Journal of Structural Geology 22 (2000) 993-1008

Progressive development of mantle structures around elongate
porphyroclasts: insights from numerical models

Nibir Mandal®, Susanta Kumar Samanta®, Chandan Chakraborty ®*

“Department of Geological Sciences, Jadavpur University, Calcutta 700032, India
bGeo/agical Studies Unit, Indian Statistical Institute, 203 B.T. Road, Calcutta 700035, India

Received 30 August 1999; accepted 2 March 2000

Abstract

This paper presents a generalized theoretical approach towards two-dimensional numerical modeling of the mantle geometry
of inequant porphyroclasts of varying shapes within a Newtonian matrix during progressive, general type of bulk deformation.
The analysis takes into account the effects of synkinematic size reduction of the porphyroclast with concomitant mantle
development in response to dynamic recrystallization. Numerical simulations reveal that the principal factors governing the
geometry of mantle structures are: (1) the initial aspect ratio of the porphyroclast (a/b), (2) the rate of clast-size reduction, and
(3) the ratio of the rates of pure shear and simple shear (S,) or the kinematic vorticity (Wy) in the general type of non-coaxial
deformation. In general, porphyroclasts develop 8-, ¢- and finally, o-type mantle structures, as the rate of clast-size reduction is
progressively increased. The tails of equant porphyroclasts tend to be characterized by wings with increase in bulk shear during
progressive deformation. In contrast, inequant objects (a/b > 1) develop composite tails with multiple wings, even at low finite
shear strains. However, with increase in aspect ratio § geometry tends to dominate the overall mantle structure. Porphyroclasts
with a large aspect ratio (a/b = 3) form tails with overturned J-wings, as described in Passchier, C.W., Simpson, C., 1986.
“Porphyroclast system as kinematic indicators”, Journal of Structural Geology 8, 831-844. In general the type of non-coaxial
deformation, with decrease in kinematic vorticity (or increase in S;), porphyroclasts irrespective of their initial shapes, tend to
form atypical d-like tails that do not cross the central reference plane.

1. Introduction

Following the key publication by Passchier and
Simpson (1986), mantled porphyroclast systems have
increasingly gained importance in the kinematic analy-
sis of deformed rocks (Choukroune et al, 1987;
Mawer, 1987, Van Den Driessche and Brun, 1987;
Hooper and Hatcher, 1988; Bjornerud, 1989; Hanmer
and Passchier, 1991; Simpson and De Paor, 1993).
Recent studies have revealed that the evolution of
different types of mantled porphyroclasts, e.g. d-type,
o-type, etc, is itself a subject requiring more detailed
consideration (Passchier et al., 1993; Passchier, 1994;
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Bjornerud and Zhang, 1995; Masuda and Mizuno,
1996). Passchier et al. (1993) and Passchier (1994) have
provided genetic models for the development of mantle
structures in relation to the flow perturbation around
rigid porphyroclasts. The flow perturbation that is
mainly of two types, with an eye-shaped and a bow-tie
shaped separatrix, is sensitive to the viscous rheology
(Newtonian or non-Newtonian) of the matrix. Passch-
ier (1994) has comprehensively classified mantled por-
phyroclasts into four types (6-, -, ¢- and o-type), and
explained their development by considering the pos-
ition of the initial mantle relative to the flow separa-
trix.

The mantle structures of porphyroclasts have been
successfully simulated in experiments with Newtonian
as well as non-Newtonian matrix (Passchier and Simp-
son, 1986; ten Brink and Passchier, 1995; Passchier
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and Sokoutis, 1993). The experimental results appar-
ently conform to the theoretical genetic models, formu-
lated on the basis of the geometry of flow
perturbations around rigid porphyroclasts (Passchier,
1994) barring some deviations (Masuda and Mizuno,
1996). In addition, they provide a volume of infor-
mation about how the mantle structures of porphyro-
clasts change their geometry in the course of
progressive deformation to a large finite strain.

Numerical simulation (ten Brink et al., 1993; Bjor-
nerud and Zhang, 1995; Masuda and Mizuno, 1996) is
another useful approach to studying the evolution of
mantled porphyroclasts. This approach has some ad-
vantages, as one can simulate a structure over a large
finite strain in a parallel-sided shear zone, while impos-
ing a number of boundary conditions. Bjornerud and
Zhang (1995) have determined the stability ficlds of
common types of mantle structures by considering syn-
kinematic size reduction of the spherical porphyroclast
as a variable and a slip or non-slip condition at the
matrix—porphyroclast interface. The model results are,
however, restricted to moderate finite shear strains (y
< 10). Natural as well as experimental observations
(ten Brink and Passchier, 1995) indicate that the evol-
ution of a porphyroclast may involve a large finite
strain, giving rise to additional complexities in the
mantle structure. This is also evident from the numeri-
cal models of Masuda and Mizuno (1996) where they
have analyzed mantled porphyroclasts in both a New-
tonian and a non-Newtonian matrix by varying the in-
itial mantle width. In contrast to Bjornerud and Zhang
(1995) model, their model, however, considers a fixed
dimension of the object in the progressive defor-
mation.

