.

M asuda and Ando (1988) have expressed the 
velocity functions outside a rigid, spherical inclu
sion as:

(u ,v ,w ) = fu ,,v „w J  + fu ,,v „w J' a a a ' as as al ' oJ a2 a*

T he first part of the right hand side of the equa
tion refers to the velocity com ponents considering 
a general viscous flow around a fixed rigid spheri
cal body, w hereas the second part represents the 
velocity com ponents arising due to the rotational 
m otion o f the rigid body. The expressions of these 
velocity com ponents are as follows,
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w here r = aSx2 + y2 + zl and v . <b and w are^n- r n ~ a.
spherical solid harm onics of degree n.

The form  o f the expressions o f vaI and wal will 
be sim ilar as above. The expression of the velocity 
com ponent in the second part is:

nr" d ( x„
\(n  + \ \2 n  + lX2« +3) dx [ r 2”" J l ( ln  + 1)

The form  o f the expressions o f the other two 
com ponents will be sim ilar as above.

Similarly, Bjom em d and Zhang (1995) have de
fined the velocity' field by adding two velocity coin- 
p o n e n ts , o n e  a s so c ia te d  w ith  d isp la c e m e n t

(«0,vo,wo) of m aterial points around the rigid object 
and  the other fuL. \ \ ,w j  w ith shear induced rota-' b' c> D
tion of the object. The expressions o f these two 
types of velocity com ponents have been obtained
as,

ua = (3 L '«/4r')(l - a 2/r :) r  + U (l-3  a!Ar - flV4r’) 

va = (3 (/fl/4r')(l - a:/r )x y  

wa = (3 U a/4r')(l - a2/r2)xz 

and

for r > a

ub = kmgya:' lr' vb = - kmGya:' !r's wb = 0 

for r < a

u. = ka>v v, = - ko)rx0 U vi', =  00

where a is the object radius, r is the radial d is
tance o f the point from  the object centre, U is the 
rate o f displacem ent in the shear direction far away 
from the object and ®0 is the rotation rate o f  the 
object. The param eter k in the equations is an  index 
of coupling between the object and matrix, the value 
o f w hich lie in the range of 0 to 1. k  = 1 im plies a 
non-slip condition at the object/m atrix interface.

M asuda andM izuno (1996a) and Pennacchioni 
et al. (2000) have further extended the analysis for 
rigid objects hosted in a non-New tonian m atrix. 
B jornerud (1989a) form ulated the heterogeneous 
strain  field surrounding an  equant rig id  object fol
low ing the equations of T urco tte and  Schubert 
(1982) and num erically m odeled the developm ent 
of passive folds in the neighborhood o f  the object 
sim ilar to the foliation drags obtained by M asuda 
and  A ndo (1988). T he equ a tio n s o b ta in ed  by 
Bjornerud (1989) are as follows:

ur = U { - \  - a’ ! (2 r’) + Ba-^rjcos 6 

u 0— U{ - 1 - a’ /  (4 r’) + 3 a 74r}sin 0 (for r > a)

where a is the radius o f the object; r and 0 are 
polar co-ordinates centred on the sphere; ur and u 
are radial and tangential velocity com ponents, re-



spcctivcly and [ ' is the far-ficld unidirectional flow 
velocity in the 0 = 0  direction. It m aybe noted that 
the above equations are applicable to fluid flow 
around a rigid sphere subject to the following con
ditions. 1) The fluid approaches a uniform velocity 
far away from the sphere and 2) the rigid sphere is 
stationary and non-rotating. Thus the velocity func
tions have to be modified in order to utilize them  for 
describing the flow field around a rigid body under 
shear deformation.

The presence o f floating objects results in he t
erogeneous flow in the matrix, and the heterogene
ity is fu rther augm ented w hen the objects rotate 
during  deform ation. The nature o f the heteroge
neous flow field in the m atrix again depends on the 
shape of the object as inequant objects rotate w ith 
changing angular velocity during progressive de
form ation in contrast to the constant angular ve
locity ( y / 2, y is  the bulk shear rate) executed by 
equant objects. The instantaneous rotation rate of 
an inequant object is controlled by the shape and 
orientation  of the object at an instant and the ratio 
between the rates of flattening and simple shear in 
the general type of bulk deform ation (Ghosh and 
Ramberg, 1976;Passchier, 1987). Consequently, die 
velocity fields, both inside and outside an inequant 
object, are much more complex than those deduced 
for equant objects in earlier studies. Jeffery’ (1922) 
has given an elegant mathematical treatment on the 
m otion o f ellipsoidal object embedded in a viscous 
m edium . Jeffery’s equations, determ ining the rate 
of rotation o f an object in a lam inar flow (equation 
41), have been utilized to analyze the kinematics o f 
rigid inclusions within a ductile rock (Ghosh and 
Ramberg, 1976; Passchier, 1987). From his theory 
one can also obtain functions for the instantaneous 
velocity field outside the rigid object not only for a 
simple shear but also for a general type of deforma
tion (Jezek et al., 1999). Considering an ellipsoidal 
coordinate system, with the origin at the center of 
the rigid object, Jeffery obtains a solution of the 
Navicr-Stokc’s equation for viscous flow, and de
scribes the instantaneous velocity field around the

objcct. The velocity at a point is a function of the 
coordinate o f the point, k  (ellipsoidal coordinate), 
with respect to the surface o f  the object, w hich is 
taken as the surface o f reference (k  = 0). As the  
distance of the point from  the surface o f object 
becomes large, i.e. k  tends to infinity, the  velocity 
tends to approach that o f a hom ogeneous flow o f  
the medium far away from the object. However, u ti
lizing Jeffery's functions to derive the velocity field 
is complicated, as the functions have com plex con
stants and parameters. Secondly, they are described 
with reference to the co-ordinate axes along  the 
axial directions of the object, w hich them selves 
move w ith progressive deform ation. Jezek et al. 
(1999) have circum vented these hurdles by so lv 
ing the velocity functions num erically w ith the help  
of a com puter software. M andal et al. (2000) have 
utilized Jeffery’s theory to model the heterogeneous 
flow field and developm ent o f related geological 
structures in a rock system containing rig id  ob
jects o f either equant or inequant shape, under pure 
shear, sim ple shear or general type o f  bulk defor
mation. They have, however, considered the v e 
locity functions in two dim ensions, (equations 22 
and 23 of Jeffery, 1922) and  analytically  derived 
the expressions for the constant term s in  the func
tions by satisfying boundary' conditions as given 
below.

