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Abstract--Area-balanced cross-sections of ramp antichnes and tip-line folds m thin-skinned fold-thrust belts can 
be quantitatively constructed using plane-strata fault-bend and fault-propagation fold models. Cross-sections 
alone, however, are somewhat inadequate for interpreting along-strike changes in thrust-related fold geometry. 
Complex interplay between along-strike changes m fault slip and fault shape determines a range of geometric 
configurations which are difficult to visualize without the aid of quantitative three-&menslonal models. We 
extend conventional two-dimensional folding theories into the third dimension by allowing for continuous 
variations in fault slip and fault shape along strike. Geometric equations relating map-view angles between fold 
axial-surface traces are derived for a case assuming a uniform fault geometry and an along-strike displacement 
gradient. The resulting folds possess no unique fold axts, but rather are characterized by multiple fold hingelines 
each corresponding to bends m the fault. For typical dtsplacement gradmnts observed in the field, analysm of the 
models suggests that discernible differences exist between map patterns of fault-bend folds and fault-propagation 
folds, whereas httle difference exists between map patterns of stmilar and parallel fault-bend folds. Map-view 
angles between axial-surface traces for parallel fault-bend folds and fault-propagation folds are a function of both 
ramp cutoff angle and fault slip, whereas these same angles for similar fault-bend folds are solely a manifestation 
of fault slip. 

Examples assuming uniform shortening and continuously varying fault geometry along strike are also 
presented. Fault geometry is vaned along strike to simulate obhque and lateral ramps. Depending upon model 
type and fault shape parameter modified, resulting folds exhibit either cylindrical or non-cyhndrical fold 
geometries. Closure ts generated by a decrease m fold amphtude where there ts a decrease m ramp cutoff angle 
along strike or where a fault laterally cuts up section. In e~ther instance, closure develops without varying 
shortening along strike. Model map patterns resemble actual thrust-related fold geometries and can be compared 
to maps of real structures to help predict subsurface geology. 

I N T R O D U C T I O N  

STRUCTURAL geolog is t s  long have  re l ied  on the i r  ar t is t ic  
ski l ls ,  geo log ic  in tu i t ion  and  p e r s o n a l  b iases  to  dep i c t  
f o l d - t h r u s t  be l t  g e o m e t r i e s  at  dep th .  Cross - sec t ions  rou -  
t ine ly  are  used  to  convey  this i n fo rma t ion  and  a re  a r e a  
b a l a n c e d  in t he  t r a n s p o r t  d i rec t ion  to  s t r eng then  the  
va l id i ty  o f  the  i n t e r p r e t a t i o n .  A n  a r e a - b a l a n c e d  cross-  
sec t ion  is o n e  tha t  shows  geo log ica l ly  r e a s o n a b l e  s t ruc-  
tu res  for  a g iven  loca le ,  and  one  tha t  can be  r e s t o r e d  to  
an  u n d e f o r m e d  s ta te  such tha t  the  a rea  o f  the  cross-  
sec t ion  in t he  u n d e f o r m e d  s ta te  equals  tha t  in t he  de-  
f o r m e d  s ta te  ( D a h l s t r o m  1969, 1970, E l l i o t t  1983, 
W o o d w a r d  et al. 1989). I f  p l a n e  s t ra in  is a s s u m e d ,  
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c o n s e r v a t i o n  of  a r e a  in two d imens ions  r e p r e s e n t s  con-  
s e rva t i on  of  v o l u m e  in t h r e e  d imens ions .  