All these numerical models show the probable
modes of development of mantle structure around
spherical porphyroclasts in a simple shear type of pro-
gressive bulk deformation. However, in natural mylo-
nites porphyroclasts are often elongate in shape
(Passchier and Simpson, 1986). In addition, the bulk
deformation can have a shortening component across
the shear zone. In detail, the shapes of natural mantled
porphyroclasts are thus likely to be more complex and
to deviate from those so far predicted by simulations
with objects of equant shape and progressive simple
shear (Passchier and Trouw, 1996). In this paper we
present a more generalized two-dimensional theoretical
model, and show probable patterns of mantle structure
around elongate porphyroclasts in a Newtonian
matrix. This model, when applied to equant clasts and
simple shear type of progressive deformation, yields
results similar to those of earlier models. We also
show how the mantle structure can vary with the chan-
ging ratio of the rates of pure shear and simple shear
in the shear zone, when all other factors remain
unchanged.

2. Theoretical considerations

Existing numerical simulations (Bjornerud and
Zhang, 1995; Masuda and Mizuno, 1996) enumerate
the modes of development of mantle structure around
equant porphyroclasts, which rotate with a constant
velocity of 7/2, where 7 is the bulk shear strain-rate.
The velocity field around such objects is derived by
applying the mathematics of spherical harmonics
(Lamb, 1932). Numerical modeling of elongate
mantled porphyroclasts, on the other hand, requires
determination of the velocity field around a noo-
spherical object that virtually rotates with a changing
angular velocity in the course of progressive defor
mation. In such a situation, the rotation rate of the
object, at any instant, would further be controlled by
the shape and orientation of the object at that instant
and the ratio between the rates of flattening and simple
shear (&/7) in the general type of non-coaxial progress
ive deformation (Ghosh and Ramberg, 1976; Passch
ier, 1987). The velocity functions for an inequant
object are thus more complex than those deduced for
spherical objects (Masuda and Mizuno, 1996). More-
over, the velocity field outside the inequant object wil
also continuously change as the object reorients itself
in the course of progressive deformation. Numerical
simulations of elongate mantled porphyroclasts thus
demand a different mathematical approach.

Jeffery (1922) has given an elegant mathematical
treatment on the motion of an ellipsoidal objed
embedded in a viscous medium. Considering an ellip-
soidal coordinate system, with the origin at the centé!
of the object, he obtains a solution of the Navier-
Stokes’ equation for viscous flow, and describes the ir-
stantaneous velocity field around the object. The vet
ocity at a point is a function of the coordinate of tha!
point, / (ellipsoidal coordinate), with respect to the
surface of the object, which is taken as the surface of
reference (A=0). As the distance of points from ti
surface of the object becomes large, i.e. 4 tends to i
finity, the velocity tends to approach that of a homo
geneous flow of the medium far away from the object
Jeffery’s equations, determining the rate of rotation of
an object in a laminar flow (his equation 41), hav
been utilized to analyze the kinematics of rigid i
clusions within a ductile rock (Ghosh and Ramberg
1976; Passchier, 1987). From his theory one can als
obtain functions for the instantaneous velocity field
outside the rigid object. However, utilizing these fun
tions to derive the velocity field is complicated, as th
functions have complex constants and parameters. Se¢
ondly, they are described with reference to the coord
nate axes along the axial directions of the objeC‘-l
which themselves move during progressive defor
mation. Jezek et al. (1999) have circumvented thes
hurdles by solving velocity functions numerically with
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the help of a computer program. In our analysis,
instead, we have considered the velocity functions in
two dimensions, [equations (22) and (23) of Jeffery,
1922] and analytically derived the expressions for the
constant terms in the functions with respect to a fixed
reference by satisfying boundary conditions. The terms
finally came out in much simpler forms (details in
Appendix A).

The development of mantled porphyroclasts takes
place by accumulation of a large finite strain, involving
a large rotation of the porphyroclast (Passchier and
Simpson, 1986). We therefore deal with a moving
reference Oxy’, and a fixed reference Oxy with the ori-
gins at the center of the object (Fig. 1). The axes of
the former reference are chosen to remain always in
coincidence with the axial directions of the object,
which thereby rotate in concert with the object sweep-
ing through different material lines. The fixed refer-
ence, Oxy, 1s chosen to describe the bulk deformation
tensor. The surface of the elongate object can be
simply represented with respect to the moving refer-
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Fig. 1. Geometrical and kinematic considerations for the theoretical
analysis. Oxy and 0x’y’ are stationary and moving coordinate frames,
respectively, with x- and x’-axis parallel to the bulk shear direction
and along the long axis of the elliptical object. o= the distance of in-
itial mantle boundary from the boundary of object. ¢ is the incli-
nation of the long axis of object with the bulk shear direction and 0
is the polar coordinate of a point (P) on the mantle boundary with
tespect to the x'-axis. 3, and &, are the rates of bulk shear and short-
ening perpendicular to the bulk shear direction, respectively.

ence, 0x'y’, as: x"?fa’+y"?/b>=1. The rotation of the
object takes place about the z'-axis, which is assumed
to coincide with the z-axis; here the direction of no
strain. At any instant the displacement at a point
(x, y) in the neighborhood of the object is computed
along the following steps. (1) As shown later, the vel-
ocity functions [Eq. (10a)] are expressed with respect
to the rotating reference frame (0x'y’); therefore, we
first need to make a coordinate transformation from
(x, y) to (x’, y’) to obtain the velocity vector; (2) the
velocity vector with respect to the fixed reference
frame Oxy, is then obtained by a tensorial transform-
ation of the vector derived in step 1; (3) the velocity
vector in the next increment is derived in the same way
as stated in step 1, but after rotating the Ox'y’ refer-
ence frame, to be in coincidence with the axial direc-
tions of the object in its new position. These steps are
then repeated to trace the movement of the point at
every instant of progressive incremental deformation.
Before going into the details of numerical simulations
of mantle structures of porphyroclasts by this method,
we shall introduce our mathematical formulation
briefly in the main text. Details are given in Appendix
A.