Let us consider a rigid inclusion o f axial d im en
sions a and b, hosted in an infinitely extended v is
cous medium, subjected to a shear flow at a rate, yb, 
w ith a flattening rate o f eh, at right angles to the 
shear direction. A fixed reference, oxy, is set w ith x 
axis parallel to the shear direction and a m oving 
reference frame ox'y' is tied with the axial directions 
of the rotating inclusion (Fig. 1). The a-axis o f the 
inclusion at any instant makes an angle <p with the 
shear direction. In order to characterize the defor
mation o f the m atrix around the inclusion we need 
to know' the velocity field in the neighbourhood of 
the inclusion, which can be derived by solving the 
fam ous N av ie r-S to k e’s eq u a tio n s . F o llow ing  
Jeffery’s (1922) approach these can be derived as:



Rigid object

T
Fig. 1. D iffe ren t co -o rd in a te  sy stem s u sed  fo r de riv a tio n  

o f  the  v e loc ity  func tions  a ro u n d  an  inequan t rig id  
inclusion .
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where o '=  V o 2 + A, b ' = Y b 2 + A and A = a 'b \  
S ' is the instantaneous bulk strain-rate tensor withy
respect to axial directions of the inclusion, a, j i  and 
y  are geom etric param eters, whose expressions in 
two-dim ensions can be w ritten as

dXr a A. r dX r dX

The solutions o f the above integrals are:

2 a -  b'
e -  2
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T he expressions o f  constants, A, B, 
velocity functions are:

in the

A = {a + b f

E  = -a b ia + b)1

(q + fe); C D a^ a + b^
8 ’ 4  ( a 2 + ¥ ) '

2 4
Now, to find the instantaneous velocity com 

ponents at a point (x, y) we first have to m ake the 
following coordinate transform ation:

V X Costj) Sim p

y. _y_ i—
 I & s

’

C o s <fi

where <j> is the inclination of the a-ax is to the 
bulk shear direction. Finally, the velocity field with 
respect to the fixed reference, oxy, is obtained by a 
reverse transformation:

u V " Cost/) -S iru p

V y  _ S in  (p Costj)

The velocity at a point (x, y) will depend on the 
position o f  the point w ith respect to the object 
boundary (X = 0). X > 0 indicates that the point 
occurs outside the object boundary, w hile X = 0 
and X < 0 indicates that the points lie on the surface



an d  inside the object respectively. At an instant, 
po in ts lying outside the object, will move w ith ve
locity com ponents as shown above, w hile points 
e ith er on the surface or inside the object will move 
w ith  velocity components:

u = - a>v and v = cox,

co is the instantaneous rotation rate of the ob
ject, w hich is given by

a 2(Siti2<f> + S rSin2</>} + b 2(£os2tf>- S rSin2<f>) .
O) 1 1 1  7 ba + b

w here Sr is the ratio  of bulk pure shear and 
sim ple shear rates. The above equation reveals that 
inclusions o f equant shape (a  = b) rotate with a

yb
constan t angular velocity of —  in simple shear

an d  a com bination o f  sim ple shear and pure shear.

A pplica tion  o f  the theoretical form ulations: nu
m erica l experim ents

T h e  controls o f the flow field around rigid in 
clusions on the developm ent of related structures 
are difficult to envisage directly from  the velocity' 
functions m entioned in  the previous section, as 
the ir expressions are complex involving m any pa
ram eters together. But, the task becomes much 
easie r w hen num erical methods are applied to  the 
expressions o f the velocity functions. With the ad 
vent o f  com puter technologies it has farther be
come. convenient to perform numerical p.xperimeX& 
based on com plex m athem atical equations, w hich 
have m any advantages over physical experiments. 
For example, in numerical experiments one can simu
late deform ations for high finite strains, while im 
posing  a num ber of boundary conditions at a time, 
w hich is hardly possible in analog model experi
ments. Moreover, in physical experiments it is diffi
c u lt to  s im u la te  c e r ta in  s tru c tu re s , such as 
porphyroblast inclusion trails requiring an experi
m ental set up where the analog inclusion would 
increase in size while rotating w ithin the deforming 
m atrix. In contrast, excellent inclusion trail struc

tures can be generated w ith  the help o f num erical 
models. The essence o f num erical m odelling  can 
be illustrated by sim ulating  particle paths, strain 
distribution and foliation drag patterns arcund rigid 
inclusions as w ell as p o rp h y ro c la s t ta ils  and  
porphyroblast inclusion tra ils  u sing  the velocity 
functions derived from  Jeffery’s theory' (see fol
lowing sections). The basic requirem ent for sim u
lation o f such features is to  f in d  the  positional 
changes of m aterial points at every increm ent o f 
progressive deformation by using the velocity func
tions. This necessitates developm ent o f  a sim ple 
com puter program m e that w ould com pute the po
sitional changes o f all the given points, at each 
increm ent of progressive deform ation, under a  set 
o f boundary conditions and  w ould provide the fi
nal positions of the points after a  finite strain  so 
that the deformed configuration in  a  required finite 
state can be visualized. T he boundary conditions 
are specified by several input values as required 
for different features, such as increm ental rates o f 
pure shear and sim ple shear, in itia l orientation  of 
the inclusion if  it is inequant, in itia l axial d im en
sions o f the inclusion and its ax ial ratio  in  case of 
inequant shape, initial orientation o f foliation m ark
ers in the matrix if  there are any, incremental change 
in  the inclusion size if it grows (e.g. synkinem atic 
porphyroblasts) or reduces (e.g. synkinem atically 
degenerating porphyroclasts) during progressive 
deformation (Table -1).

D E F O R M A T IO N  O F  M A T R IX  A R O U N D  R IG ID  
iNC.i.usior'is

Particle paths
In order to characterize the heterogeneous flow 

field around rigid objects during  deform ation it is 
essential to describe the possible patterns o f  p a r
ticle paths under varying conditions o f  deform a
tion (e.g. Ramberg, 1975). In rotational deform a
tions the presence o f an equant rigid object induces 
concentric particle paths in the surrounding matrix. 
Two types of paths have been predicted - one w ith 
eye-shaped separatrix and the other w ith bow-tie 
shaped separatrix, wliich develop in Newtonian and



Table 1 . An outline of computer program for numerical simulations.
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n o n -N ew to n ian  m a tr ix  re sp e c tiv e ly  (F ig . 2; 
Passchier, 1994). L ater studies, however, have 
shown that the flow w ith double-bulge shaped (i.e. 
eye-shaped) separatrix  (M asuda and  M izuno, 
1996a) and bow-tie shaped separatrix (Pennacchioni 
et al., 2000) may develop in both  the rheological 
varieties. It appears that in addition to matrix rheol
ogy' there are other factors that could control the 
geometry of particle paths, such as shape of rigid 
inclusions (R  = a /  b) and the ratio  o f pure shear 
and sim ple shear rates ( S )  in the bulk  deformation 
as pointed out by Passchier (1994).

Fig. 2. Flow  patterns around spherical rig id  inclusions un
der dextral shear, (a ) Particle paths w ith eye-shaped 
separatrix  and (h) particle paths w ith bow-tie shaped 
sep a ra trix  (P assch ie r, 1994).

Influence o f  strain ratio ( S ): For equant inclu
sions (R = 1) in sim ple shear type o f deformation, 
the p a rtic le  path s show  a typical eye-shaped 
separatrix (Fig. 3). The separatrix has a finite dimen
sion across its longer direction, but becomes as
ymptotic along the length (Fig. 3a, see also Masuda 
and Mi/.uno. 1996a). The absence of stagnation 
points (zero velocity) is a characteristic feature o f 
the flow pattern around the inclusion. With intro
duction o f pure shear component in the bulk defor
mation (.S', > 0) the separatrix becomes finite both

along and across its length  and tw o diam etrically  
opposite stagnation points appear (Fig. 3b). W ith 
further increase in the pure shear com ponent, p a r
ticle paths in the im m ediate neighborhood o f  th e  
object become elliptical and those away from  th e  
object are hyperbolic. The separatrix o f the two types 
of paths assumes a bow-tie shaped geometry' (Fig. 
3c). The line jo in ing  the stagnation  points b isects 
the extensional and contractional apophyses o f  
bulk deform ation (Fig. 3c). T he d istance betw een 
the stagnation points defines the longer dim ension 
of the separatrix. W hen the pure shear com ponent 
is very large (Sr *  0.5), the separatrix shrinks in  size 
and becomes more equant, as the stagnation  points 
moves close to the object (Fig. 3d).