Q u a n t i t a t i v e  m o d e l s  of  f o l d - t h r u s t  g e o m e t r i e s  and  
k ine ma t i c s  have  b e e n  d e v e l o p e d  as tools  for  app ly ing  
the  b a l a n c e d  c ross -sec t ion  concep t  to  c ross -sec t ion  in- 
t e r p r e t a t i o n  (Suppe  1983, Suppe  & M e d w e d e f f  1984, 
J a m i s o n  1987, Jones  1987, Mi t ra  1990, S u p p e  & M e d -  
w e d e f f  in press) .  P r e s e n t  mode l s  s imu la t e  t h r e e  dis t inct  
t ypes  o f  t h r u s t - r e l a t e d  folds  charac te r i s t i c  of  f o l d - t h r u s t  
be l t s  o f  which  on ly  two types  will be  a d d r e s s e d  in this  
p a p e r :  f a u l t - b e n d  folds  and  f a u l t - p r o p a g a t i o n  folds.  
F a u l t - b e n d  folds  fo rm in r e sponse  to  m o v e m e n t  o f  
s t r a t a  ove r  b e n d s  in a non -p l a na r  faul t  (R ich  1934, 
S u p p e  1983), w h e r e a s  f a u l t - p r o p a g a t i o n  folds  de v e lop  
by  fo ld ing  o f  s t r a t a  i m m e d i a t e l y  p r e c e d i n g  a p r o p a g a t -  
ing t ip  l ine  ( S u p p e  & M e d w e d e f f  1984, S u p p e  1985). 
T w o  classes  o f  f a u l t - b e n d  fold m o d e l s  c o m m o n l y  are  
used:  t he  first a s sumes  a s imilar  fold  g e o m e t r y  which  
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allows strata to move past fault bends by shearing on 
imaginary vertical planes (vertical simple shear model; 
Sanderson 1982, Jones 1987, Wllkerson 1989b, t990), 
whereas the other is a parallel-folding model (Sander- 
son 1982, Suppe 1983, Groshong & Usdansky 1988) m 
which strata deform by layer-parallel shear and axial 
surfaces bisect fold hmbs The latter model yields area- 
balanced solutions only for cases in which the initial 
cutoff angle of a ramp connecting parallel upper and 
lower flats is less than 30 °. Vertical simple shear is a 
likely model for rocks which behave isotropically with 
respect to mechanical layering, rocks which are 
vertically jointed, or rocks which are unhthified or 
unconsolidated. Layer-parallel shear is more likely in 
fault-related folds m which layering plays an important 
role in localizing strain (Apotria et al. in press). The 
fault-propagation fold model accommodates shortening 
by layer-parallel slip on bedding surfaces with fault slip 
decreasing to zero at the fault-tip line (Suppe & Med- 
wedeff 1984, in press). This model is limited to ramp 
dips of less than 60 ° . All three models share properties 
that: (1) folds consist of panels of uniform dip separated 
by narrow hinge zones; (2) foot wall strata are un- 
deformed; and (3) generated cross-sections are area 
balanced. The fundamental insight gained from these 
models is that fold geometry is principally a function of 
fault geometry and fault slip. 

The purpose of our investigation is to extend these 
two-dimensional, kinematic models into the third 
dimension m order to study effects of continuous along- 
strike changes in fault slip (i.e. shortening) or fault 
shape (e.g. ramp height, cutofff angle and/or detach- 
ment level) on fold geometry. These models are con- 
sldered pseudo-three-dimensional because they are 
created by hnking a series of independent cross-sections 
along strike (cf. Snedden & Spang 1989, 1990 for a 
similar example). Linkage of sections along strike 
~mplicitly assumes deformation is restricted to planes 
parallel to each section (i.e. plane strain) and that 
strains m the stnke direction are generally much smaller 
than in the transport direction, a reasonable assumption 
for non-metamorphic, thin-skinned, fold-thrust belts. 

The assumption of plane strain is also, in part, justi- 
fied by recent work by Apotria et al. (in press), who 
demonstrate that only minor out-of-plane deflection 
(--<4.5 ° from the transport direction) occurs above 
oblique ramps for the ramp cutoff angles considered 
here; oblique ramps being the logical location for the 
maximum out-of-plane deflection for a given fault. 
Also, values of 10-20 ° out-of-plane deflections produce 
only minimal changes in area-balanced sections (Elliott 
1976). We infer that our pseudo-three-dimensional 
models are a good first-order approximation to true 
three-dimensional geometries and kinematics. 