2.1. Mathematical derivation

Let us consider that the object is hosted in an infi-
nitely extended viscous medium. Far away from the
object, the medium is subjected to a shear flow at a
rate, ,, with a flattening rate of &, at right angles to
the shear direction. We set the fixed reference, Oxy,
with the x axis parallel to the shear direction. Let the
long axis of the object at any instant makes an angle
of ¢ with the shear direction (Fig. 1). Taking the refer-
ence, Ox’y’, with the x’ axis along the long axis of the
object, the position of a point near the object can be
expressed by an elliptic coordinate, 4, as:

r2 ’2
E 0
a’?+A b2+ 14

The velocity components in a two-dimensional slow
flow follow well-known Navier-Stokes’

viscous
equation
% 9h B
gu o 9P (2a)
ax’2 a3y’ ax’
3t 8t 9
4 Y _ 9y, (2b)

ax 2T gy

assuming that the equation of continuity is satisfied
and the flow does not involve any body forces. ' and
v" are the velocity components along x’ and 1'-axis, re-
spectively. p is the confining pressure at a point. From



996 N. Mandal et al. | Journal of Structural Geology 22 (2000) 993-1008

the condition of continuity, we can write

ou 8v/ _o. 3)

ax’  dy

The solution of Egs. (2a) and (2b) will have to agree
with the following velocity conditions at large dis-
tances from the origin (A—o00) and the surface of the
object (4=0), respectively:

uy =Sy x" + Sy, vg=8Syx" +S5,y 4)
and
u, = —owy’, v, = wx’. (3)

S';; is the instantaneous bulk strain-rate tensor with
respect to x'y’ coordinates. The bulk strain-rate tensor
with respect to the fixed coordinates, xy, is:

S; = [f}b ?—béb } ©)

From the rule of transformation of a second rank
tensor, we have:

Sy = lipligSi ™)

l; is the tensor for coordinate transformation.
In our case, i.e. two-dimensional coordinate, we can
write:

_|cosp —sing
b= |:sin @ CosQ ] ®)

From Egs. (6) and (8), the components of the in-
stantaneous strain-rate tensor in Eq. (7) are obtained
in terms of the component of §j; as:

1 , .
S =" (S, cos 2¢ + zsin 2q0) S5 == (Sr cos

1 . .
20 + Esin 2(/)>S§1 = 9, (cos? @ — S; sin 2¢) ©)

S1, = —jp(sin? @ + Sy sin 2¢).

S; is the ratio between pure shear rate and simple
shear rate (é,/7,) in the bulk progressive deformation,
and o is the instantaneous angular velocity of the
object.

Following Jeffery’s approach a general solution of
Eqgs. (2a) and (2b) can be written as

]
u' = S{[1 =24+ p)+ Fylx' + 5( L+S3)

x [2(aD — BC) + Ey]y’ + S1,)

2Ax'y’ 1, ,
Ty Zia 2y/2|:§(512+521)

[E+2a’2C+2b’2D} )
X X
a/2

[F—2a'24+2b'2B] ,
+ Sn{ b2 Y (102
and
’ ’ 14 1 14 !
v =—S[[1-2Ba+p)— Frly —§(S12+S21)
x (2D — BC) — Ey]x' + S3x’
2Ax'y’ l, ., ,
T b ix it g 2y/2|:§(512+521)
E+2a'2C+2b'%D]|
x b2 y
_ r2 r2
_Sgl{F 2a "f;FZb )B}x/] (10)
a

where ' =+/a2+ A, b' = Vb2 +1and A =a'b’
o, B and y are geometric parameters, whose ex
pressions in two-dimensions can be written as

azr da ﬁ:r da JOO d m

; aIZA’ ; b/ZA’y: 5 a/2b/ 2A'

Solving the integrals in Eq. (11) (derivations it
Appendix A), we have

N [a’—b’]ﬂ_ 2 [a’—b’]
T @-p) o PP T @@= b I

)= 2 (@' —b")?
(@ —p)*| av |
From Egs. (A6), (A7) and (A8) in Appendix A the

expressions of the constant parameters in Egs. (103)
and (10b) are derived into simple forms as:

2 2
Az(a-i-b),B:_(cH-b)
8 8 ’
Zab(a+b)2 _ab( a-b 2
Ma2+52)" " a\a2+p?2)°
E__a_b(a+b)2 A+
T4 2 7T T4

In Eq. (10a) A, one of the elliptical coordinates o
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the point has a relation with the Cartesian coordinates
as:

l 2 k]
/= 5{(3c/2+y'2) —(a* - p%)

+\/(x’2+y’2—
(12)

Now, to find the instantancous velocity components
at a point (x, y) we first have to make the following
coordinate transformation:

x’ _|Xx|[cosp sing

¥ y || —sin@ cos g
and determine the velocity components from Egs.
¢102) and (10b). Finally, the velocity field with respect

to the fixed reference, Oxy, is obtained by a reverse
transformation:

{u] _[u'[cos o
v [sin 1)

The velocity at a point (x, y) will depend on the
position of the point with respect to the object bound-
ary (4=0) in Eq. (1). This can be determined by taking
the sign of i from Eq. (12). 2 > 0 indicates that the
point occurs outside the object boundary, while A1=0
and 4 < 0 indicate that the points lie on the surface
and inside the object, respectively. At an instant,
points lying outside the object, will move with velocity
components as in Eq. (13), while points either on the
surface or inside the object will move with velocity
components:

—sin <p:|. (13)

cos ¢

U= -~wyand v = wx,

® 1s the instantaneous angular velocity of the object.
We can simplify Eq. (A8) and get,

2(sm @ + S, sin 2¢) + b*(cos? ¢ — S sin 2(/))
a’ + b?