To summarize, the flow pattern around an equant 
rigid object in sim ple shear is characterized  by a 
sem i-infinite eye-shaped separatrix, w hich in bulk 
deformations by a com bination o f sim ple shear and 
pure shear assumes a bow-tie shaped geometry w ith 
finite dimensions. The inclination o f  the longer d i
mension o f finite separatrix w ith the bulk shear d i
rection can be given by:

0  =  - —ta n "1 (2  S r )
2

T he equation  show s th a t the  lo n g  ax is  o f  
separatrix will be parallel to the shear direction when 
the bulk deformation is under sim ple shear (S r = 0), 
as shown by Masuda and Mizuno, 1996a; Passchier. 
1994.

Influence o f  the shape o fr ig id  o b je c t: We have 
seen that inequant inclusions, unlike equant ones, 
rotate with changing velocity in the course o f p ro
gressive deformation. As a result, the particle paths 
around inclusions arc mutually d isharm onic, and 
intersect one another, im plying an unsteady flow 
around the object (Fig. 4). In case o f equant ob
jects, each particle lying between the separatrix and 
the surface of the object moves along a close path 
and reverses its movement direction twice. The 
points of reversals lie on the central shear plane, 
diametrically opposite to each other (Fig. 4a). In
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Fig. 3. N u m erica lly  sim ulated  particle paths around equant rigid inclusions, (a ) S im ple shear, (b), (c) and (d) C om bination  
o f  p u re  sh ea r and sim ple  shear; s tra igh t lines para lle l and  inclined  to th e  shear d irec tion  a re  th e  ex ten sio n a l and  
co n trac tio n a l apophyses o f  the h u lk  defo rm ation  respectively . S : s tag n a tio n  po in ts  in the flow  a ro u n d  the  rig id  
objects. S  ra tio  o f  pure  shear and sim ple shear rates in the bu lk  deform ation .

contrast, a particle in the vicinity of an inequant 
object reverses the movem ent direction several 
times while moving along close paths (Fig. 4b). The 
reversal points arc generally located away from the 
central shear plane.

Strain shadow zones

T he d eve lopm en t o f s tra in  shadow  zones 
around rigid m ineral grains or pebbles is clearly 
manifested in the preferential localization of equant 
quartz g rains on the opposite edges of rigid ob
jects in inanv natural deformed rocks (Spry, 1969; 
Ramsay and Huber. 1987). and are so nam ed be
cause there the finite strain is relatively less than 
the far-ficld finite strain. The rock matrix in the strain 
shadow zones may rem ain attached to the inclu
sion or may be detached creating fissures between 
the inclusion and the matrix. These open spaccs on

the opposite edges of the inclusion are com m only 
filled with fibrous crystalline m aterials like quartz, 
calcite etc. producing structures known as pres
sure fringes (Ramsay and Huber, 1987). In th is re
view we, however, deal mainly w ith strain shadows 
developing in the matrix that remain attached to the 
inclusion. The development of strain shadow zones 
can be easily dem onstrated by m eans o f physical 
m o d e ls  (S tro m g a rd , 1973; I ld c fo n se  an d  
Mancktelow. 1993) as well as numerical experiments 
(M asuda and Ando. 1988; M asuda and M izuno. 
1996). In the following sections we shall discuss 
development of strain shadow zones for different 
strain ratios (pure shear /sim ple shear) and inclu
sion shapes by analyzing the deform ations o f nu
merous. small, initially circular m arkers distributed 
around the inclusion.



Fig. 4. F low  p a tte rn s  a round  (a )  eq u an t and (b ) inequan t 
rig id  inc lu sions o b ta in ed  from  nu m erica l s im u la 
tion. In (b) the long  axis o f  the  inclusion  w as in i
t ia l ly  p a ra lle l to the  sh ea r  d ire c tio n . R : aspec t 
ra tio  o f  the  object.

Influence o f  strain ratio ( S ) :  In simple shear 
type o f deformation (S. = 0), strain shadow domains 
develop against the two extensional faces of the 
object describing a cr-type geometry (Fig. 5a). The 
zones o f high strain occur near the contraction face 
of the object and along long bands at an angle less 
than 45° with the shear direction (Figs. 5a and b, see 
also Masuda and Ando, 1988). The low-strain zones 
tend to shrink as the pure shear component in  the 
bulk deformation increases (Figs. 5 b and c), and 
when the deformation is entirely by pure shear no 
discernible strain shadow zone develops (Fig. 5d).

Strain shadow around inequant inclusions : 
In rase of inequant inclusions the initial axial orien
tation of the object with rcspcct to the shear direc

tion (^) and the axial ratio o f the objcct (R ) arc addi
tional param eters in the developm ent o f s tra in  
shadow zones. Strain shadow zones form w hen the 
long axis of the objcct makes an angle between 60° 
and 135° with the shear d irection (Fig. 6). W hen tf> 
is close to 60°, the strain shadow  zone forms a n a r
row tail, em erging from the tip  o f  the object (Fig. 
6a). With increase in initial inclination, the shadow  
zone becomes w ider and longer (Fig. 6b), and at <f>- 
120°, they form bands giving rise to an overall p a t
tern sim ilar to that o f augen structures (Fig. 6c). 
The low-strain zones die out as the initial in c lin a
tion of the object is further increases (Fig. 6d) an d  
instead a narrow zone of strong strain  concen tra
tion appears sub-parallel to the long axis o f object 
(Fig.6d).

F ora  given tj>, with increase in axial ratio o f the 
rigid object strain shadow zones progressively in 
crease in length as well as change their pattern (Fig. 
7). W hen the axial ratio is low {R = 1.5), the strain  
shadow zones resemble a  -type tails em erging from  
the nodes of the object. With increase in axial ratio, 
R , the zone forms wings, which finally becomes like 
a band surrounding the object (Fig. 7c).

Distortion patterns o f  passive m arkers

The heterogeneous flow field around rigid in 
clusions is often m anifested in the distortion o f  
passive markers (bedding or foliation) in the matrix. 
The distortion patterns of passive m arkers in  the 
neighbourhood of rigid inclusions are useful in the 
analysis o f progressive deform ation as well as k i
nematic conditions.

Ghosh (197 5). Ghosh and Ramberg (1978) have 
analyzed different drag patterns by considering the 
relative rates o f rotation o f the inclusion and the 
passive markers in the course of progressive de
formation. However, there are distortion  patterns 
that cannot be explained by these analyses. M asuda 
and Ando (1988) took into account the heteroge
neous strain field around equant inclusions and 
explained diverse types of distortion patterns for 
different initial orientation o f passive m arkers u"
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Fig. 5. S train d istributions around equant rigid inclusions in num erical models. Finite bu lk  shear = 4.0. Strain shadow  zones 
(shaded) a re  show n in insets.

der sim ple shear type of bulk deformation. How
ever, the distortion patterns would also depend on 
the shape and orientation of the inclusion if  it is 
inequant and the ratio o f pure shear and simple 
shear rates in the bulk deformation as shown in 
Figures 8 and 9. The different drag patterns that 
may form around rigid inclusions under varying 
conditions can be classified into four major types 
(Fig. 10). Type 1: Markers form bi-convex curvatures 
around the object (Fig. 10a). Type 2 : M arkers are 
distorted in llic form of typical folds on either side 
o f  the object (Fig. 10b). Depending upon the de
gree o f relative curvature, the drag folds can again 
be classified into three sub types: Type 2a, 2b