Model map patterns are expeditiously constructed 
using forward-modeling computer software (Wilkerson 
1989a, Wiikerson & Usdansky 1989) to link cross- 
sections sequentially along strike. These programs 
create: (1) volume-balanced block diagrams; (2) 
structure-contour maps of any stratigraphic unit; and/or 

(3) geologic maps ol any horizontal erosion surface 
(Wilkerson 1989b, 1990) Structure-contour maps are 
an effective means of VlSuahzmg three-dimensional sur- 
faces, and when combined with geologic maps, make 
for ready comparison of theoretical models with actual 
field examples. Synthetic generation of structure- 
contour and geologic maps also allows geologists to 
quickly and effioently test multiple working hypotheses 
for a given fold with testable, reproducible models. No 
attempt is made in this paper to treat actual examples, 
however, as this work is still in progress. 

Two types of along-strike variation are considered: 
models in which fault geometry is constant and d~s- 
placement varies along strike and models in which 
displacement is constant and fault geometry varies 
along strike. The first case is explored in some detail by 
comparing map-view angles between axial-surface 
traces for the three models, both graphically and ana- 
lytically, assuming a s~mple displacement gradient along 
strike (Wilkerson 1989b, 1990). Quantifying differences 
between fault-bend fold models is especially important 
because many commercial fault modeling programs 
(Gibbs 1983, Jones 1987, Wilkerson & Usdansky 1989) 
utilize the more versatile similar fault-bend fold model, 
thereby imphcltly accepting limitations of its defor- 
mation mechanism by assuming that differences be- 
tween folds produced by the similar fold model and 
those produced by the more commonly accepted paral- 
lel fold model are negligible. Quantitative comparison 
of the models provides a test for this assumption. The 
second case, due to the nearly infinite number of combi- 
nations, is only investigated graphically via analysis of 
computer-generated, structure-contour map patterns 
and volume-balanced block diagrams. Three types of 
changes in fault geometry are considered: change in 
fault dip, change in ramp height and change in detach- 
ment level. The first change simulates an oblique ramp, 
whereas the latter two model different forms of lateral 
ramps. 

VARIABLE DISPLACEMENT MODELS 

Simdar and parallel fault-bend fold models 

The kinematics for two-dimensional, parallel fault- 
bend fold evolution have been described previously 
(Suppe 1983, pp. 687-688, refer to his fig. 3). Briefly, 
kink bands A-A '  and B-B' (Fig. 1) begin to grow in 
width and structural relief as shp occurs The distance 
between B and B' along the fault is equal either to the 
displacement of the lowest cutoff or to the length of the 
fault ramp, whichever is less, whereas the distance 
between A and A' is slightly less than the distance 
between B and B' because slip is consumed by forma- 
tion of the kink band. Axial surfaces A and B remain 
fixed with respect to the foot wall and hanging wall beds 
roll through these axial surfaces as slip proceeds. Axial 
surfaces A' and B' are fixed to the hanging wall beds 
and travel with the thrust sheet. This situation changes, 
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Fng. 1 (a) Cutaway block diagram depicting the three-dimensional fold geometry of a parallel fault-bend fold Fold 
parameters defined are: 0 = ramp cutoff angle,/3 = forehmb angle, 6 = displacement gradient (given as an angle), 
I = length along strike over which 6 is maintained and d = shortening for a given cross-section at length I. Areal surfaces 
for the fold are: A' = foreland synchne, A = foreland antnchne, B' = hinterland anticline and B = hinterland synchne 
(b) & (c) Map patterns of a parallel fault-bend fold with 0 = 30* and ~ = 15". These diagrams correspond to sections 1-3 m 
part (a). Arrow indicates sense of movement. (b) Structure-contour map of a layer above the upper flat. Map-view axial- 
surface angles of interest are"/~ = angle between B and B', co = angle between a vertical plane parallel to the ramp strike 
and axial surface A, and e = angle between a vertical plane parallel to the ramp strike and axial surface A'. (c) Horizontal 

