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Abstract-Quantitative analysis of the kinematics of an experimental, gravity-driven, inhomogeneous time- 
dependent flow showed that the kinematics of the flow varied both temporally and spatially. The variation in 
kinematics of the flow included vorticity rotation sense reversals and the results provide possible insight into the 
kinematics of gravity spreading flows. The variation of the kinematics reflected the influence of the boundary 
conditions upon the flow. 

Spherical inclusions and thin, columnar, passive markers placed within the fluid prior to deformation also 
allowed the fluid flow to be used to examine some of the possible relationships that may form between 
porphyroblasts and passive foliations in inhomogeneous time-dependent flows. Comparison of initial and final 
orientations of several spherical inclusions suggested an apparent lack of rotation during deformation. 
Conversely, comparison of the initial and final orientation of passive strain markers placed in close proximity to 
these inclusions suggested a non-coaxial deformation environment rather than a coaxial environment. The 
apparent lack of rotation of these inclusions resulted from a reversal in their rotation sense during deformation of 
the system. The reversal in rotation sense of these inclusions was the result of time-varying levels of spin and shear 
induced vorticity. 

During deformation, fold-like structures were produced in the passive markers. This allowed the flow to be 
used to examine possible relationships that may form between porphyroblasts and layers passively folded during 
inhomogeneous time-dependent flow. The inclusion/passive-marker relationships across the folds suggest that 
relationships between porphyroblasts (with inclusion trails) and foliations in rock layers, passively folded by an 
inhomogeneous time-dependent flow, may contain similar relationships to folds that formed by layer buckling. 
Knowledge of the level of passive behaviour of the layers and boundary conditions during this type of 
deformation is essential for utilizing porphyroblast/foliation geometry to evaluate deformation history. 

INTRODUCTION 

Several authors have conducted theoretical and experi- 
mental studies examining the behaviour of rigid objects 
and/or linear markers in fluids deformed by combi- 
nations of pure and simple shear and homogeneous 
deformation (Ghosh & Ramberg 1976, Ramberg & 
Ghosh 1977, Skjernaa 1980, Fernandez et al. 1983, 
Freeman 1985, Passchier 1987, Ildefonse et d. 1992). All 
geological deformation is inhomogeneous (Hobbs et al. 
1976) and an experimental model was developed to 
examine the kinematics and spherical rigid object/ 
passive marker behaviours within a particular type of 
inhomogeneous time-dependent flow. 

In this study, two experiments were conducted by 
placing spherical inclusions and vertically oriented pas- 
sive markers within a supported, clear, isotropic mass of 
viscous fluid. One other experiment was conducted with 
rigid marker particles placed within the fluid mass in 
addition to the inclusions and passive marker lines. 
Gravity was chosen as the driving force for the defor- 
mation, as gravitational spreading is thought to be an 
important geological process (Elliot 1976, Dewey 1988, 
Bell & Johnson 1989, Froitzheim 1992). To initiate an 
experimental deformation, the supports for the fluid 
mass were withdrawn and the system allowed to collapse 
under the effect of gravity. 

This procedure resulted in an inhomogeneous time- 
dependent flow or, alternatively, deformation by bulk 

inhomogeneous shortening. Bell (1981) defined bulk 
inhomogeneous shortening (BIS) and divided it into two 
categories: (a) non-coaxial on the bulk scale where, 
during progressive shortening, there is rotation of a line, 
parallel to the average direction of shortening that 
connects the centres of the bulk boundaries under shear 
stress, and (b) coaxial on the bulk scale where, during 
progressive shortening, there is no rotation of a line 
parallel to the average direction of shortening that joins 
the centres of the bulk boundaries under shear stress. 
Coaxial bulk inhomogeneous shortening is equivalent to 
Ramsay’s (1963) inhomogeneous form of pure shear 
(Bell 1981). At the scale of the experiments, the defor- 
mations can be described as having taken place by 
coaxial bulk inhomogeneous shortening. The flow and 
relationships modelled have possible application to: 
(1) gravity spreading flow; (2) porphyroblast and folia- 
tion relationships in inhomogeneous time-dependent 
flow; and (3) buckle folding. 

