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Abstract-Sequential sections of a sand box model are used to quantify displacement along imbricate surfaces 
and their rotation and volume loss history within an accreting sand wedge. Model results show that both 
displacement along the imbricate surfaces and compaction of the imbricate sheets decrease with sequential 
accretion of the wedge. The model wedge propagates episodically along a basal dtcollement when displacement 
along the imbricate surfaces decreases dramatically due to their back rotation and steepening. During their back 
rotation, the model imbricate sheets undergo compaction which resulted in an area loss of 12-13%, while the 
entire model shows 17% area loss. 

Back rotation of model imbricate sheets takes place in a domino-type style that is accommodated by ductile 
deformation of sand layers at deeper levels. Deeply located sand layers undergo 40-50% layer parallel shortening 
compared to no layer parallel shortening of the shallow located layers within the same imbricate sheet. Model 
sand wedge does not grow self similarly but rather its length/height ratio increases episodically with deformation. 

INTRODUCTION 

In recent years sand box models have been increasingly 
used to study different geometric and dynamic aspects of 
accretionary prisms (Davis et al. 1983, Dahlen et al. 
1984, Karig 1986, Zhao et al. 1986, Mulugeta & Koyi 
1987,1992, Mulugeta 1988, Colletta et al. 1991, Liu et al. 
1992, Koyi et al. 1992). Davis et al. (1983), Dahlen et al. 
(1984) and Dahlen (1984,199O) presented a comprehen- 
sive study on the dynamics of accretionary wedges and 
compared them to deformation of sand or snow in front 
of a bulldozer. In an earlier paper, Mulugeta & Koyi 
(1992) described the episodic accretion history of a sand 
wedge. In this paper, I focus on the volume loss history 
and on the significance of internal deformation of the 
wedge on its propagation. The sand box model de- 
scribed here is deformed on a smooth and rigid dCcolle- 
ment and therefore does not account for the natural 
dCcollement slope or irregularities. Effects of sedimen- 
tation and erosion are not considered in this study. 

MODEL DESCRIPTION AND DEFORMATION 

A single model consisting of passively layered sand 
was shortened from one end above a rigid dCcollement 
of Plexiglas (for more details of the model see Mulugeta 
& Koyi 1992). The model contained colored thin layers 
of sand with a total thickness of 5 mm (Fig. la). Profiles 
were eroded for photographing at intervals during 
model deformation by using a vacuum cleaner to expose 
cross-sections. This sequential sectioning enabled 
detailed monitoring of the model throughout the defor- 
mation. Thus, bed lengths, layer thicknesses, amount of 
displacement along the imbricate surfaces and their dip 
and wedge slope are all calculated from these sequen- 
tially eroded profiles. 

During the shortening of the model, a wedge formed 
that comprised many imbricate sheets. The eariy imbri- 
cate sheets that were closely spaced formed as conjugate 
kink folds whose forelimb narrowed with further short- 
ening to thrust eventually (Mulugeta & Koyi 1992). As 
the model was shortened, the wedge grew both in height 
and length as new imbricate sheets were accreted at its 
toe. After 3% shortening, the wedge was already twice 
as thick as the initial thickness of the model. 

Model imbricate surfaces defined discrete zones at 
shallow levels which passed downwards into a wider 
zone of ductile deformation at depth (Fig. lb). These 
imbricate surfaces became sigmoidal in geometry with 
progressive shortening. 

During model shortening, individual sand layers de- 
formed by folding and thrusting and underwent layer 
parallel shortening. The model wedge and its individual 
imbricate sheets underwent area loss during model de- 
formation. In order to quantify internal deformation of 
the model wedge, layer parallel shortening within the 
sand layers and area loss within the wedge were calcu- 
lated using bed length and area balancing. 