2c. The first two types arc characterized by larger 
curvatures of folds with inw ard convexity, and they 
differ from each other by the opposite sense o f 
arrangement o f folds with inward and outward cur
vatures. Type 2c has drag folds w ith outward con
vex curvatures much greater than inw ard convex 
curvatures. Type 3 : M arkers are distorted w ith in 
ward convex curvatures, giving rise to geom etry 
very similar to that o f millipede structures (Bell and 
Rubenach. 1980). They have sm ooth, rounded 
(single-hinged) (Type 3a) or flat (double-hinged) 
(Type 3b) crests (Fig. 10c). Type 4 : The drag effect 
of object is such that the m arkers are distorted in 

o f  overturned folds on either faces o f the



Fig. 6. S train  d istributions around inequant inclusions o f  aspect 
axes to the shear d irection (j4) Finite b u lk  shear = 4.0.

object (Fig. lOd). This type of drag patterns has 
been produced in analog model experim ents (Van 
D en Driessche and Brim, 1987). Types 2c, 3b and 4 
develop around inequant objects under specific 
conditions, whereas the rest of the types are com
mon to both equant and inequant inclusions. The 
nature of drag pattern of m arker foliation may be 
useful to understand their initial orientations as well 
as the shear sense. For example, in case o f Type 2 
drag  patterns the initial orientation of the foliation 
is required to be parallel to the shear direction or at 
angles niorc than 90°. Again. Type 2b and Type 4 
drag patterns can used as shear sense indicators 
(Fig. 11). Table 2 summarizes the conditions at which 
different types of drag patterns develop.

ratio  R =  2 with different in itia l inclinations o f  the ir long 
Strain shadow  zones (shaded) a re  show n in insets.

Tabic 2 :
Fields of different types of drag pattern around 
inequant rigid ob jects (R = 3) in th e f  =  q space.

Inclination of long axis o f object (f)

0 45 90 135 180

0
Type 3b Type 4 T ype 4 T ype  2c T ype  3b

45 Type 1 T ype 1 T ype 4 T ype 1 T ype  1

90 Type 1 Type 1 Type 1 Type 1 T ype  1

135 T ype 2c Type 2b T ype 3a Type 3b T ype 2c

180 Type 3b Type 4 Type 4 T ype  2c T ype  3h
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S tra in  sh ad o w  p a tte rn s  n e a r  in e q u a n t o b je c ts  o f  
in c rea sin g  ax ia l ra tio  R. T he long  axis o f  the ob 
jec ts  w as in itia lly  a t an ang le  j> = 120° w ith  the 
sh ea r d irec ion .

M A N T L E  S T R U C T U R E S  A R O U N D  
P O R P H Y R O C L A S T S

The velocity functions characterizing the flow 
field around rigid inclusions can be utilized to study 
the developm ent o f  m an tle  s tru c tu res  a round  
p o rp h y ro c la s ts .  H ow ever, in  th is  c a se  th e  
porphyroclast reduces in size as a result o f  periph
eral dynam ic reciystallization in  the course of p ro
gressive deformation, form ing deformable m antles 
rim m ing the porphyroclast. The m antle subse
quently deforms in concert w ith the surrounding 
flow field producing a spectrum  o f m antle struc
tures around the porphyroclast under varying con
ditions of deformation. In other words, mantle struc
ture is the deformed geometry' o f  the m antle around 
the undeformed core o f a porphyroclast w hich usu
ally consists of tails on either side o f the rigid core 
(Figs. 12,13). Passchier(I994)hascom prehensively 
classified m antled porphyroclasts into four types 
(# -, S-, tj>- an d  cr- type, F ig . 12a). 0 - type 
p o rp h y ro c las ts  a re  c h a ra c te r iz e d  by lit tle  or 
undeform ed m antles w ithout any discernible tails. 
a  - and 5  - type porphyroclasts have m antles w ith 
prom inent tails showing monoclinic arrangem ent. 
The tails on either side o f the porphyroclasts lie at 
relatively different levels, defining stair-stepping 
(Fig. I2b). <r - type porphyroclasts have ta ils  
bounded by straight lines on one side and curved 
lines on the other side tha t define an in te rnal 
asymmetricity. The tails in a  -type porphyroclasts 
do not cross the shear p lane passing th rough the 
center o f the porphyroclast. In  contrast, d'-typc 
porphyroclasts have tails w ith both boundaries 
curv ed in the sam e sense, and in addition, the tails 
c ro ss  th e  c e n tr a l  s h e a r  p la n e . (j>-type 
porphyroclasts, on the other hand have ta ils sym 
m etrically disposed astride the rigid core show ing 
an  o r th o rh o m b ic  sym m etry , a  an d  5  ty p e  
porphyroclasts can be used as shear sense indica
tors by analyzing the sense of stair-stepping as 
shown in Figure 12b. We will see later that there 
may be more com plex m antle structures show ing 
com binations o f the above types.



Fig. 8. N um erical sim ulations o f  the d isto rtion  patterns o f 
passive m arker lines around equant rigid inclusions. 
0  is the initial inclination o f m arker with the shear 
d ire c tio n , (a )  S im ple  .shear, (b ) C o m b in a tio n  o f  
pure shear and sim ple shear. S  is the ratio o f  pure 
shear and sim ple shear rates.

Following the key publication by Passchier and 
Sim pson (1986) mantled porphyroclast systems 
have increasingly gained importance in the kine
m atic analysis of deformed rocks, as they have been 
p roved  to  be re liab le  sh ear sense ind ica to rs 
(Choukroune et al., 1987;M awar. 1987; Van Den 
D ricssche and Brvin, 1987; Hooper and Hatcher, 
1988; Bjornerud. 1989b; Hanm er and Passchier. 
1991; Simpson and De Paor. 1993; Bjornerud and 
Zhang. 1994). Recent studies have revealed that 
th e  ev o lu tio n  o f  d iffe ren t types o f m an tled

porphyroclasts, e.g. £-typc, a -  type ctc, is i ts e lf  a 
subject requiring  a m ore de ta iled  in tro sp e c tio n  
(Passchier et al., 1993; Passchier, 1994; B jo rn e ru d  
and Zhang, 1995; M asuda and M izuno, 1996b). 
Passchier et al. (1993) and P assch ier (1994) h a v e  
provided genetic models for th e  developm ent o f  
mantle structures in  relation to the  flow p e r tu rb a 
tion around the rigid porphyroclasts. T he flow p e r 
turbation that is mainly o f  two types, - w ith a n  ey e  
shaped and a bow-tie shaped separatix  (Fig. 2). 
Passchier (1994) has explained th e  developm ent o f  
the principal four types o f  m antle  structures by  
considering the position o f initial m antle relative to  
the flow'separatrix.

The mantle structures o f porphyroclasts h av e  
been successfully sim ulated in  experim ents w ith  
N ew tonian  as well as n o n -N e w to n ia n  m a tr ix  
(Passchier and  Sim pson, 1986; ten  B rink  a n d  
Passchier, 1995; Passchier and Sokoutis, 1993). T h e  
experimental results apparently conform  to the th e o 
retical genetic models, form ulated  on the b as is  o f  
the geometry of flow perturbations around  r ig id  
porphyroclasts (Passchier, 1994) b a rrin g  som e d e 
viations (Masuda and M izuno, 1996b). In addition , 
they provide a volume o f in form ation  about h o w  
the mantle structures of porphyroclasts change th e ir  
geometry in the course of p rogressive defo rm ation  
to a large finite strain.