Tb-
(14)

From Egs. (10a), (10b) and (12) we can now estab-
lish the instantaneous velocity field when the bulk
strain-rate tensor in Eq. (6) is specified. It may be
noted that the parameters, 4, B, C, in Egs. (10a) and
(10b) are functions of object’s dimensions, a and b.
We consider that the object gets reduced in size at a
rate of R, and R, along its a and b axial directions, re-
spectively. All the constants in Egs. (10a) and (10b)
and the elliptical coordinate, A in Eq. (12) will thus
change at every instant. Numerical simulations of the
changing velocity field were made in the following
way.

—b?) — 4(a2h? — bx'2 —ay'?) }

2.2. Simulations of tail structures

Following the conventional method we have simu-
lated numerically the geometric shapes of the mantle
around porphyroclasts by imposing incremental strains
in successive steps. Let us consider a contour around
the porphyroclast, at a distance of 4y, from the surface
(2=0) of the porphyroclast delimiting the mantle from
the matrix (Fig. 1). The Cartesian coordinates of any
point on the contour are then,

xg = (a+Z9)cos 8 and y; = (b + Ag) cos 6,

where # is the polar coordinate of the point with
respect to the long axis of the porphyroclast. The dis-
tortion pattern of this elliptical contour during pro-
gressive deformation was determined by calculating
incremental displacement from Eq. (13), with due con-
sideration of changes in the axial dimensions and
orientation of the object in each step of incremental
deformation. With the help of a computer program in
Visual Basic, we ran numerical experiments for a num-
ber of increments, and obtained the distortion patterns
of the elliptical contour to simulate those observed in
natural and experimental mantled porphyroclasts. Our
numerical simulations attempt to investigate the con-
trol of the following factors on the development of tail
structures: (1) the initial shape of the porphyroclast
(represented by the aspect ratio a/b), (2) the rate of
size reduction (R, R;,) of the porphyroclast, (3) the
ratio between pure shear and simple shear rates in the
bulk deformation (S;) and (4) finite bulk shear strain.
Numerical models that have been obtained by varying
these factors are described in the following section. It
may be noted that we shall express the rotationality of
the bulk deformation by kinematic vorticity number

W,, where Wy = 1/,/1 +4Sr2 (Ghosh, 1987).

3. Numerical models

The model of Passchier (1994) explains the principal
types of mantle structures around porphyroclasts,
based on the relative position of the initial mantle with
respect to the flow separatrix around the rigid core.
Under natural circumstances the rigid core continu-
ously reduces its size due to dynamic recrystallization,
adding new material to the mantle. As a consequence,
the separatrix shrinks in the course of progressive de-
formation, giving rise to more complex structures (p.
375, Passchier, 1994). In this study we investigate the
possible effects of the rate of size reduction of the por-
phyroclast (R) and the kinematic vorticity (W) in the
matrix, on the progressive development of mantle
structures for large finite shear strain.

In the present discussion we need to refer to the fol-
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lowing terms (Fig. 2) for the clarity of the description
of mantle structures: Mantle structure—deformed geo-
metry of the mantle around the rigid core of a por-
phyroclast. Tails—the portions of the deformed
mantle on either side of the rigid core. Wing—narrow
offshoots of a tail (Fig. 2a). Branch Point—the point
from which a wing offshoots from the tail. Wing mi-
gration—the bodily migration of a wing along with the
branch point (Fig. 2b). Wing lengthening—the increase
in length of a wing, which occurs in two modes—(1)
shifting of the branch point without wing stretching,
(i) wing stretching without branch point shifting
(Fig. 2¢). Contractional face and extensional face—por-
tions of the object, at any instant, facing the contrac-
tional and extensional fields, respectively (Fig. 2a).

Side stepping—refers to the lateral offset of the tails on
either side of a porphyroclast (Fig. 2d).

3.1. Porphyroclasts with aspect ratio=1

A series of numerical model experiments was per-
formed by varying the rate of clast-size reduction, but
keeping the bulk shear rate constant (7, = 0.025 s7h).
At a low rate of clast-size reduction (Fig. 3a; R, =
R, = 0.125 unit/s, 1 unit=10"" a) the mantle develops
first generation §-type tails, as observed in experiments
(Passchier and Simpson, 1986) and in earlier numerical
simulations (Bjornerud and Zhang, 1995; Masuda and
Mizuno, 1996). With progressive deformation the first
generation tails transform into wings (1 in Fig. 3a) in

@

Extensional face

Contractional face
&« Reference line

Wing

Branch point

®) [=]

Wing Migration

Wing lengthening

o=

Side stepping of tails

Fig, 2. Diagramrqatic representgtion of the t.erminologies used in the text. (a) Geometrical terms (see text for details); (b) wing migration by shift
ing of branch points (X): (c) wing lengthening by two modes: (i) shifting of branch points (X) without wing stretching, (ii) stretching of wing

without branch point (X) shifting; (d) side stepping in tail structure.
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the instantaneous shortening quadrants of flow which
appear as offshoots of a newer generation ¢-type tails
(Il in Fig. 3a) in the instantaneous extension quad-
rants. With further deformation the first generation (I)
wings migrate in the shear direction, and eventually
coalesce with the growing second generation ¢-type
tails at the extensional faces, giving rise to a hook-like
georetry (at y=15 in Fig. 3a). When the bulk finite
strain is larger, the hook-form of the tail is engulfed
by the growing ¢-type tails from which newer J-type
wings (third generation—III), offshoot in the contrac-
tion quadrants, resulting a complex ¢—0 mantle struc-
ture, as documented by Passchier and Simpson (1986).
With further increase in finite strain (y > 20), the third
generation wings lengthen by branch point shifting in
the shear direction without stretching, forming a com-
plex rolled d-structure as predicted by Masuda and
Mizuno (1996). After a large finite strain (y=30), the

wings in the mantle are overshadowed by the growing
second-generation ¢-type tails in the extensional quad-
rant.