geologic map of three layers above fault. Heavy hnes indicate axial traces. 
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however,  when axial surface B'  reaches the top of the 
fault ramp; B '  becomes pinned to the top of the ramp 
and the fold ceases to increase in structural relief. Axial 
surface A is released and the fold translates into the 
foreland without increasing kink-band width. Material  
continues to roll through axial surface B and B ' ,  while 
axial surfaces A and A '  move passively with the hanging 
wall. 

The kinematics for similar fault-bend folds (Fig. 2) 
are analogous to that for parallel fault-bend folds ex- 
cept (1) the width of kink bands A - A '  and B - B '  as 
measured in profile are both  equal and (2) when axial 
surface B'  reaches the top of the ramp,  axial surfaces B '  
and A coincide; producing no intervening fiat, before 
axial surface A migrates into the foreland along the 
upper  flat. In other words, in parallel fault-bend folds, 
A and B'  never  merge,  whereas in similar fault-bend 
folds, A and B '  may coincide at the ramp crest. This 
relationship exists because axial surfaces bisect fold 
limbs for parallel fault-bend folds, whereas  axial sur- 
faces always remain vertical for similar fault-bend folds. 

Figures l (a )  and 2(a) depict cutaway three- 
dimensional diagrams for parallel fault-bend and 
similar fault-bend fold terminations,  respectively 
(Medwedeff  1985). These  figures and all of  the follow- 
ing derivations assume that the fault-bend fold geom- 
etry consists of  parallel upper  and lower fiats separated 

by a single intervening ramp.  Both figures possess a 
constant fault geometry  and an along-strike displace- 
ment  gradient of angle 6. Each fault-bend fold termin- 
ates into a non-cylindrical fold which consists of fore- 
land and hinterland synclinal and anticlinal fold pairs 
(axial surfaces A - A '  and B - B '  in Figs. l a  and 2a) in 
which axial surfaces separate  the overall structure into 
planar  dip panels. The  line of  intersection of each axial 
surface with bedding defines a hingeline which marks 
the change in orientation between adjacent dip panels 
(Medwedeff  1985). Each hingeline changes orientation 
based upon changes in fault slip and fault geometry.  
Anticlinal axial surfaces (B'  and A) exhibit along-strike 
changes in orientation in regions either side of where 
axial surface B '  reaches the top of the ramp. Synclinal 
axial surfaces (A '  and B) are not as geometrically 
variable; the hinterland synclinal axial surface (B) 
always remains parallel to the ramp base, whereas the 
foreland synclinal axial surface (A ' ) ,  being fixed to the 
stratigraphically highest hanging-wall cutoff line, is 
oblique to the fault ramp.  

Equat ions defining angular relations between map 
traces of axial surfaces for similar and parallel fault- 
bend fold models  are derived by extending two- 
dimensional equations for area-balanced cross-sections 
into the third dimension assuming a constant displace- 
ment  gradient along strike (Wilkerson 1989b, 1990). 
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Fig 2. (a) Cutaway block diagram depicting the three-dtmenstonal fold geometry of a similar fault-bend fold Fold 
parameters are defined m Fig. 1. (b) & (c) Map patterns for a slmitar fault-bend fold with 0 = 30 ° and 6 = 15 ° These 
diagrams correspond to sections 1-3 m part (a). Arrow m&eates sense of  movement.  (b) Structure-contour map of a layer 

above the upper flat. (c) Horizontal geologic map of three layers above fault. Heavy hnes indicate areal traces. 