The clear, viscous fluid and apparatus utilized in the 
experiments enabled the orientations with time of the 
inclusions and passive markers and the positions of 
marker particles to be photographically recorded for 
analysis (Fig. 1). The kinematics of the deformation in 
two dimensions were analysed using the computerized 
deformation analysis software Marker Analysis (Bons et 
al. 1993). The resulting progressive deformation field 
was used to quantify the kinematics of the gravity 
spreading flow and to provide a kinematic interpretation 
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Horizontal 
platform 

Removable panels - fluid behaviour of inclusions or markers (e.g. rotation sense 
reservior is located reversals). 

between these 

Fig. 1. Schematic diagram of the experimental apparatus showing 
dimensions, camera location and removable reservoir panels. The 
removable panels of the reservoir were inclined towards the centre 

at 67”. 

of the observed motion of the inclusions and passive 
markers during deformation. 

The inhomogeneous flow produced fold-like struc- 
tures in the initially vertically oriented, passive markers. 
The relationships between the final orientations of the 
inclusions and passive markers across these folds, which 
have a known deformation history, have possible appli- 
cation to the relationships between porphyroblasts and 
foliations in folded rocks. Important implications with 
regard to determination of deformation history from 
porphyroblast and foliation relationships are discussed. 

EXPERIMENTAL APPARATUS 

The experimental apparatus consisted of a clear poly- 
carbonate container with a horizontal base of dimen- 
sions 20 x 30 cm and height 15 cm (Fig. 1). The sides of 
the container and the two removable panels formed a 
reservoir for the fluid to be used in the experiment. The 
two removable panels were inclined toward the centre of 
the apparatus at 67”. The degree of inclination of these 
panels was chosen to: (a) allow sufficient distance for 
the extension of the fluid mass during collapse before 
contact with the container limits and (b) restrict the 
total volume of the fluid mass, necessitated by problems 
relating to the acquisition of raw materials used in its 
manufacture. The fluid used was a clear, viscous, borate 
cross-linked polyvinyl alcohol gel (Casassa et al. 1986) 
with a viscosity of the order of 2.5 x lo3 Pa s-l at a strain 
rate of 3 X 10-2s-‘. The fluid showed a linear relation- 
ship between shear stress and strain rate over the range 
of strain rates generated (up to 3.43 x lop2 s-l) during 
the experimental deformations. At strain rates above 5 
x 10d2 s-l, the relationship between shear stress and 
strain rate in the fluid becomes non-linear. The fluid is 
water based and dehydration in use and storage resulted 
in variations in the fluid’s viscosity and differing experi- 
mental durations. However, the variation in experimen- 
tal duration did not effect any change in the observed 

Inclusions and passive strain markers 

The experiments utilized rigid spherical inclusions of 
acrylic construction, with a diameter of approximately 5 
mm. The hemispheres of each inclusion were painted a 
different colour, which allowed the orientation of each 
sphere to be determined during deformation. A cylindri- 
cal hole of diameter 0.5 mm through the centre of each 
inclusion was necessary to allow emplacement of the 
inclusions within the gel. These holes were oriented 
vertically at the commencement of the experiments. The 
inclusions were neutrally buoyant in the gel within the 
time span of the experiments, with a rise rate of 14.4 mm 
per day. Two vertical columns of inclusions were placed 
within the fluid mass with five inclusions uniformly 
distributed within each column. The inclusions were 
located in a vertical, planar cross-section of the fluid 
parallel to the container front. Passive strain markers 
were used to examine the progressive strain and amount 
of apparent rotation within the fluid near the inclusions. 
These markers consisted of thin dye lines placed within 
the system by coating a straight length of 0.5 mm 
diameter wire with ink, pushing it into the gel and then 
removing it. The passive marker lines were oriented 
vertically and placed within 5 mm of the columns of 
inclusions (Fig. 2). 

Data acquisition and analysis 

An undistorted view of the deformation of the planar 
cross-section containing the inclusions and markers was 
possible from the camera location shown in Fig. 1. 
Removal of the two inclined panels allowed gravity- 
driven deformation of the fluid mass to commence. A 35 
mm power advance camera, with its focal plane oriented 
parallel to the side wall of the container, recorded the 
motion of the inclusions and passive markers at 2 s 
intervals during the deformation process. To avoid 
further complication of the boundary conditions (see 
below), the first contact of the gel’s flow front with the 
ends of the container signalled the end of data collection 
(Fig. 3). 