The development of mantle structures around por-
phyroclasts reducing in size at a higher rate
(R, = R, =0.25) begins with a é-type tail as in the ear-
lier model, but subsequently follows a different course
as shown in Fig. 3(b). At y=30 the overall mantle
structure shows a ¢-type geometry with o-type wings
(cf. figure 12, ten Brink and Passchier, 1995).

With further increase in the rate of clast-size re-
duction (Ra=0.50), the models show a similar pro-
gressive transition from d-type to J-¢ type geometry
(Fig. 4a). However, in this model the second-gener-
ation tails grow faster and at a certain stage exceed the
length of first-generation wings. The first-generation
wings lengthen by branch point shifting in the shear
direction without stretching (Fig. 4a). The mantle

R, =0.25

Fig. 3. Successive stages of development of mantle structures around equant porphyroclasts during progressive, dextral simple shear for clast-size
reduction rates, (a) R,=0.125 and (b) R,=0.25. 1, IL, II: first, second and third generations of tail structures. X: branch points of wings. 7: finite
bulk shear. Bulk shear rate (y,)=0.025 s~'. Initial mantle width/initial radius of porphyroclast=0.2. Dashed line represents the reference line
parallel to the shear direction and passing the center of the porphyroclast (cf. Passchier and Simpson, 1986).
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R, =0.50

R, =0.75

(b)

Fig. 4. Successive stages of development of mantle structures around equant porphyroclasts during progressive, dextral simple shear for clast-size
reduction rates, (a) R,=0.50 and (b) R,=0.75. Legends and all other conditions are same as in Fig. 3. Note: (1) development of d-type mantl
at a low finite shear (y=>5) and its transformation into composite 6—¢ type geometry with increasing finite shear, (2) the branch points (x) on
either side of the porphyroclast shift in the shear direction in (a) and (3) development of ¢-type mantle at low finite shear (y=35) and its trans-
formation into o-type geometry with short wings at a large finite shear in (b).

structure in the final model is characterized by long ¢-
type tails with shorter wings on either side of the por-
phyroclast.

Objects with large size-reduction rates (R,=0.75)
develop initially ¢-type tails. With progressive defor-
mation, second-generation tails form rapidly and the
first-generation tails appear as wings shooting off from
the newer tails (Fig. 4b). Finally the overall mantle
structure assumes a o-type geometry with very short
wings. The tendency of the mantle to form successive
generations of tails in the course of progressive defor-
mation is greatly reduced with further increase in R,.
Thus, for large values of R, (>2) the mantle shows
long, simple o-type tails at larger values of finite strain
(y > 4; Fig. 5). The tails show stair-stepping in confor-
mity with the bulk shear sense, as demonstrated by
Passchier and Simpson (1986). Our results support ear-
lier observations (Passchier and Simpson, 1986; Bjor-
nerud and Zhang, 1995) that o-type tail structure can
form only when the ratio between the rates of recrys-
tallization and bulk shear, and the finite shear are
large.

To understand the development of mantle structures
under general type of bulk deformation, separate ex-
periments were run with different ratios of flattening
and simple shear rates (Sp) for a particular clast-size
reduction rate (R,= 0.125). The mantle structures that
developed at a particular finite stage of bulk shear
(y=10) in different experiments were then compared

to investigate the influence of rotationality (Wy) of
bulk deformation. The following variations are noticed
with decrease in W, (Fig. 6). (1) The median line of
the ¢-type tails, tends to be at a lower inclination with
the shear plane, and may show a reverse inclination at
a low value of W,. (2) The wings in the tail tend to
stretch opposite to the bulk shear direction and appar-
ently defining a §-like geometry. But unlike the typical
0 geometry, as defined by Passchier and Simpson
(1986), they do not cross the central reference plane.

Fig. 5. Development of simple o-type tails in the mantle during pic
gressive shear at a high rate of clast-size reduction (R,=2). Bul
shear rate (7,)=0.025 s~
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However, the tails show dextral side-stepping as
defined in Fig. 2. (3) At W, =0.75, the mantle struc-
ture assumes a simple geometry (Fig. 6) and appears
similar to é objects without stair stepping described by
Passchier et al., 1993.