Numerical sim ulation (ten B rin k  et al., 1993; 
Bjornerud and Zhang, 1995; M asuda and M izuno , 
1996b) is another useful approach to study the ev o 
lution o f mantled porphyroclasts. T h is  ap p ro ach  
has some advantages, as one can sim ulate a  s tru c 
ture to high strain in a parallel-sided shear zone , 
while imposing a num ber of boundary' cond itions 
at a time. Bjornerud and Z hang (1995) have d e te r
m ined the stability fields o f com m on types o f  
mantled structures by considering synk inem atic  
size reduction of the spherical porphyroclast at d i f 
ferent rates and a slip or non-slip  condition at th e  
matrix-porphyroclasts interface. T he model resu lts  
are, however, restricted to m oderate finite sh e a r  
strains (y  < 10). Natural as well as experim en tal
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Fig. 9. D rag  patterns o f  m arker lines around inequant inclusions, (a) R was varied, keeping 6 = 0 and ^ = 0. (b) tj> was varied, 
keeping R = 3 and 0 = 0 .  (c) 0  was varied, keeping R = 1.5 and <j>= 0. In all the cases Sr = 0. R : axial ratio  o f  object; 
(4 ■. in itia l inc lina tion  o f the long  axis o f object w ith  th e  shear d irection; 0 : in itia l inc lina tion  o f m a rk e r  w ith the 
s h e a r  d irec tio n .

observations (ten B rink and Passchier, 1995) indi
cate that the evolution o f a porphyroclast may in
volve a large fin ite strain, giving rise to additional 
complexities in the m antle structure. This is also 
evident from  the num erical models o f M asuda and 
Mizuno (1996b) where they have analyzed mantled 
p o rp h y ro c las ts  in  bo th  N ew ton ian  an d  non- 
Newtonian m atrix  by varying the initial mantle 
width. In contrast to Bjom erud’s (1995) model, their 
model, however, considers a fixed dimension o f the 
object in the progressive deformation.

All these num erical models show the probable 
modes o f developm ent o f m antle structure around

equant porphyroclasts in a sim ple shear type of 
progressive bulk deformation. However, in natural 
m ylonites porphyroclasts are  often inequan t in 
shape (Passchier and Simpson, 1986). In addition, 
the bulk deform ation can have a shortening com 
ponent across the shear zone. In detail, the shape 
of natural mantled porphyroclasts are thus likely to 
be more complex and to deviate from those so far 
predicted by sim ulations w ith objects o f equant 
shape under sim ple shear type o f progressive de
formation (Passchier and Trouw, 1996). Again, the 
physical m odel experim en ts o f  P assch ier and  
Si mpson (1986) explicitly reveal that the rate o f size 
reduction of the porphyroclast is a crucial param -
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Fig. 10. T y p es  o f  d ra g  p a tte rn s  o b ta in e d  from  n u m e ric a l 
s im u la tio n s  (see  tex t fo r deta ils).

Fig. 11. D ra g  p a tte rn s  as 
shear sense ind ica
to rs . (a )  S id e s te p 
ping o f axial traces 
(dashed line) o f  in
w a rd ly  con v ex  
drags, (b) Vergence 
o f  overtu rned  drag  
fo ld s  on th e  long 
faces o f  ob jec ts  
svilh a la rg e  ax ia l 
ra tio .

Fig. 12. ( a )  T ypes  o f  p o rp h y r o c la s t  sy s te m s  (P a s s c h ie r ,  
1994 ). (b ) R e la tio n s  b e tw ee n  th e  sen se  o f  s ta ir 
s tepp ing  o f  <t and S  type p o rp h y ro c la s t ta i ls  and 
the sense o f  b u lk  shear.

eter controlling the geom etry o f  m antle structures. 
M andal et al. (2000) have presented a m ore gener
alized theoretical model in tw o-dim ension, and 
show n probable p a tte rn s  o f  m a n tle  s tru c tu re  
around inequant porphyroclasts in a N ew tonian 
matrix. Their num erical sim ulations attem pt to  in
vestigate the control o f the follow ing factors on 
the development o f tail structures over a la rge fi
n ite  stra in : (1) th e  ra te  o f  s ize  re d u c tio n  of 
porphyroclast, (2) the ratio between pure shear and 
simple shear rates in the bulk deformation, and  (3) 
the initial shape and orientation o f  porphyroclasts 
(represented by the aspect ratio a/b). T his model, 
when applied for an equant clast and sim ple shear 
type of progressive deformation, yields results sim i
lar to those o f earlier models.

In the present discussion follow ing term s are 
used for the clarity of the description: M antle struc
ture- deformed geometry o f the m antle around the
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Fig. 13. D ia g ra m m a tic  re p re s e n ta tio n  o f  the  te rm in o lo g y  
used  in th e  tex t, (a )  G e o m etric a l te rm s (see  tex t 
for details); (b) w ing m igration by shilling o f  branch 
points (X ); (c ) w ing lengthening by  tw o modes: (i) 
sh ifting  o f  b ranch points (X ) w ithou t w ing stre tch
ing, (ii) s tre tch in g  o f  w ings w ith o u t b ranch  po in t 
(X ) sh ifting; (d) side stepping (A -B ) in a tail struc
tu re .

rigid core o f  a porphyroclast. Tails- the portions of 
deformed mantle on either side of the rigid core. Ming- 
narrow offshoots o f a tail (Fig. 13a). Branch Point- 
the point from  which a wing offshoots from the tail. 
Wing migration- the bodily migration o f a wing along 
with the branch point (Fig. 13b). W mglengthening- 
the increase in length o f a wing, which occurs in two 
modes- (i) shifting of the branch point without wing 
stretching, (ii) wing stretching without branch point 
slutting (Fig. 13c). Contractional fa c e  and exten- 
sional fa c e -  portions o f the object, a t any instant, 
facing the contractional and extensional fields re
spectively (Fig. 13a). Side-stepping- refers to the lat
eral offset o f the tails as one moves from one side of 
the porphyroclast to the other (Fig. 13d).

Numerical models o f M andal e ta l. (2000) indi
cate that 5 -, tj>- and finally a  - type mantle struc-

Fig. 14. F ields o f  d ifferent types o f  m an tled  porphyroclasts  
in the  space o f s ize -reduc tion  ra te  (n o rm alized  to 
the bu lk  shear rate) versus finite bu lk  shear. S-iji: 
ta il w ith  incipient 5 w ing; (j>-S; com bination o f  tj> - 
and 5  -type geom etry; H-<ji \ hooked $  i.e. -type 
ta ils show ing  hook-shaped  geom etry  a t the tip ; R- 
S-ij> ro lled  S - 0  i.e. <ji -type ta ils  w ith  long S  -type 
wings; 13- ̂  : branched ^ i.e ^  -type tails w ith ^  -type 
wings at the tip o f  the tail; 13-c r : branched a  i.e. a  - 
type ta ils  w ith  short w ings a t the tip  o f  the ta il?

tures (Passchier, 1994) develop as the rate o f clast- 
size reduction increases (Fig. 14). These results 
qualitatively conform to the model o f Bjornerud and 
Zhang (1995) that shows the developm ent o f  a -  
type objects at a high rate o f recrystallization. Simi
lar results were also obtained from  analog model 
experiments (Passchier and Simpson, 1986). For a 
given rate of clast-size reduction the m antle geom- 
etiy changes with increasing finite shear strain  
during progressive deformation (Fig. 15). The sta
bility fields o f the principal mantle types have been 
delimited in the space of finite strain versus recrys
tallization rate from physical and num erical model 
ex p e rim en ts  (P assch ie r and S im pson , 1986; 
Bjornenid and Zhang. 1995). These studies are, 
however, restricted to moderate finite strains ( y <  
10). The sim ulations o f M andal et al. (2000) and 
Masuda and M izuno (1996b) show development
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of complex, but definite patterns over la rg e r fin ite 
strains as shown in a broader field diagram  (F ig . 15).