SECTION BALANCING 

Strain partitioning 

Bed length balancing throughout model deformation 
was carried out for two single layers at different strati- 
graphic levels (Figs. 1 and 2). This was done by com- 
paring the length of a layer within an imbricate sheet at 
the onset of the formation of the imbricate with its length 
at later stages of the deformation of the imbricate. The 
measurements show that layer-parallel shortening domi- 
nated the deformation at the early stages of model 
deformation for both the deep and the shallow layers 
(Fig. 2). At later stages, layer parallel shortening main- 
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tained its dominance relative to both folding and imbri- 
cation for the layer located at deeper levels (Fig. 2a), 
while imbrication dominated the deformation style with 
progressive shortening for the shallow layer (Fig. 2b). 
This contradicts Liu & Dixon’s (1991,1992) findings that 
folding dominated at high levels and faulting at depth in 
models using non-Newtonian materials. In the current 
model, even at shallow levels, total layer-parallel short- 
ening increased periodically just before the formation of 
a new imbricate in front of the propagating wedge (Fig. 
2). This implies that the layers in the front of a propagat- 
ing wedge deform by layer-parallel shortening before 
the eventual formation of a conjugate fold box whose 
forelimb sheared and localized to an imbricate. 

This variation in magnitude of deformation com- 
ponents was also apparent within individual imbricate 
sheets. At shallow levels, layers within individual imbri- 
cate sheets underwent no or little penetrative defor- 
mation compared to their deeply located equivalents 
(Fig. 3). At 47% bulk shortening, a layer located at 
deeper levels within an imbricate was shortened to 55% 
of its length during deformation of the model (Fig. 3). 
This decrease in bed length is mainly accommodated by 
thickening of the layer and partly by area loss due to 
compaction (see later). This deformation at deeper 
levels accomplishes domino-type rotation of imbricate 
sheets. Contrarily, a layer located at shallow levels 
underwent no layer-parallel thickening during the same 
period of deformation (Fig. 3). The model therefore 
resembles variations in deformation style with depth 
that are likely to occur in nature. 

Area loss history 

In order to quantify the compaction and area loss 
within the wedge, the area of three imbricates (numbers 
5, 6 and 7 in Fig. lc) was measured throughout the 
deformation (Fig. 4). Individual imbricate sheets under- 
went area loss (and perhaps volume loss) due to their 
compaction during progressive shortening of the model. 
Compaction of the imbricate sheets dominated at the 
beginning of their formation and decreased significantly 
at later stages (Fig. 4). In fact, as they matured, the 
imbricate sheets showed very little change in area. Area 
loss for individual imbricates was calculated as follows: 

Area 10~s % = (AA5 + AAh + AAT)/(Ais + Ai + AiT) 

where As, A6 and A, are areas of imbricate numbers 5,6 
and 7, respectively (Fig. l), and Ai is the area of the 
imbricate sheets immediately after their formation. The 
total area loss calculated from the measurements was 
13%. It is important to mention that there can be a slight 
increase in volume due to localized back thrusting at the 
rear of the wedge. However, these back thrusts did not 
effect those three imbricates that were used in the 
measurements. Nevertheless, this volume change is neg- 
ligible compared to the total bulk compaction. 

The area loss within the whole wedge was measured in 
three ways. First, the wedge area was measured during 
the period between the formation of two imbricate 

sheets; the wedge area was measured starting from the 
time of formation of imbricate number 4 (at the onset of 
the formation of imbricate 4) until the formation of 
imbricate number 5. The measurements show that dur- 
ing that period, the wedge compacted and lost area by 
12.5% (Fig. 4). Second, similar measurements were 
conducted for the wedge area at the onset of formation 
of imbricate number 6 throughout the deformation until 
the formation of imbricate number 7. These measure- 
ments showed that the wedge lost an area of 11.7% 
during that period. Third, the cross-sectional area of the 
model was measured at the final stage of model defor- 
mation and compared to the undeformed cross-sectional 
area and showed 17% area loss at 47% shortening. 