3.2. Porphyroclasts with moderate aspect ratio (alb =
1.5)

This set of tests reveals the effects of the shape of
porphyroclasts on the structure of their mantles. A
series of simulations was made with the long axis of
the porphyroclast (initial aspect ratio=1.5) parallel to
the shear direction. The bulk shear rate in the model
was fixed as 0.025 s™'. The rates of clast-size reduction
along the axial directions of the object were assumed
to be equal (R, =R, =0.125). At the initial stage of de-
formation, incipient tails develop along the long axis
of the porphyroclast, while on the contractional faces
the mantle deforms into step-like irregularities
{Fig. 7a). With progressive deformation they grow,
and eventually come closer to each other, forming a
double-winged 8-type mantle. Subsequently, the wings
experience a drag and increase in length mainly by
branch point shifting without significant wing stretch-
ing (Fig. 2¢), as the long axis of the porphyroclast
enters the extension field. At this stage (y=12.5) incipi-

y=10 R, =0.125
Wi=1 N .
= N

:
-0l 7
Wi =098 u

7

S,=02
Wk =0.93

Fig. 6. Variation of mantle structure with increasing rotationality of
bulk deformations by a combination of dextral shear and flattening
across the shear direction. S;: the ratio of the rates of flattening and
shear. W\: kinematic vorticity number of bulk deformation. Note
that, with decrease of vorticity (1) the median line of ¢-type tails
isolid line) in the mantle lowers the inclination with the shear direc-
sion, and finally reverses the sense of inclination with the shear direc-
ton, and (2) wings tend to lengthen and dominate the mantle
structure and finally, the mantle structures define J-like geometry
without stair stepping.

ent second-generation, ¢-type tails form in the exten-
sion field. Finally, the mantle shows later generation
¢-type tails with earlier generation J-like wings. These
types of composite mantle structures have been
observed around porphyroclasts in experiments (ten
Brink and Passchier, 1995; Passchier, 1999, personal
communication).

At a higher rate of clast-size reduction (R[,=O.25,
Fig. 7b) the mantle structure develops in a similar
manner. But in contrast to the earlier model, the first
generation wings increase in length by a combination
of branch point shifting and wing stretching. As a
result, the wings cross the reference plane, forming a
typical o-type geometry. The final pattern consists of
later-generation ¢-type tails with early-formed J-type
wings.

As R, is increased further to 0.5, the mantle struc-
ture develops principally by wing stretching without
branch point shifting (Fig. 7c). At the initial stage the
pattern resembles the double-winged mantle, shown in
figure 12(b) of ten Brink and Passchier (1995). With
progressive deformation successive generations of
wings develop giving rise to a complex multi-winged
mantle structure where first generation wings define
typical §-type geometry with stair-stepping.

With further increase in R[,, the objects do not
develop J-type tails at any stage of progressive defor-
mation. The mantie at a large finite shear shows a o-
type geometry with several generations of ¢-type wings
(Fig. 8a). With progressive deformation the wings
increase in length by stretching and rotate towards the
shear plane. The tendency of objects to form multi-
generation wings declines as R, is further increased. At
a high rate of clast-size reduction (R, = 5) the mantle
develops a simple o-type tail (Fig. 8b).

To investigate the effect of rotationality of bulk de-
formation (W) we followed the same procedure as
stated in Section 3.1. The experiments were run with
the long axis of the porphyroclast (a/b = 1.5) initially
parallel to the shear plane up to a finite bulk shear
(y=15). With increase in S;, i.e. decrease in Wy of the
bulk deformation, the ¢-type tails that grow near the
long axis of the porphyroclast tend to die out, whereas
the wings on the contractional faces become more and
more dominant, and tend to attain a é-like geometry
(Fig. 9). However, unlike the typical 6 geometry, they
do not cross the reference plane. However, the wings
show dextral side-stepping as defined in Fig. 2. At
W, =0.78, the mantle structure appears similar to §
objects without stair stepping described by Passchier et
al. (1993) (Fig. 9).

3.3. Porphyroclasts with large aspect ratio (a/b = 3)

Porphyroclast mantle development was also modeled
with clasts of aspect ratio 3 under the same conditions
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(b)

Fig. 7. Successive stages of development of mantle structures around inequant porphyroclasts (initial aspect ratio = 1.5) during progressive, dex
tral simple shear for clast-size reduction rates, R, =R, =0.125, 0.25 and 0.50 in (a), (b) and (c), respectively. The long axes of the porphyroclasts
were initially parallel to the shear direction. Legends and other conditions are same as in Fig. 3. Note: (1) development of composite rolled 0-¢
structures in (a), (2) wings run across the reference line (dashed) at higher rates of size reduction, forming a typical 5-type geometry in (b) and

(©).

as described in the previous section. The tail patterns
are somewhat different from those produced in earlier
models. At the initial stage é-like tails form close to
the long axis of the porphyroclast, and as the latter
rotates across the contraction field the tails are con-
tinuously dragged away developing a large side step-

(a)

ping with a sense consistent with that of the bulk
shear (Fig. 10a). Second-generation ¢-type tails forn
and the first generation tails appear as wings when th
porphyroclast comes into the extension field. The over
all pattern is very similar to overturned porphyroclas
systems (figure 6h of Passchier and Simpson, 1986)

(b)

Fig. 8. Successive stages of development of mantle structures around inequant porphyroclasts (initial aspect ratio = 1.5) during progressive, dev |
tral simple shear for clast-size reduction rates, R,=R,=1 and 5 in (a) and (b), respectively. The long axes of the porphyroclasts were initially
parallel to the shear direction. Legends and other conditions are same as in Fig. 3. Note: (1) transition of the overall mantle structure from ¢
type to o-type during progressive shear in (a) and (2) development of typical o-type tails under higher clast-size reduction rate in (b).
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R, =R, =0.125

y=5

Fig. 9. Geometrical variation of mantle pattern with increasing rota-
tionality (W,) of bulk deformation by a combination of dextral
simple shear and flattening across the shear direction. Legends are
same as in Fig. 6. The aspect ratio and the long axis of porphyro-
clast were initially 1.5 and parallel to the shear direction, respect-
ively. Note development of d-like tails without stair stepping at
W =0.78.