The resulting photographs provided the orientation, 
with time, of the inclusions and markers during defor- 
mation. The angle of the tangent to the strain marker 
portion in closest proximity to an inclusion gave the 
strain marker orientation at that location. This allowed 
comparison of the apparent rotation sense of the fluid 
(as suggested by passive marker rotation) with the 
physical rotation of the inclusion. Incorporation of 
marker particles into the fluid cross-section containing 
the inclusions allowed quantitative analysis of the defor- 
mation kinematics using the program Marker Analysis 
(Bons et al. 1993). This software package allows the 
analysis and visualization of deformation in see-through 
experiments that contain marker particles. 



Rigid objects and passive markers in inhomogeneous flow 

Fig. 2. Photograph of apparatus before commencement of an experiment. The vertical columns of spherical inclusions and 
nearby strain markers are visible within the viscous fluid mass located between the inclined panels. The spherical inclusions 

and marker particles are located in a planar cross-section parallel to the front of the container. 

Fig. 3. Final data photograph of an experimental deformation. Data were analysed to a point in time where the extensional 
flow front of the fluid contacted the ends of the container. The duration of this experiment was 38 s. Note the fold-like 

structures that developed in the passive marker during deformation. 
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Boundary conditions 

The boundary conditions for this viscous-spreading 
(Elliot 1976, Ramberg 1977) model consisted of a free 
upper surface combined with base and lateral bound- 
aries that allowed no slip. Such boundary conditions 
were employed by Brun and Merle (1986) in their 
experimental examination of strain patterns in 
spreading-gliding nappes. 

RESULTS 

Analysis of inclusion and marker orientation data for 
the three experiments suggested a distinct variation in 
the kinematics between the upper and lower portions 
(Fig. 4) of the flowing fluid mass. Over the three experi- 
ments, 13 of the 14 inclusions (93%), located in the 
upper portions of the fluid mass, displayed a rotation 
sense reversal. However, the strain markers in both the 
upper and lower portions did not display a reversal in 
rotation sense during deformation. A comparison of 
passive marker and inclusion rotational behaviour, for 
markers and inclusions within the area of fluid in the 
upper left-hand portion of the system is shown in Fig. 5. 
Inclusions in the lower portions of the fluid mass rotated 
in the same sense as the passive markers (Fig. 6). The 
magnitude of the rotation of each inclusion was less than 
that of the marker. 

Between experiments, there was some variation in the 
amount of rotation of both marker and inclusion at each 
individual location. In the case of the marker, this 
variation can be attributed to the placement error (f3”) 
for the initial vertical orientation of the marker. The 
variation in the level of rotation of inclusions at a 
location can be attributed to the error associated with 
placing the inclusion in the desired location (+4 mm). 

(a) , Fluid mass 

Pas& marker \ 
Location number 

(b) t=38 s 

Fig. 4. Diagrammatic representation of (a) numbered inclusion loca- 
tions and (b) delineation of deformed fluid mass into upper and lower 
portions. The area referred to as the upper portion lies above the line 
through the apex of the curved structure induced into the passive 
marker by the deformation and the lower portion lies below that line. 
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Fig. 5. Graph displays best-fit curves for inclusion and strain marker 
orientation, with time, for the inclusions and markers in the left-hand 
side of the upper portion over the three experiments. The inclusions 
displayed a reversal in rotation sense while the strain markers rotated 

in one sense for the duration of the experiment. 

Inclusion and marker orienta bans 
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Fig. 6. Graph displaying best-fit curves for strain marker and in- 
clusion orientation, with time, for inclusions and markers in the right- 
hand side of the lower portion over the three experiments. Inclusions 
in this location displayed rotation in the same sense as the strain 
marker. Rotation of inclusions in one sense, consistent with strain 
marker behaviour, was the norm for inclusions in the lower portions of 

the fluid mass. 