Geometric relationships derived from these equations 
provide a means for quantitatively comparing these 
models. Figures l(b) and 2(b) are structure-contour 
maps for the respective fault-bend fold models. These 
maps represent only sections 1-3 on Figs. l(a) and 2(a), 
respectively. Three angles (/~, co and e) allow the entire 
fold to be quantitatively described: # is the angle be- 
tween map traces of axial surfaces B and B' ,  co is the 
angle between map traces of a vertical plane parallel to 
the strike of the ramp and axial surface A, and e 
measures the angle between map traces of a vertical 
plane parallel to the strike of the ramp and axial surface 
A'  (Figs. lb and 2b). In the following equations 6 is 
displacement gradient, 0 is ramp cutoff angle, I is length 
along strike over which d is maintained, d is shortening 
for a given cross-section at a distance l and fl is the 
forelimb angle. To find/~ for parallel fault-bend folds: 

d 
tan d = - (1) 

l 

x 
tan # = ~, (2) 

where x is map-view distance between B and B' equal to 
d cos 0. Therefore, 

tan p = cos 0 tan 6. (3) 

For similar fault-bend folds, each bed in the hanging 
wall is displaced horizontally by a constant heave and is 
subsequently vertically sheared. Therefore, 

tan p = tan 0. (4) 

To determine co for parallel fault-bend folds, the 
structural relief of the fold must be known. The height 
of the anticline above the upper flat is d sin 0 up to a 
maximum value equal to the ramp height (based on 
Suppe 1983). If y is the map-view distance between A 
and the vertical plane parallel to the strike of the ramp, 
then the equation relating y with fold relief is: 

y = tan fl-- d sm 0 (5) 
2 

and 

V 
t anco=  ~" (6) 

l 

Substituting equations (1) and (5) into equation (6) 
yields: 

tan co = sm 0 tan 6 tan - .  (7) 
2 

Similar fault-bend folds, by definition, possess vertical 
axial surfaces, and thus axial surface A and the map 
trace of a plane parallel to the strike of the ramp are 
parallel. Therefore, 

tan co = O. (8) 

To find e for parallel fault-bend folds, the distance 
between a vertical plane parallel to the strike of the 
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Fig. 3. Graph of relationship between iniUal cutoff angle O, displacement gradient 6, and map-view angles between axial 
surfaces p, a~ and e for parallel fault-bend folds; based on equations (4), (7) and (9). Shaded area indicates values 
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ramp at the ramp crest and A'  is (d sin 0)/sin fl (based 
on Suppe 1983). Therefore, 

d sin 0 

tan e = sin__._~fl = sin 0 tan 6 (9) 
l sin fl 

For similar fault-bend folds, again due to constant 
heave throughout the hanging wall, the equation for e is 

tan e = tan 6. (10) 

Figure 3, a graph constructed from equations (3), (7) 
and (9) for parallel fault-bend folds, permits quick 
visual assessment of the possible range of solutions for a 
given situation. For example, a fault with a constant dip 
of 25 ° and a displacement gradient of 20 ° possesses 
axial-surface angles for #, to and e of 18 °, 2.6 ° and 16 °, 
respectively. Conversely, if measurements of/~ = 13 °, 
to = 2.8 ° and e = 11 ° are consistent for a given distance 
along strike, a good estimate for ramp dip and displace- 
ment gradient over that interval is 28 ° and 15 ° , respect- 
ively. In general, any combination of two knowns are 
sufficient to solve for the remaining three unknowns. A 
graph for similar fault-bend folds would be a series of 
straight lines with # = e = 6 (displacement gradient) 
and to = 0 and is not provided. The preceding equations 
coupled with Fig. 3 demonstrate that angles between 
axial traces in similar fault-bend folds are solely the 
manifestation of the displacement gradient, whereas 
angles between axial traces for parallel fault-bend folds 
are a function of both ramp dip and displacement gradi- 
ent. Ramp dip and fault slip are also the controlling 
factors for the respective two-dimensional models. 