R, =R, =0.125

Our simulation indicates that this pattern can develop
only when the porphyroclasts are of a large aspect
ratio. During progressive deformation the wings
migrate in the shear direction and get distorted due to
development of second-generation tails in the extension
quadrant. As R, is increased, the tendency of wing mi-
gration declines, and the wings lengthen by branch
point shifting in the shear direction. The mantle finally
shows ¢-type tails with &-like wings (Fig. 10b), as
observed in natural porphyroclasts (e.g. figure 6g of
Passchier and Simpson, 1986).

To investigate the effects of rotationality of bulk de-
formation (W,) we followed the same procedure as
stated in Section 3.2. Two sets of experiments were
run with the long axis of the porphyroclast (a/b = 3)
initially parallel and perpendicular to the shear plane.
The mantle structure of porphyroclasts initially parallel
to the shear direction changes from a composite pat-
tern to simple d-like tails with decrease in vorticity
number W, (Fig. 11a). Porphyroclasts initially at right
angles to the shear direction develop typical ¢ tails at
higher values of Wy, which transforms into an atypical
6-like pattern with decrease in W (Fig. 11b). The
sense of side stepping of the tails in both the cases,
however, is consistent with the sense of bulk shear

(Fig. 11).

Fig. 10, The patterns of (d-type) mantle structures around porphyroclasts of high initial aspect ratio (3) for different clast-size reduction rates
_Legends and other conditions are same as in Figs. 3 and 7. Note overturned J-structures at large shear. The long axis of the porphyroclast wa

Witially parallel to the shear direction.
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v=175 $=0
R, =R, =0.125

y=10

0 =90
R, =R, =0.125

(b)

Fig. 11. Geometrical variation of mantle pattern with increasing rotationality (W) of bulk deformation by a combination of dextral simple shear
and flattening across the shear direction. The initial aspect ratio of porphyroclasts was 3. The long axes of porphyroclasts in (a) and (b) were in-
itially parallel and perpendicular to the shear direction, respectively. Legends are same as in Fig. 6.

4. Discussion

Our numerical models develop -, ¢- and finally o-
type mantle structures (Passchier, 1994) as the rate of
clast-size reduction is increased. The Masuda and
Mizuno (1996) model is similar to our model, but they
did not produce the o-type. This difference is probably
due to the difference in modeling of object size in pro-
gressive deformation. In our model the object continu-
ously reduces in size during progressive deformation,
adding new material to the mantle, while in their
model the objects have a fixed dimension throughout
the course of deformation. In fact our results qualitat-
ively conform to the model of Bjornerud and Zhang
(1995) that shows the development of a-type objects at
a high rate of recrystallization. Similar results were
also obtained from analog model experiments (Passch-
ier and Simpson, 1986). For a given rate of clast-size
reduction the mantle geometry changes with increasing
finite shear strain during progressive deformation. The
stability fields of the principal mantle types have been
delimited in the space of finite strain vs. recrystalliza-
tion rate from physical and numerical model exper-
iments (Passchier and Simpson, 1986; Bjornerud and
Zhang, 1995). These studies are, however, restricted to
a moderate finite strain (y < 10). Our simulations and
those of Masuda and Mizuno (1996) show develop-
ment of complex, but definite patterns for larger finite
strains. We present a broader field diagram (Fig. 12)
including these complex patterns.

The study reveals that typical o-type tails that
cross the reference plane and show stair stepping

generally develop for moderate rates of clast-size re-
duction (0.25-0.5). When the rate of clast-size re-
duction is lower, the mantle structure looks like
incipient d-type tails that do not cross the reference
plane, which at lower values of W, appear as d
objects without stair stepping (Passchier et al., 1993).

Our analysis demonstrates the control of the in-
itial shape on the geometry of mantle structures.
For the same kinematic and physical conditions,
porphyroclasts of different initial shapes develop
different patterns in their mantles (Fig. 13). At 1
low finite strain, elongate objects with larger aspect
ratio have more complex multiwinged tail patterns
in comparison to those of equant objects, except at
higher values of clast-size reduction rate. In natural
mylonites the former may be mistaken to represent
high finite shear. Such a qualitative assessment of
finite strain from mantle structures may thus b
erroneous unless other factors are taken inte
account.

The ratio of the flattening and simple shear rates in
shear zones can be an additional factor in controlling
the mantle structures of porphyroclasts. In our simu-
lations, with increase in the value of this ratio (i.e
decrease in kinematic vorticity number W, in the bulk
deformation), porphyroclasts tend to form simple tails.
However, we performed these numerical experiments
with the long axis of the porphyroclast either parallel
or perpendicular to the shear direction, and further in-
vestigation is necessary to demonstrate if such a re
lationship holds for any initial orientation of the
porphyroclast with the shear direction.
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Fig. 12. A generalized diagram representing fields of typical mantle patterns in the space of size-reduction rate (normalized to the bulk shear
rate) vs. finite bulk shear. 5—¢: ¢ tail with incipient & wing; ¢&: combination of ¢- and d-type geometry; H—¢: hooked ¢; R-0-¢: rolled d-¢:

B-¢: branched ¢; B—o: branched o.