At some locations, the inclusions and passive markers 
showed little rotational behaviour during deformation 
This suggests that deformation was virtually coaxial at 
these locations. These locations coincided with the apex 
of the curved structure induced into the strain marker by 
the deformation (Figs. 3 and 4). 

DEFORMATION KINEMATICS 

Upper portion of fluid mass 

The reversal in rotation sense of the inclusions con- 
tained within the upper portion of the fluid mass is 
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Deformation klnematlcs locatlon 2 

0 10 20 30 

Time (set) 

Pig. 7. Graph displaying best-fit curves and data for orientations (with 
time) of inclusion, marker and projected marker orientation (based on 
coaxial components of deformation) at location 2. Also shown are the 
orientations with time of the ISA and PSD, relative to their initial 

orientations, at location 2. 

related to the temporal and spatial variation in the levels 
of spin and shear induced vorticity (Lister & Williams 
1983). Figure 7 shows a plot of inclusion and marker 
orientation with time for a location in the upper portion 
of the fluid mass (location 2, Fig. 4). This location was 
chosen for analysis because behaviour of the inclusion 
and marker were considered representative for that 
observed in the upper portion. 

The experiment from which the data in Fig. 7 were 
obtained also had small marker particles distributed 
within the fluid cross-section containing the inclusions 
and passive markers (Fig. 2). The marker particles 
allowed quantitative analysis of the deformation using 
the marker analysis software. Data pertaining to the 
orientation with time of both the instantaneous stretch- 
ing axis and the principal stretching directions of the 
strain ellipse, in the external reference frame, for the 
local area of fluid containing the inclusion, are also 
displayed in Fig. 7. 

Ramsay (1962) noted that a foliation can rotate with 
respect to a stationary object in a progressive pure shear 
deformation. The experimental deformations involved a 
large component of vertical shortening (Fig. 8). There- 
fore, in any time interval, the shortening would produce 
a certain amount of rotation of the passive marker, 
provided that the initial marker orientation was not 
parallel to an extensional apophysis (Passchier 1987). 
The vertical shortening would not rotate the inclusion 
because spherical objects are irrotational in coaxial flow 
(Ghosh & Ramberg 1976, Passchier 1987). 

The presence of marker particles in the system 
allowed the amount of vertical shortening across the 
location of an inclusion to be determined for each time 
interval. These shortening data, combined with the 
marker orientation at the beginning of each time inter- 
val, allowed calculation of the expected rotation of the 
marker due to vertical shortening only, in each time 
interval. Assuming constant area in cross-section during 

(a) 

(b) 

Fig. 8. Undeformed (a) and deformed (b) grids for the experiment 
incorporating marker particles. Considerable flattening is evident in 
the deformation of the fluid mass. The grids were produced using the 

Marker Analysis software (Bons et al. 1993). 

deformation, the following equation can be derived for 
the expected orientation of the marker line, due to 
vertical shortening only, at the end of a time interval: 

where O2 is the passive marker orientation at the end of 
the time interval; O1 is the passive marker orientation at 
the beginning of the time interval; l1 is the vertical 
separation of marker particles at the beginning of the 
time interval; and l2 is the vertical separation of the 
marker particles at the end of the time interval. 

Equation (1) is equivalent to Harker’s (1886) 
equation and can also be derived through modification 
of Flinn’s (1962) equation 23(a) for deformation of 
random orientations of lines during finite homogeneous 
strain. Use of the best-fit curve data for the shortening 
and marker-orientation values at each time point 
allowed a smoother and more accurate calculation of the 
expected orientation of the marker for each time inter- 
val. Figure 7 shows the expected orientations of the 
marker at the end of each time interval, due to the 
coaxial component of the deformation during that inter- 
val, as the ‘Marker-projected’ trace (note: each point 
represents the expected orientation of the marker after 
one time interval, based on the marker orientation at the 
beginning of that interval). 