Although the complete range of displacement gradi- 
ents is shown in Fig. 3, natural continuous displacement 
gradients under non-metamorphic conditions are prob- 
ably small. Measurements of displacement gradients for 

natural structures include 10-25 ° for major thrusts in 
the Canadian Rocky Mountains (Elliott 1976, Fermor 
1990), 6-25 ° for the Pine Mountain thrust (Mitra 1988), 
and 15 ° at Wheeler Ridge anticline in southern Califor- 
nia (Medwedeff in press). Assuming 25 ° as an upper 
limit, angles between axial traces for parallel fault-bend 
folds typically range 0-25 ° for p, 0-7 ° for to, and 0-25 ° 
for e (Fig. 3, shaded region), p for similar fault-bend 
folds ranges between 0 ° and 25 °, whereas to is 0 ° and e is 
between 0 ° and 25 °. 

Figure 4 provides a quantitative comparison between 
the similar and parallel fault-bend fold models by plot- 
ting angular differences between angles p and e for 
displacement gradients up to 90 ° and ramp cutoff angles 
up to 30 °. Assuming a maximum displacement gradient 
of 25 ° , the models are almost indistinguishable based 
upon axial-surface relationships alone (Fig. 4, left of 
dashed lines). The largest differences in axial-surface 
relationships exist in the forelimb of the folds (Fig. 4b), 
yet these too, are insignificant at displacement gradients 
less than 25 ° . 

Although quantitatively insignificant and easily 
within the error of measurement in the field, these slight 
forelimb differences may be qualitatively observed, 
even for small displacement gradients, on synthetic 
structure-contour maps and geologic maps for similar 
and parallel fault-bend fold terminations (Figs. lb  & c 
and 2b & c). Figures l(b) and 2(b) are structure-contour 
maps of an unfaulted layer above the upper flat of the 
fault. The structure-contour maps illustrate the axial- 
surface relationships previously discussed as well as 
display the non-parallel nature of the fold termination 
hingelines. Figures 1(c) and 2(c) are horizontal sections 
of the models which approximate geologic maps of folds 
exposed by erosion. These synthetic maps are con- 
structed for the same boundary conditions as the 
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structure-contour maps m Figs. l(b) and 2(b), respect- 
wely For similar fault-bend folds, axial-surface re- 
latmnships depicted on the geologic map (Ftg. 2c) are 
the same as those depicted on the structure-contour 
map in Fig 2(b), whereas for parallel fault-bend folds, 
axial relationships shown on the geologic map (Fig lc) 
are different than those depicted on the structure- 
contour map in Fig. l(b). Specifically, the geologic map 
lacks an angle c0 (Fig lc), a difference which occurs 
because the parallel fault-bend fold has inclined axial 
surfaces. Angles measured on structure-contour maps 
reflect the three-dimensional orientations of axial sur- 
faces, whereas geologic maps display an apparent angle 
of the axial-surface trace at the specified erosion level. 
Similar fault-bend folds possess vertical axial surfaces 
and are not affected by the apparent angle. Clearly, the 
type of map used to describe a fault-bend fold is import- 
ant for accurate interpretation of the fold axial-surface 
relationships 

Distinguishing between similar and parallel fault- 
bend folds in the field is tenuous at best. Our previous 
discussion points to the potential utility of using syn- 
thetic axial-surface relationships to distinguish between 
the two models. Specifically, the presence of w is diag- 
nostic for parallel fault-bend folds. In practice, the 
resolution of actual structure-contour maps for single 
ramp anticlines may not be sufficient to select the 
appropriate model. In such cases, the geologist must 
rely upon bed thicknesses, axml-surface orientations 
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with respect to bedding, or ~traln patterns indicative ot 
the mode of deformation to determine the approprmte 
model Should the mformatmn be non-umque, using 
either model would not reduce serious error for fault- 
related folds with a small ramp cutoff angle. 