These measurements show that area loss of 12-17% 
within the wedge and the individual imbricate sheets is 
approximately constant throughout model deformation. 
This constant area loss could be attributed to the ab- 
sence of lateral variation in the sand property. However, 
in the presence of lateral inhomogeneities which is likely 
to occur in nature, the area loss may vary during the 
deformation. 

DISPLACEMENT 

Ellis & Dunlap (1988) studied the change in displace- 
ment along individual thrust faults and concluded that 
slip varies along the thrust surface with the maxima at 
the point of nucleation. Ellis & Dunlap’s (1988) 
approach is different from that outlined here where we 
measure the displacement of a certain horizon along 
several imbricate surfaces. In this study, displacement of 
a single, shallow-located layer (A in Fig. lb) along four 
imbricate surfaces (numbers 4,5,6 and 7 in Fig. lb) was 
measured throughout model deformation (Fig. 5). 
These measurements show that displacement along the 
imbricate surfaces increased with bulk shortening at the 
beginning of model deformation and decreased dramati- 
cally later during formation of new imbricates (Fig. 5). 
Our findings are in agreement with the conception that 
imbricate thrusts develop serially with early thrusts 
becoming inactive as new ones develop in front of them. 
However, in their models with microlaminate layers, 
Liu & Dixon (1991, 1992) showed that displacement 
along the older imbricates increased with time. They 
concluded that slip along older thrusts does not die out 
or cease as new imbricates form in front of them. This 
difference could be mainly due to the difference in 
materials which were used in the experiments. 

New imbricate surfaces are new deformational sites 
where most of the displacement is taken up. The 
measurements show that movement along imbricate 
number 4 ceased totally during and exactly before the 
initiation of a new imbricate sheet (imbricate number 5) 
in front of it at 15-20% bulk shortening (Fig. 5). This 
stage of little or no increase in displacement with in- 
creasing total shortening was followed by renewed 
movement (at 20-23% bulk shortening) as imbricate 
number 4 back rotated due to step up of imbricate 
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Fig. I. (a) Schematic diagram of initial model set up (not to scale). (b) Model profile at 44% shortening showing the 
geometry of the imbricate surfaces. Scale bar is 1 cm. (c) A line drawing of model profile in b. (A), (B) and (C) are three 
passive sand layers which were used for mcasurcmcnts. Dashed lines arc imbricate surfaces which possess a sigmoidal 
geometry. The dip of their planar parts are shown by the straight lines. The numbers denote the sequence at which the 

imbricates formed. 
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Fig. 2. Strain partitioning of two layers located at two stratigraphic 
levels in the model. Note that in the shallow layer (A), imbrication 
dominates deformational style after 30% bulk shortening. Also note 
that change in layer-parallel shortening in the shallow layer is periodic 
corresponding to stages before the formation of new imbricates. In the 
deeper layer (B) , layer parallel shortening dominates until 45% bulk 

shortening and maintains a smoother curve. 
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Fig. 3. Changes of length of two layers located at two stratigraphic 
levels within the same imbricates (imbricate numbers 6 and 7, Fig. lc) 
throughout the deformation. Note that the shallow layer in both 
imbricates undergoes no length change throughout the deformation of 
the imbricates. The deep layers, on the other hand undergo continuous 
shortening and layer-parallel shortening with the deformation of the 
individual imbricates. 

number 5 in front of it. At this stage, imbricate number 4 
had reached the position where it could not back rotate 
any further and movement along it was almost totally 
ceased (Fig. 5). The same is true for imbricate number 5 
where total displacement along it increased continu- 
ously until the initiation of imbricate number 6. At this 
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Fig. 4. Measured area loss within the wedge and the last three 
individual imbricates (numbers 5,6 and 7) vs shortening. 
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Fig. 5. Measured displacement along the four last imbricates (4, 5,6 
and 7) in the model. Note that displacement along all of the imbricates 
follow a similar pattern; starting with sharp increase as the imbricate 
begins to form, followed by little or no additional displacement before 
the formation of a new imbricate in front of them. This in turn is 
followed by a gentler increase in the displacement that decreases 

dramatically later with progressive deformation. 

stage, movement along the imbricate surface (number 5) 
ceased and most of the push from the rear was taken up 
along the new imbricate surface (number 6). Step up 
thickening of new imbricates result in back rotation of 
the older imbricate surfaces. The degree of rotation and 
relative displacement along the imbricate surfaces de- 
creases with age and distance from the newly formed 
imbricate. 