Porphyroclast systems are very useful shear sense in-
dicators (Passchier and Trouw, 1996). The rotation of
an equant object takes place with a uniform angular
velocity, while an inequant object rotates with a chan-
ging velocity. In the latter case the object may even

y=12

Aspect Ratio = 1

Aspect Ratio = 1.5

Aspect Ratio =3

Fig‘ 13. Variation in the pattern of mantle structure with increase in
aspect ratio of porphyroclast, when all other factors remain con-
Stant,

rotate with a sense opposite to the shear sense where a
flattening component acts across the shear zone
(Passchier, 1987). An obvious doubt then arises on the
usage of tail patterns of elongate porphyroclasts as
shear sense indicators. In our numerical models, ine-
quant objects show more complex patterns containing
multiple wings. However, the wings on either side of
the object are generally arranged with a significant side
stepping and the sense of side stepping is synthetic to
the bulk shear sense (Fig. 7). Elongate porphyroclasts
with multiwinged mantles can thus probably be used
for the determination of shear sense in shear zones.
Our simulations, however, were performed with the
long axis of the porphyroclast either at right angles or
parallel to the shear direction. The utility of tail pat-
terns of elongate porphyroclasts as shear sense indi-
cators thus needs to be investigated further by
considering different initial orientations of the por-
phyroclasts.

The present analysis assumes a Newtonian rheology
of the matrix. Earlier studies (Passchier, 1994) indicate
that the geometry of porphyroclast tails is sensitive to
the matrix rheology (e.g. non-Newtonian behavior). In
addition, Bjornerud and Zhang (1995) and Ildefonse
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and Mancktelow (1993) showed that the degree of
coupling between the object and matrix is also a con-
trolling factor. Moreover, this analysis is two-dimen-
sional, considering plane strain type of bulk
deformation with the rotation axis of porphyroclast
along the direction of no-strain. The motion of ellip-
soidal porphyroclasts in three-dimensions is complex
when the long axis is at angles to the orthogonal in-
stantaneous stretching axes of the flow (Passchier,
1987). The numerical experiments described here
mostly consider porphyroclasts initially aligned parallel
to the shear direction with a few at right angles and
thus do not reveal the effects of initial orientation on
the development of mantle structure (cf. Simpson and
De Paor, 1993). The present study is thus much simpli-
fied and only shows the probable effects of the initial
shape of the porphyroclast, the rate of clast-size re-
duction and the rotationality of bulk deformation on
the geometry of mantle structures. In spite of such a
simplistic approach, the mantle structures produced in
the numerical experiments conform to those of physi-
cal test models and natural mylonites.

5. Conclusions

At a low finite strain, equant objects develop simple
o-type tails, which are replaced by ¢-type as the rate
of clast-size reduction is increased. o-type tails form at
a high rate of clast-size reduction and a high finite
strain. With an increase in finite shear strain, the tails
tend to have successive generations of wings forming
complex mantle structures except for at a very high
rate of clast-size reduction. Elongate objects may
develop composite tail patterns consisting of multiple
wings, even at low finite strains and the mantle struc-
tures become increasingly complex with increase in
aspect ratio. For a given finite shear, decrease in the
vorticity of bulk deformation leads to development of
simpler mantle structures and vice-versa.
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Appendix A

In this section we give derivations of the parameters
and constants of the velocity functions in Eqgs. (10a)
and (10b). The velocity components at a point in the
neighborhood of an object can be defined in two-
dimension [cf. equations (22) and (23) of Jeffery, 1927]
as:

u' =[S{; —24i(a+ ) — Fiy]x’
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A= (@2 + (B2 + 1) and

a, §, and y in Eqgs. (Ala) and (A1b) are geometric par-
ameters. In two dimensions their expressions are:
J © dA J ©da
o= e ﬂ = —_—
1 @2+ MDA 1 62+ A

and _Joo d 4
"= @ DRI A

(A2)

where A = \/(a? + 2)(b2 + 1). One of the most import-
ant steps in finding the solution of the velocity field is
to solve out the integration in Eq. (A2). This can b
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made in the following way:

*© da
¢ @ DA

a4 =

Let Z=(b%+1)"? and have,
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We again substitute Z= A tan 0 and get,
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which gives rise to:
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Substituting 4 and k by (a>—b?) and 2, respectively,
and after some algebra, we have
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Following the same steps, we get
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It may be noted that a, f, y in Eqgs. (A3a), (A3b)
and (A3c) tend to be zero as A=oc, and thereby Egs.
(Ala) and (A1b) give rise to velocity components as in
Eq. (4). Egs. (Ala) and (Alb) contain six unknowns,
which will be determined by imposing boundary con-
ditions. If the instantaneous rotation rate of the object
is w, the velocity of a point on the surface of object,
=0 will be:

U, = —wy’ and v/ = wx’. (A4)

Substituting A=0 in Eq. (Ala) and comparing then
with Eq. (A4), we can form following equations:

Sl + Fiyg — 241(o0 + Bo) = 0 (A5a)
Sty + Eryp + 2(0gDy — ByCr) = —o (ASb)
E\+24a*Cy +2b*D; =0 (A5c)
Fi —2a%4, 4+ 2b?B, =0 (A5d)

S5+ Eryg — 2Dy — fyC1) = w (A5e)

Sé2—F1yO—2Bl(a0+ﬁ0):O. (ASf)
Now, solving six equations Eq. (A5a—f) we get the
coefficients in terms of known quantities.
Sii
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Substituting A1=0 in Egs. (A3a), (A3b) and (A3c),
we get

_ 2 B, = 2
0= 2@t b T ba+b)
(A7)
dyy=—"—"—.
WET = ib(a+ b)?
From equation (37) of Jeffery (1922) we have,
_ a’S; —b*S1, (A8)

a2+b2

The constants in Eq. (A6) are now obtained in
terms of known quantities. We substitute them in Eqs.
(Ala) and (Alb), and after some algebra have the ex-
pressions in Eqs. (10a) and (10b).
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