Examination of Fig. 7 shows that, up to t = 12 s, the 
change in orientation of the inclusion was in the same 
sense as the change in orientation of the principal 
stretching directions (PSD) and instantaneous stretch- 
ing axes (ISA) of the local area of fluid surrounding the 
inclusion cross-section. The rotation with time of the 
PSD and inclusion indicates the presence of vorticity. 
The ISA spin during the first half of the deformation was 
in the same sense as the inclusion and PSD rotation. 
Shear induced vorticity (SHIV) is evident, in addition to 
spin, as both the PSD and inclusion rotate relative to the 
ISA. The PSD and inclusion rotated relative to the ISA 
until approximately t = 12 s, suggesting that the SHIV 
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was of decreasing magnitude. Comparison of the trace 
of actual marker orientation with the trace of projected 
marker orientation up to t = 12 s provides a visual 
indicator of the effect of the SHIV component upon 
marker orientation during this period. The SHIV caused 
a larger angular change in marker orientation to be 
recorded, over each time interval, than would be caused 
by the effect of shortening alone. The experimental flow 
up to t = 12 s can be classed as spinning, non-coaxial and 
rotational (Lister & Williams 1983). 

In the period from approximately t = 12 s to t = 20 s 
(Fig. 7), the ISA continued to spin in an anti-clockwise 
sense. The PSD rotation sense indicates that the SHIV 
component was of clockwise sense in the period. The 
inclusion, in this period, rotated very little in the exter- 
nal reference frame. Also, the trace of projected orien- 
tation of the marker matched the trace of actual marker 
orientation. These factors indicate that the rotation of 
inclusion and marker, due to spin in an anti-clockwise 
sense, was countered almost exactly by SHIV of clock- 
wise rotation sense during this period. 

From approximately t = 20 s to the end of the 
deformation there is little further ISA spin. Continuing 
SHIV, of clockwise rotation sense, is evident as the 
inclusion and PSD rotated clockwise relative to the ISA 
(and thus the external reference frame). The effect that 
this SHIV component had upon marker orientation can 
be seen by comparing the traces of observed and pro- 
jected marker orientations in the period. The changes in 
orientation, within each time interval, of the marker are 
smaller in magnitude than the projected change’s orien- 
tation. The clockwise rotation sense of the SHIV caused 
a smaller angular change in marker orientation to be 
recorded, over each time interval, than would be caused 
by the effect of shortening alone. This resulted in a 
decrease in the observed rotation rate of the marker, but 
did not reverse the marker’s rotation sense. Thus, the 
observed rotation sense of the inclusion was of opposite 
sense to that of the marker. The flow from t = 20 s to t = 
38 s can be classed as non-spinning, non-coaxial and 
rotational (Lister & Williams 1983). 

Velocity vector plots were produced for the deform- 
ing fluid mass at times t = 2 s and t = 38 s (Figs. 9a & b). 
The zero velocity reference point chosen for the plots 
coincided with the actual area of the fluid mass that had 
little velocity as measured in the external reference 
frame. 

At t = 2 s (Fig. 9a) the plots reveal a vertical gradient, 
in the horizontal component of the fluid velocities. This 
horizontal component increases in magnitude from the 
upper and lower boundaries towards the middle of the 
fluid mass. No significant horizontal gradient in the 
vertical components of the fluid velocity can be seen. In 
the upper left-hand portion (incorporating location 2), 
the fluid velocity gradient would produce a SHIV com- 
ponent with an anti-clockwise rotation sense. At t = 38 s 
(Fig. 9b), the velocity plots in the upper left-hand 
portion now show a pronounced vertical gradient in 
horizontal velocity components, increasing from the 
lower boundary to the upper boundary. There is also a 

Vertical 

/ references 
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(b) 
t=38 s 

‘-Vertical references 2 

Fig. 9. Velocity vector plots for the gravity spreading flow at (a) t = 2 s 
and (b) t = 38 s. Vertical reference lines have been added to make the 
velocity gradients easier to view. The velocity plots were produced 

using the Marker Analysis software (Bons et al. 1993). 

horizontal gradient in the vertical velocity components. 
In the upper left-hand portion, both of these spatial 
velocity gradients produced SHIV of clockwise rotation 
sense. This SHIV produced rotation of the inclusion in 
the opposite sense to that initially observed. 