Figure 5 also shows that total displacements along 
imbricate surfaces reach a constant amount after a 
certain bulk shortening. This supports earlier con- 
clusions by Mulugeta & Koyi (1987) that the imbricates 
are added to a flat topped domain at the back of the 
wedge where no significant movement along the imbri- 
cate surfaces is taking place any more. The striking 
observation of Fig. 5 is that the total displacement along 
the imbricate surfaces ranges between 13-15 mm. This 
may imply that once the spacing of the imbricate is close 
and no inhomogeneities are produced, the total dis- 
placement along the imbricate surfaces remain similar. 
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Steepening and back rotation of imbricate sheets 

Rotation of imbricate surfaces (thrusts) in sand box 
experiments is reported by Mulugeta & Koyi (1987, 
1992), and Liu et al. (1992). Liu et al. (1992) reported 
that older thrusts are back-rotated to 45” where they 
were involved in the vertical uplift zone at the back of 
the wedge. In our models, the older imbricate surfaces 
back-rotated to nearly upright positions (Fig. lb and fig. 
7 in Mulugeta & Koyi 1992). In fact, in Liu et al.‘s (1992) 
models (their fig. 6), the oldest imbricate surfaces back- 
rotate to almost upright position. Liu et al.‘s (1992) 
models show that in the initially thinner models where, 
more imbricate sheets formed, the imbricate surfaces 
back rotated to steeper positions than their equivalents 
in the thicker models. 

When new imbricates form in front of them, the older 
imbricates rotate backward and steepen with progress- 
ive deformation. As most of the deformation is occur- 
ring along the youngest imbricate, rotation and 
steepening of this imbricate surface results in a decrease 
of the displacement along it (Fig. 5). Consequently, any 
further push from the rear causes internal deformation 
of the wedge and/or slip along the basal decollement. 

Backward rotation of the model imbricate sheet is 
accommodated by relative slip along imbricate surfaces 
as in a stack of blocks rotating around separate points on 
the same line. Back rotation of the imbricates is similar 
to domino-type rotation. But in this case, the imbricates 
do not rotate as totally rigid blocks. Their back rotation 
cause slip along discrete imbricate surface at shallow 
levels and ductile strain at the deeper levels (Figs. 2 and 
3). Back rotation of the younger imbricates causes 
compaction and thickening of the wedge which accom- 
modate only very small amount of the total deformation. 

Steepening of natural imbricate surfaces is reported 
from Moine thrust zone in northwest Scotland and Arr 
massive in the Alps (Boyer & Elliott 1982). Boyer & 
Elliott (1982) reported that the dip of thrusts in the 
Moine thrust zone ranges between 25-55” with the 
shallow dipping thrusts to the northeast of the zone (i.e. 
forelandwards) across strike. Using geophysical data 
and surface geology, Butler & Coward (1984) drew 
thrust geometries within the Moine thrust belt. In their 
cross-sections (figs. 5 and 11) they showed steepening of 
imbricate thrusts hinterwards both within the Moine 
nappe and in the zone below the Moine thrust. Butler 
(1987) hypothetically illustrated the steepening and 
back rotation of older thrusts by subsequent develop- 
ment of new thrusts in their footwall and suggested that 
they experience a longer straining history. 