It has also been revealed that typical d  - type 
tails that cross the reference p lane and show  s ta ir
stepping generally develop for m oderate r a te s  of 
clast-size reduction (0 .25 -0 .5 ) (Fig. 16a). W h e n  the 
rate of clast-size reduction is lower, the m antle s truc
ture looks like incipient 5  -type tails th a t d o  not 
cross the reference plane, w hich at lower v a lu e s  of 
kinematical vorticity num ber (i.e. h igher S j  appear 
as § objects w ithout stair-stepping but show  sid e 
stepping as defined in  Fig. 13 (Fig. 16b, se e  a lso  
Passchier etal., 1993).

For the same kinematic and physical cond itions, 
porphyroclasts o f different initial shapes d ev e lo p  
different patterns in their mantles (Fig. 17). A t a  low  
finite strain, elongate objects w ith larger a s p e c t r a 
tio have more complex multi-winged tail p a tte rn s  in  
comparison to those o f  equant objects, e x c e p t a t 
higher values o f clast-size reduction rate. In  n a tu ra l 
mylonitcs the former may be mistaken to re p re se n t 
high finite shear. Such a  qualitative assessm en t o f  
finite strain from mantle structures may thus be e r ro 
neous unless other factors are taken into ac co u n t. 
At higher values of Sr inequant objects also sh o w  
development of 6  -like tails that do not cross th e  
central reference plane and appear as n o n - s ta i r  

ai - tspe mantle struc- slcpped 0-uiils of Passchier et al. (1996). H ow ever, 
the niamic structure shows side-stepping (Fig. 16).
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Fig. 19. V aria tion  in the  m antle  geom etry' o f  very  elongate 
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o rien ta tio n  {<)>). F inite bu lk  shear ( / )  in all models 
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M andal ct al. (2000) performed several numeri
cal experim ents in order to study the effects o f o ri
entation o f  inequant porphyroclasts on the m antle 
geometry. In sim ple shear type o f progressive de
formation (Sr = 0) porphyroclasts of aspect ratio 1.5 
develop 8  -type m antle geometry when their long

axis is initially parallel to the shear direction (Fig.
18). With increase in the initial inclination (jfi> 20°) 
the m antle tends to have a com posite structure 
showing 8 -type wings, w hich becom es dom inant, 
giving rise to a 8  -type overall geom etry o f  the 
mantle a t 80°. A sim ilar transform ation from  a- 
type to 8  -type m antle geometry w ith change in 
porphyroclast orientation has been dem onstrated 
from kinematic models (Simpson and De Paor, 1993). 
W ith further increase in  the inclination  (<p> 110°) 
the m antle becomes symmetrical, form ing a 0-type 
geometry.

For a given finite bulk shear, the varia tion  of 
m an tle  geom etry versus in itia l o r ien ta tio n  o f  
porphyroclast, as noticed in  the above num erical 
examples, is different when the porphyroclast has 
a different initial aspect ratio. Experiments with in i
tial aspect ratio 3 yield a contrasting  result (Fig.
19). Porphyroclasts w ith initial orientation parallel 
to the shear plane develop 8  -type m antle geom etry 
and those with initial orientation perpendicular to 
the shear plane form  a  -type m antle geometry.

D ifferen t sets o f  experim en ts w ere run  by 
M andal et al. (2000) by varying the initial orien ta
tion o f porphyroclast under different values o f  the 
ratio o f pure shear and sim ple shear rates (Sp) or 
kinematic vorticity num ber ( H\) w ith constant in i
tial aspect ratio (a /b  = 2). The experimental results 
are shown synoptically in  Fig. 20. T he m antle p a t
te rn , i r re s p e c tiv e  o f  in i t ia l  o r ie n ta t io n  o f  
porphyroclast, tends to assum e a sim pler 8  -like 
geometry w ithout stair-stepping at a large value of 
S' or a low value o f W.. However, the S -value at

r  i  ’ r

which porphyroclasts show such a sim ple pattern  
depends on th e  in itia l o rien ta tio n  (<j)) o f the  
porphyroclast. W hen § = 0, the pattern  develops 
at Sr = 0.50, which forms at Sr = 0.25, when the initial 
orientation $ is90°.

To summ arize: (1) at a low finite strain, equant 
objects develop sim ple 8  - type tails, w hich is re 
placed by <j> - tvpe, as the rate o f clast-size reduc
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tion is increased, cr-type tails form at a high rate of 
clast-size reduction and a high finite strain. (2) Willi 
an increase in finite shear strain, the tails tend to 
have successive generations of wings forming com 
plex mantle structures except for a very high rate of 
clast-size reduction. (3) Elongate objects may de
velop composite tail patterns consisting o f m ul
tiple wings, even at low finite strains and the mantle 
structures become increasingly complex w ith in 
crease in aspect ratio. (4) In  case o f inequant 
porphyroclast the mantle structures depend on the 
initial orientation o f the porphyroclast. (5) F or a 
given finite shear, decrease in the vorticity o f  bulk 
deformation leads to dev elopment of simpler mantle 
structures and vice-versa. (6) Porphyroclast sys
tem s have been utilized as shear sense indicators 
by considering the sense of stair-stepping in  the 
m antle structures (Passchier and Trouw. 1996). 
However, there arc mantle structures where the tails 
do not show stair-stepping (Fig. 16). In such cases 
shear sense can be determ ined from the side-step
ping of the tails. Again, the rotation of an equant 
objcct takes place with a uniform angular velocity.

while an inequant object rotates w ith a c h a n g in g  
velocity. In the latter case the object may even ro 
tate with a sense opposite to the shear sense w h e re  
a flattening com ponent acts across the shear z o n e  
(Passchier, 1987). An obvious doubt then arises o n  
th e  u sa g e  o f ta il  p a t te r n s  o f  i n e q u a n t  
porphyroclasts as shear sense indicators. H ow ever, 
the numerical models reveal tha t inequant ob jects 
develop more complex patterns containing m ultip le  
wings showing sense of side-stepping syn the tic  
to the bulk shear sense. Inequant objects w ith  
multiwinged mantles can thus be reliably used fo r  
the determ ination of shear sense.

Kinematics o f  mantle deformation
Numerical experiments, described in  the ea rlie r 

sections reveal that the developm ent o f m a n tle  
structures involves some specific kinematics o f th e ir  
tails or wings, which in turn govern the final geom 
etry of the mantle structure. This section p resen ts 
a genetic basis for different m antled porphyroclast 
systems by considering the following three inodes 
of mantle deformation. M ode I : the m antle dcvel-



opm ent involves dom inantly wing m igration (Fig. 
13); th e  w ings move bodily w ith the ro tating  
porphyroclast w ithout any shortening or length
ening during migration. Mode 2: The mantle devel
opm ent is associated w ith w ing lengthening (Fig. 
13), that takes place either by branch point shifting 
{M ode 2a) or by w ing stretching (Fig. 13) without 
branch p o in t shifting (M ock 2b). M ode 3 : The tail 
structures lengthen in the instantaneous extension 
quadran t along w ith the branch points.