Lower portion of fluid mass 

Inclusions contained within the lower portion of the 
deforming fluid mass displayed a single rotation sense. 
The behaviour of these inclusions can be explained by 
variation of the deformation kinematics with time. Fig- 
ure 10 shows the observed orientations of a passive 
marker and inclusion (at location 10, Fig. 4) in the lower 
portion of the fluid mass. Also shown in Fig. 10 are ISA 
and PSD rotations and the projected orientation of the 
passive marker. This location was chosen for analysis as 
it was close to the base of the apparatus (where the non- 
coaxiality of the flow was greatest) and behaviours at 
this location were representative of those observed in 
the lower portion. 

Examination of Fig. 10 shows that, as in the upper 
portion of the deforming fluid mass, there was a period 
of ISA spin, in the same sense as the inclusion and PSD 
rotation. The presence of a SHIV component is obvious 
as the PSD and inclusion rotated relative to the ISA. The 
effect of the SHIV component upon marker orientation 
can be seen by comparing the trace of observed marker 
orientation with the trace of projected orientation. The 
SHIV caused a greater angular change in marker orien- 
tation to be recorded, over each time interval, than 
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Fig. 10. Graph displaying best-fit curves and data for orientations 
(with time) of inclusion, marker and projected marker orientation 
(based on coaxial component of the deformation only) at location 10. 
Also shown are the orientations with time of the ISA and PSD, relative 

to their initial orientations, at location 10. 

would be caused by the effect of shortening alone. At 
around t = 30 s, the ISA spin became negligible. From 
approximately t = 32 s, the rotation rate of inclusion and 
PSD slowed, and the projected marker trace nearly 
matched the actual marker trace. This means that the 
SHIV component decreased and the deformation was 
becoming more coaxial. However, as the conclusion of 
the experiment occurred at t = 38 s, there are not 
sufficient data points remaining in the set to make 
statements pertaining to the trend on kinematics during 
this period. The deformation between t = 0 and t = 32 s 
can be classed as spinning and non-coaxial and between t 
= 32 s and t = 38 s as non-spinning and non-coaxial 
(Lister & Williams 1983). 

The velocity vector plots (Figs 9a & b) revealed a 
consistent vertical gradient in the horizontal com- 
ponents of fluid velocity in the lower right-hand portion 
(which incorporated location 10) at both t = 2 s and t = 
38 s. At t = 38 s (Fig. 9b), a slight horizontal gradient is 
evident in the vertical velocity components. These ve- 
locity gradients produced the SHIV component that 
rotated the inclusion during the deformation. 

The difference in kinematics between the upper and 
lower portions reflected the imposed boundary con- 
ditions. The constrained lower boundary meant that 
elements of fluid at the lower boundary must have zero 
velocity. This resulted in a consistent gradient in fluid 
velocities between this boundary and the line of greatest 
fluid extension (a line joining the curved structures 
introduced into the passive markers by deformation). 
Fluid elements on the upper boundary were not con- 
strained and thus fluid velocity gradients between the 
upper boundary and the line of greatest fluid extension 
could vary as deformation progressed. 

DISCUSSION 

Inclusionlmarker relationships 

The experiments allowed examination of the possible 
kinematics of a gravity spreading flow. The results 
reveal that the kinematics of a gravity spreading flow can 
be complex involving temporal and spatial variation of 
the levels of spin and shear induced vorticity. The results 
also suggest that boundary conditions are an important 
factor influencing the spatial variation of the kinematics 
in such flows. 

Considering the inclusions and passive markers con- 
tained within the deforming fluid as analogous to spheri- 
cal porphyroblasts and passive foliations allowed the 
examination of some of the possible relationships that 
may form between such entities within an inhomoge- 
neous, time-dependent flow. In many cases, foliations 
within deformed rocks have been considered to behave 
as passive markers (Ghosh & Ramberg 1976, Boulter 
1980, Gray 1981). However, not all foliations can be 
considered to act passively (Williams and Schoneveld 
1981, Bell 1981,1985). Because of this, the nature of the 
experiments outlined herein only allow us to examine 
the relationships between rigid objects and passive 
markers. 