DISSIMILARITY 

Although, boundary conditions were kept constant 
and no material was added or eroded from the model, 
the wedge did not grow self similarly as it is suggested for 
natural accretionary wedges (Fig. 6). Instead, wedge 
growth was episodic and its length/height ratio varied 

length 

length 

1 cm , 

C 

Fig. 6. A, similar and B, dissimilar growth of a wedge. Note that 
similar growth requires that a constant amount of material (Ar) is 
added to the height of the wedge when the length of the wedge 
increases by a constant amount (Ayy). C, is an outline of the model 
wedge at several stages of its deformation showing its dissimilar 
growth. The increase in height of the model wedge is significantly 

smaller than its length. 

with shortening (Figs. 6 and 7). This dissimilar growth 
may be due to change in rheology of the sand which was 
compacted during deformation of the model. At the 
early stages of the deformation, vertical wedge growth is 
rapid relative to its lateral growth (Figs. 7b & c). With 
progressive shortening however, the wedge grew in 
length significantly faster than its height. In fact, vertical 
growth of the wedge was significantly small at the later 
stages of deformation (Fig. 7a). Any addition to the 
length of the wedge due to material accretion at the toe 
caused smaller growth of its height (Fig. 7). Simple 
measurements of Colletta et al.3 (1991) model (their fig. 
5) shows that for the same amount of shortening wedge 
length/wedge height ratio increases from 3 to 4.17 when 
the basal friction is decreased. Figures 7(a) & (b) show 
that with the formation of a new imbricate the length/ 
height ratio increases rapidly. Thereafter, (i.e. after 
each stage of step up of a new imbricate sheet) the 
length/height ratio declines gently suggesting that the 
actual length of the wedge decreases between two 
periods of step up (Figs. 7a & b). This decline is mainly 
due to lateral compaction within the new imbricate and/ 
or increase of the wedge height (Fig. 7, and see Mulu- 
geta & Koyi 1992). Similar curve for Colletta et al.‘s 
(1991) and Liu et al.‘s (1992) available cross-sections of 
their sand models also shows that the length/height ratio 
increases with deformation (Figs. 7c & d). 

If the wedge is divided to two main domains, a flat 
topped domain (area A in Fig. 8) and a domain of sole 
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Fig. 7. (a) Vertical growth of model wedge with shortening. Bars 
indicate stages just before the formation of a new imbricate in front of 
the wedge. The sharp slope of the curve indicates rapid vertical growth 
of the wedge at the early stages of the deformation to reach a critical 
taper. Length/height ratio of (b) the current model wedge with 
progressive shortening, (c) Colletta er al.% (1991) model, (d) Liu er 
al.‘s (1992) model. The numbers in (a) correspond to imbricate step up 
stages where the length of the wedge increases rapidly due to forma- 
tion of new imbricate sheets. Note that the total increase in wedge 

length is higher than the total increase of its height. 

thrust propagation and back rotation (area B in Fig. 8), 
domain B grows continuously with time until a taper is 
formed (Fig. 8). If boundary conditions, material 
properties and model kinematics were kept constant, 
domain B maintains a constant area (volume?) with 
further shortening. On the other hand, domain A grows 
with time as rotated and compacted imbricates are 
added to it (Fig. 8). 

DISCUSSION 

At the early stages of model deformation, the wedge 
underwent internal deformation and grew rapidly in 
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Fig. 8. Total wedge growth with shortening. Note that the flat-topped 
domain (area A) grows with shortening while area (B) stops growing 
after certain percentage shortening when a critical taper is reached. 

order to reach a critical taper. Evidence for this is that at 
9% shortening, the wedge had a lateral extent (parallel 
to the shortening direction) of only 8.6% of the initial 
length of the model and it was 2.5 times as thick as the 
initial thickness of the model compared to 9% of initial 
length and twice as thick as the initial thickness at 3% 
bulk shortening. This internal deformation is a comp- 
lementary process to build up a critical wedge taper 
which could transmit further push from the rear and 
overcome the basal friction. 