E ach  mode o f mantle development gives rise to 
a particu lar type of m antle structure. In Mode 1 the 
wings show' incipient <5-like geometry, which bodily 
m igrate and coalesce with <j> -type tails in the in
stantaneous extension quadrant, forming a hooked 
5-(j> geom etry at a large finite strain (Fig. 14). In 
M ode 2a. the w ings grow in length, but never cross 
the cen tral reference plane. The m antle therefore 
does no t assum e a typical 8  -type geometry, as de
fined by Passchier and Simpson (1986), but forms 
atypical 8  -type structures, which transform  into a 
rolled 8  -  <f> com posite geometry at a large finite 
strain  (Fig. 15). M ode 2b m antle development is 
characterized  by w ing stretching, m aintaining the 
branch points at fixed positions. The wings there
fore can  cross the central reference line, form ing a 
typical J - ty p c  geometry (Fig. 16). Mode 3 involves 
stretch ing  o f  the tail structure as a whole, where 
the offshoots also experience stretching along with 
their b ranch  points in the bulk extension direction. 
This m ode o f m antle development results in the 
form ation o f  <p -type ov erall geometry'.

N um erical model experim ents run at different 
clast-size reduction rates indicate that the mode o f 
m antle developm ent is controlled by the size re
duction rate o f the porphyroclast. Low rates o f size 
reduction favour M ode 1 mantle development. As 
the m antle grows in thickness slowly, it experiences 
a strong  drag  cffect induced by the rotating rigid 
core. T he w ings in them therefore m igrate bodily, 
sim ilar to m aterial particles describing close paths 
around rigid objects (Fig. 3). With increase in size- 
reduction rate. M ode 1 is replaced by M ode 2a. In

M ode 2a, the m antle boundary is folded by branch 
point shifting, form ing wings. As the porphyroclast 
shrinks at a faster rate, the drag  influence o f the 
rotating rigid core onto the w ings decreases and 
thereby does not result in overall m ovem ent o f the 
wing. The wing migration in concert w ith the rotat
ing rigid core is countered by w ing stretching in 
the bulk extension direction. At a critical balance of 
these two tendencies the w ings do not move bodily 
either in  the shear or extension directions. With 
further increase in size-reduction rate, the drag of 
the rigid core onto the m antle boundary becomes 
weak and the processes o f  branch point shifting 
due to the drag  effect is therefore suppressed, 
whereas the w ing stretching in  the extension direc
tion gets dominance. U nder this condition M ode 
2b becomes the more dom inant mode in the mantle 
development, form ing typical 8  -type structures. 
At higher size-reduction rates the m antle grows in 
size suffering relatively less drag  by the rotating 
porphyroclast. Consequently. M ode 2 is replaced 
by Mode 3, in which w ing stretching is much more 
important than branch point shifting, giv ing rise to 
a 0-type overall geometry o f the mantle. In Mode 3. 
a  -type mantle structures form when the drag effect 
onto the m antle boundary is very' little or absent.

IN C L U S IO N  T R A IL S  W IT H IN  
P O R P H Y R O B L A S T S

Inclusion trails are a  typical feature o f  many 
natural synkinem atic porphyroblasts, w hich com 
monly record minute details o f deformation history. 
Consequently, the study o f porphyroblast systems 
has been in vogue over several decades (Rast. 1958; 
Z w art. 1960; Spry. 1963; R o sen fc ld . 1970; 
Schoneveld, 1977; Powell and Vernon. 1979; Bell 
and Rubenach. 1980; Bell. 1985; Bell and Johnson. 
1989; Passchier et al.. 1992; Passchier and Speck. 
1994; Johnson and Bell. 1996; Johnson and Moore. 
1996).

Curved or spiral trails may result due to rota
tion of porphyroblasts as they grow over a p re
existing, passive foliation during a single phase of



d efo rm atio n  an d  in c tam o rp h ism  (G hosh and 
R am berg, 1978; M andal and  B anerjee, 1987; 
M asuda and M ochizuki. 1989; B jornerud and 
Zhang, 1994, Beam, 1996). On the other hand, curved 
trails may also form  within non-rotating, stationary 
porphyroblasts as they grow over and include vari
ably oriented, successive generations of overprint
ing crenulation cleavages during  multiple phases 
of deformation and m etam orphism (Bell, 1985; Bell 
et al., 1992 a, b; Bell and Hickey. 1997; Bell et al., 
1998). Analog model experiments suggest that rigid 
inclusions em bedded in a hom ogeneous ductile 
matrix with coherent interfaces rotate during defor
m ation under favourable conditions (Ghosh and 
Ram berg, 1976; Passchier and Sim pson, 1986; 
Ildefonse et al., 1992; Arbarct et al., 1996). On the 
contrary, rigid inclusions in a heterogeneous sys
tem may not experience rotation even when there is 
a rotational component in the deformation (Stewart, 
1997; Hickey and Bell, 1999). It thus appears that 
independent criteria are to be used to discrim inate 
curved inclusion trails form ed w ithin rotating and 
non-rotating porphyroblasts (e.g. Passchier and 
Trouw, 1996; Bell etal., 1998; Clian and Crespi. 1999).

This review exclusively deals with inclusion trail 
structures developing in consequence to relative 
rotation of porphyroblasts growing over a pre-ex
isting passive foliation during a  single phase of 
deform ation and m etam orphism . W ith the advent 
o f advanced PC software, num erical sim ulation of 
trail patterns w ithin rotating porphyroblasts com
m enced as an area of major interest (M asuda and 
Mochizuki, 1989; Bjornerud and Zhang, 1994; Beam,
1996). Earlier studies along this line have revealed 
th a t re la tiv e  ra te s  o f  ro ta tio n  an d  grow th  o f 
porphyroblast are the principal parameters control
ling the trail pattern (M andal and Banerjee, 1987). 
Beam (1996) has further shown that porphyroblasts 
can grow by constant increm ents of radius, sur
face area and volume, each producing di fferent trail 
patterns. Additional com plexities in the trail pat
tern may also arise due to the deflection of foliation 
in conscquencc to heterogeneous strain induced

by the porphyroblast in its vicinity. Based on th e  
velocity field around a rigid sphere hosted in  a  v is 
cous m atrix with a coherent interface, different p a t
terns o f inclusion trails have been sim ulated n u 
merically by varying the in itial orientation o f fo lia 
tion m arkers (M asuda and Ando, 1988; M a su d a  
and M ochizuki, 1989). It has been shown an a ly ti
cally that the degree o f co u p lin g  betw een  th e  
porphyroblast and m atrix influences the velocity  
field , an d  the reby  co n tro ls  th e  tra il p a t te r n s  
(Bjornerud, 1989; Bjornerud and Zhang, 1994). A ll 
these models are tw o-dim ensional and Gray a n d  
Busa (1994) advanced them  to three dim ensions.

The numerical models so far discussed deal w ith  
porphyroblasts o f  equant shape, w hich rotate w ith  
a constant angular velocity. T he kinem atic an a ly 
sis reveals that non-spherical porphyroblasts ro 
tate with changing angular velocity during progres
sive deformation. Beam (1996) has presented a  k i 
nem atic model for the developm ent o f  trail s tru c 
tures w ithin non-spherical porphyroblasts u n d er 
simple shear and a combination o f sim ple shear an d  
pure shear. His model, however, does not consider 
the effect o f  heterogeneous s tra in  a round  th e  
porphyroblast.