The relationship between foliations and other poten- 
tial passive markers such as appendages of recrystallized 
material, and rigid objects such as porphyroblasts (with 
inclusion trails) and porphyroclasts, have been used to 
infer rigid object rotation sense (Spry 1963, Rosenfeld 
1970, Schoneveld 1977, Powell & Vernon 1978, Pass- 
chier 1987,1988) and as vorticity indicators (Cobbold & 
Gapais 1987, Passchier 1987). The experimental results 
suggest that during some inhomogeneous time- 
dependent flows it is possible for porphyroblasts (with 
inclusion trails) and a foliation to rotate in opposite 
senses during deformation while at other locations 
within the flow porphyroblasts could rotate in the same 
sense as the foliation. The rotation of porphyroblast and 
foliation in opposite senses would result from the ro- 
tation of the foliation, relative to the porphyroblast, due 
to the coaxial component of deformation (Ramsay 
1962). The maximum amount of this rotation depends 
on the initial orientation of the foliation to the compres- 
sional ISA but is limited to 90” for a single shortening 
event. Porphyroblasts that rotated in the opposite sense 
to the foliation would record greater curvature in in- 
clusion trial geometry than those that rotated in the 
same sense as, but not more than, the foliation. Examin- 
ation of the inclusion trails within such porphyroblasts 
could lead to the incorrect assumption that there were 
higher levels of SHIV associated with the formation of 
the porphyroblasts that recorded the greater curvature 
in inclusion trail geometry. 

Another possible application of the modelled inho- 
mogeneous flow relates to the interpretation of inclusion 
marker relationships around passive folds. The post- 
deformation geometry of the passive markers (Fig. 3) 
suggests that if the passive markers were replaced with 
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Fig. Il. Passive fold structure and inclusion/foliation relationships 
(extrapolated from experimental observations) (a) before defor- 
mation and (b) that may develop during inhomogeneous time- 
dependent flow. The inclusion/marker relationship in the upper limb 
of (b) suggests greater rotation of this inclusion than the one in the 
lower limb. In fact, relative to geographic coordinates, the opposite is 

true. 

near-vertically oriented passive layers (plane of layers 
perpendicular to camera focal plane), then those passive 
layers would be folded during the flow. Assuming that 
the relative fluid velocity at the surface of an inclusion 
with respect to the inclusion will be zero, unless there is 
slip, the inclusion/marker relationship shown in Fig. 11 
can be extrapolated. Without the knowledge that the 
fold in the layer formed passively in an inhomogeneous 
flow, different interpretations could be placed on the 
deformation history. 

If the layer was assumed non-passive, the inclusion/ 
marker relationship (Fig. lib) could suggest compres- 
sion of the layer that gave rise to rotation of the lower 
and upper limbs as in buckling (Biot 1961, Ramberg 
1963) combined with flexural flow within the limbs 
(Hobbs et al. 1976). In this interpretation, flexural flow 
within the layer produces shear that causes inclusion 
rotation in the opposite sense to the rotation of the limb 
due to buckling (Visser & Mancktelow 1992). Also, 
analysis of the amount of shortening at inclusion loca- 
tions in both the lower and upper portions of the fluid 
mass (Fig. 12) showed that there were only small differ- 
ences in the amount of shortening with time at these 
locations. This means that the limbs of the fold extrapo- 
lated in Fig. 11(b) would have undergone similar 
amounts of shortening. The thinner, lower limb 
(measured normal to layering) is the result of higher 

Shortening with time at locations 2 and 5 
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Fig. 12. Plots of vertical shortening with time at inclusion locations 2 

and 5. 

levels of SHIV in that area. However, if the layer in Fig. 
11(b) were considered non-passive, this may not be 
apparent and the difference in layer thickness could be 
attributed to competency variations along the layer’s 
length. If the layer was assumed to have behaved pass- 
ively, the inclusion/marker relationships would suggest a 
deformation environment in which there was ongoing 
spatial and temporal variation in the kinematics of 
deformation. 

The experiments indicate that a simple-shaped pas- 
sive fold, generated in an inhomogeneous time- 
dependent flow, can result from complex spatial and 
temporal variation in the deformation kinematics. As 
such, without definitive data indicating homogeneous or 
inhomogeneous deformation and whether there was 
buckling or passive behaviour of the layers during defor- 
mation, it may be difficult to relate inclusion/marker 
relationships (such as porphyroblast/foliation relation- 
ships) to deformation history in deformed rocks. 
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