In the model, at a certain increment of time, push 
from the rear was mostly taken up by movement along 
the youngest of the imbricate surfaces. Older imbricates 
accommodate only small part of the displacement (Fig. 
5). Boyer & Elliott (1982) suggested that as the slip 
transferred to a new lower thrust, a portion of the major 
thrust is de-activated and rides passively within the 
growing thrust sheet. We think that the older imbricates 
remain relatively active until they rotate to their locking 
position. 

The model wedge grows both in height and length 
with progressive shortening. This growth is very rapid at 
the early stages of the deformation as a critical taper is 
forming (Fig. 7a). At later stages of the deformation 
however, the growth in length of the wedge persists but 
at a slower rate. Relatively rapid vertical growth of the 
wedge however, decreases dramatically after the critical 
taper is reached (Fig. 7a). At later stages of model 
deformation when younger imbricates are accreted at 
the toe, the height of the wedge increases stepwise in 
small amounts giving it a gentle increase with defor- 
mation (Figs. 7a & b). Expectedly, each of these steps 
predates the formation of a new imbricate (Figs. 7a & b). 
This implies that for the wedge to overcome the basal 
friction, it undergoes thickening until it again reaches a 
critical taper that can overcome the basal friction and 
brings about slip along the decollement. Another inter- 
esting observation is that when a critical taper is 
attained, only a small amount of vertical growth of the 
wedge is needed to continue gliding along the dtcolle- 
ment (Fig. 7a). These results are strongly dependent on 
the boundary conditions and rheology of the materials 
added to the wedge. .Any change in the basal friction and 
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inhomogeneity in the materials added to the wedge may 
dramatically change the geometry of the critical taper. 

At later stages of model deformation, compaction 
(area loss) within the imbricate sheets and displacement 
along their surfaces decreased dramatically (Figs. 4 and 
5) supporting the suggestion that a relatively inactive 
flat-topped domain builds up at the back of the model 
where little deformation takes place (Mulugeta & Koyi, 
1987). Further push is accommodated by displacement 
along the younger imbricate surfaces and compaction 
within domain B (Fig. 8). After being rotated and 
compacted, the imbricates are added to the flat-topped 
domain that increases in area with progressive shorten- 
ing (Fig. 8). This flat-topped domain could deform by a 
few back thrusts that formed at the back of the model. 
However, in the current model, the few back thrusts that 
formed at a later stage of model deformation were 
localized within a small part of the back of the model. 
The relatively small increase in the height of the wedge 
(Fig. 8) could be attributed to the movement along these 
back thrusts. 

In general, the individual imbricate sheets underwent 
an area loss of 12-13% during the shortening of the 
model. But, bed length balancing of sand layers at two 
different levels within the same imbricate sheet shows 
that the deeper sand layer shortened by 55% of its initial 
length (Fig. 3) whereas the shallow layer kept its initial 
length after the same shortening period. The shortening 
of the deeper layer is mainly taken up by thickening of 
the layer and partly by area loss. This suggests that the 
area loss within the model imbricate sheets is dominant 
at deeper levels and decreases significantly at shallower 
levels where the sand layers do not show any penetrative 
strain. 

Change in rheology of the model sand due to its 
compaction during model deformation, could account 
for the dissimilar growth of the model wedge and its high 
taper (1620”) than the estimated theoretical value 
(6-10”). 

CONCLUSIONS 

Results of a sand model shortened above a rigid 
dCcollement, show that: 

(1) 

(2) 

(3) 

Ductile deformation dominates at deep levels and 
allows domino-type back rotation of the older imbri- 
cates with progressive deformation. 
Displacement along imbricate surfaces are equal if 
they possess similar spacing. 
During their back rotation and compaction, model 
imbricate sheets undergo area loss which could be 
one of the reasons for the dissimilar growth of the 

wedge. Area loss within model imbricate sheets is 
dominated at deeper levels. 

(4) During progressive deformation, model accretion- 
ary wedges exhibit dissimilar growth rather than 
growing self similarly. 
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