Jeffery ’s velocity functions, given in  the ea rlie r 
section can be applied to investigate the develop
ment o f inclusion trails w ithin synkinematic, ro tat
ing porphyroblasts o f both equant and inequan t 
shapes considering the heterogeneous flow  o f  
matrix around the porphyroblast (cf. Jezek et a l., 
1999; M andal et al., 2000). T he follow ing factors 
appear to be effective in controlling the geometry' 
of inclusion trails: (1) the initial orientation of folia
tion markers, (2) the ratio o f pure shear and sim ple 
shear rates in the bulk deformation, (3) the ratio o f  
the rates o f rotation and growth o f  porphyroblast, 
and (4) the initial orientation and the ratio of growth 
rates along  the  ax ia l d irec tio n s  o f  in e q u a n t 
porphyroblast.
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fo r large values o f  S  . Finite bu lk  shear in m odels was 5. R atio o f  grow th  rates along ax ia l directions = 1.

Trail pa tterns in equant porphyroblasts

E arlier workers (e.g, M asuda and M ochizuki, 
1989) have shown that the trail patterns in radially 
growing equant porphyroblasts depend mainly on 
the initial orientation o f marker foliation Additional 
com plexities in the trail patterns may arise if the 
effects o f pure shear com ponent in the bulk simple 
shear flow are taken into account. Porphyroblasts 
overgrowing m arkers initially inclined with the 
shear direction at angles between 0° and 90° do not 
show significant variation in the trail pattern with 
an increase in pure shear component in the bulk 
deformation (Fig. 21). The overall patterns are rep
resented by sigm oidal curves, as commonly seen 
in natural porphyroblasts. The central trail (i.e. the 
tr a i l  p a s s in g  th ro u g h  th e  c e n te r  o f  th e  
porphyroblast) consists o f two segments symmet

ric about the center. The individual segm ents of 
the central trail do not generally show reversal in 
curvature, as revealed in earlier num erical models 
(Masuda and Mochizuki, 1989). However, when the 
m arker is at a high angle w ith the shear direction 
and the ratio o f pure shear and sim ple shear rates is 
large (> 0.5), they show reversal in  curvature, giv
ing rise to a sinuous pattern (Fig. 21). With de
crease in the ratio of growth rate and rotation rate 
of porphy roblast. sigm oidal trail patterns are p ro
gressively replaced by spiral patterns (Fig. 22).

The influence of the strain ratio Sr on the trail 
patterns is most significant when the m arkers have 
negative inclination. For example, porphyroblasts. 
with markers initially at an angle of - 45°, show a 
systematic variation in  the geom etry of inclusion



Fig. 22 V aria tio n s  in tra il  p a tte rn s  w ith  in c re a se  in the 
ra tio  o f  ro ta tio n  ra te  a n d  g ro w th  ra te  o f  
p o rp h y ro b la s t fo r  S r -  0. T h e  ra tio s  o f  ro ta tio n  
ra te  and grow th ra te  o f  p o rp h y ro b las t w ere  2.5, 5 
and  25 ra d ia n /le n g th  in (a ) ,  (b ) and  (c ) re sp ec 
tively. M ark er fo lia tio n  w as p a ra lle l to  th e  sh ea r 
d irection . R atio  o f  grow th  ra tes  a long  ax ia l d irec
tions -- 1.

pattern, as the ratio of pure shear and simple shear 
rates in the bulk deformation is increased (Fig. 23). 
In simple shear (,*? = 0) the pattern is characterized 
by a central trail w ith sinuous segments astride the 
center, whereas the peripheral trails are typically 
convcx outward (Fig. 23). W ith an  increase in Sr 
value, peripheral trails tend to become convex in
ward resembling the 'millipede' structures described 
by Bell (1985). At larger v alues of S the peripheral 
trails take the form of a hook-shaped fold, whereas 
the central trail assumes sigmoidal geometry'. With 
further increase in Sr. the pattern turns into a simple

one that consists o f typical sigm oidal shaped trails. 
The spectrum o f inclusion trail geom etries a r is in g  
from various com binations o f  Sr and negative in c li
nations of foliation is show n in Fig. 23.

Trail patterns in inequant porphyroblast

Trail patterns w ithin inequant porphyroblasts 
can be simulated in simple shear and a com bination 
of simple shear and pure shear by vary ing th e  in i
tial orientations o f  the long axis o f porphyroblast 
and the foliation m arker, an d  the ratio o f g ro w th  
rates along the axial directions o f porphyroblast. 
The diverse trail patterns obtained from these s im u 
lations can be classified into a num ber o f  types 
(Fig. 24). Type I : The central trail is sinuous a n d  
confined by outward-convex peripheral trails. Type
2 : The trails over the entire porphyroblast a re  
sigmoidal in geometry. Type 3 : T he central tra il is 
sigmoidal and is confined by inw ard-convex p e 
ripheral trails. Type 3 trails can again be classified  
into four sub-types. Type 3a : T he peripheral tra ils  
show a side stepping o f their axial traces an d  th e  
curv ature o f the trails progressively increases o u t
ward. Type 3b : The peripheral trails do not show  
side stepping and their curvature progressively  
decreases outward. Type 3c : The peripheral tra ils  
do not show side stepping and the ir curvature f irs t  
decreases followed by an increase away from  th e  
center similar to those in ‘m illipede’ structure. Type 
3d: The central trail is m uch less curv ed th a n  th e  
other types and the curvature o f the trails p ro g re s 
sively increases outward. Type 4 : In this p a tte rn  
peripheral trails are convex outward. The p a tte rn  
can be further subdivided into two types: Type 4a  
- the central trail is more or less straight and c o n 
fined by trails w ith increasing outw ard convexity, 
and Type 4b - the central trail has two sinuous s e g 
ments. Type 5 . The peripheral trails are convex in 
ward. Depending upon the pattern o f the ce n tra l 
trail, the type can again be subdivided into th re e  
sub-types. Type 5a : The central trail has two s in u 
ous segments. Type 5b : The central trail w ith  a  
step-like geometry. Type 5c : a  combination o f types  
5a and 5b. The kinematic and geom etrical co n d i-
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Table 3 :
The gcomctrical and kincmatic conditions for the development of different types of trail patterns in 
non-spherical porphv roblasts. The num bers in Italics refer to the types of trail structures as stated

in the text

Simple Shear Combination of Simple
(S r = 0) Shear and Pure Shear

(Sr = 0.25)

* 0 =  85° 4> —
-45° 0,J 45r 85° -45° 0° 45°
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3 3 ci l 2 4a 3 3b 1 1 4a
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3 3b 1 4 a 2 V
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 1 ; o| -45° 0° 45° 85c
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-45° 0° 45°

I 0 00 -45° 0° 45° 85°

1.5 4b 1 1 J G r 1.5 5b 3a 5b 5bnr 5(7 I 3b 2 3 5c 3a 5b 5c

0 = Initial inclination o f marker with the shear direction,
<j> = Initial inclination of a-axis of porphyroblast,
G = Ratio of growth rates along the axial directions of porphyroblast,
S, = Ratio of pure shear and simple shear rates in bulk deformation.
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Fig. 24  Types o f  trail structures in e longate porphyroblasts, 
o b ta in ed  from  num erica l m odel experim en ts. R a
tio  o f  g ro w th  ra tes a lo n g  ax ia l d irec tio n s  ranges 
betw een 1.5 and 3.

tions for the developm ent o f  these d ifferent types 
of trail structures are summ arized in Table -3.
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