Fault-propaganon fold model 

Figure 5(a) depicts a cutaway three-dimensional dia- 
gram for a parallel fault-propagation fold termination 
(Medwedeff 1985). Ltke both fault-bend fold model 
terminations, the fault-propagation fold model assumes 
plane strain, constant fault geometry, and a constant 
displacement gradient along strike. The fault- 
propagation fold model, however, is distinct from 
either fault-bend fold model because as the fault propa- 
gates from the lower drcollement, beds are successively 
folded and then faulted as slip on the fault increases. 
This results in a single anticlinal axial surface (C) for the 
faulted layers which bifurcates to form axial surfaces B' 
and A for unfaulted layers (Fig. 5a). 

The fault-propagation fold termination consists of 
multiple non-parallel hingelines defined by the intersec- 
tion of bedding and the axial surfaces. The orientation 
of each hingeline is related to changes in the ramp 
cutoff angle and fault slip. Axial surface B parallels the 
ramp and axial surfaces A' and B' are oblique to the 
ramp with B' plunging in the direction of decreasing 
displacement. Axial surface A exhibits a variety of 
possible geometries depending on the ramp cutoff angle 
(Figs. 5b and 6). Axial surfaces A and B' join along a 
plunging line to form a single axial surface C. The line 
of bifurcation of axial surface C is located at the same 
stratigraphic level as the displacement-controlled fault 
tip and is in a different stratigraphic horizon in each 
section. 

Geometric analysis ot a fault-propagation fold ter- 
mmation uses the same fold parameters used to de- 
scribe fault-bend folds (Fig. 5b). For a given strati- 
graphic layer, a constant along-strike fault geometry, 
and an along-strike displacement gradient, unique sec- 
tions exist along strike which contain no displacement 
and a point of bifurcation (intersection of axial surfaces 
A and B') for that layer, respectively (Fig. 7; C and D 
are on the undeformed section and C' and D' are both 
in the section containing the point of bifurcation). All 
angular relationships are determined only for the region 
between these sections. /~ is the angle between map 
traces of axial surfaces B' and B (Fig. 5b). The map- 
view distance between B and B', x, for the section 
containing the point of bifurcation ~s: 

x = [ d ( l  + h)) cos 0, (11) 

where h is any arbitrary bed height and r is ramp height 
as measured from the basal detachment (based on 
Suppe & Medwedeff 1984, in press, Suppe 1985). Sub- 
stituting equations (11) and (1) into equation (2) pro- 
duces' 
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(b) 

A' 

B' F_, 

B 

(c) 

Ftg. 5. (a) Cutaway block diagram deptcting the three-dimensional told geometry of a fault-propagation fold. Fold 
parameters are defined in Fig. 1. (b) & (c) Map patterns for a fault-propagation fold with 0 = 30* and 6 = 15". Arrow 
mdicates sense of movement. (b) Structure-contour map of an unfaulted layer. (c) Horizontal geologic map of three layers 

above fault. Heavy lines indicate axtal traces. 

cuton Angle (e).  50" 

A' 

Er 

e 
Cutoff Angle (e) - 35* 

Displacement Oadmnt (8) 

A 

B' 

B 
Cutoff Angle (e) - 15" 

(Overturned) 

F~g 6. Structure-contour maps for fault-propagation folds dlustrating 
fold geometry as a function of ramp cutoff angle. Ramp cutoff angles 

decrease from leg to nght. 6 ~s 25*. 

tan/~ = [1 + -hr] cos 0 tan dt. (12) 

For h = 0, this equation is equivalent to equation (3) for 
parallel fault-bend folds. For h -> r, the equation is 
always 

tan/x -- 2 cos 0 tan 6. (13) 

The angles to and e are determined by first finding the 
slope of axial traces D-C'  and D-D'  (Fig. 7), respect- 
ively, and then by subtracting these angles from 90 ° . 
Two points defining the slope of axial trace D-C' are 
the point of bifurcation (C') and the point where axial 
surface A intersects the undeformed section (D). If 
point C has co-ordinates (0, 0), co-ordinates for C' are 

D ' N A  ' 

C 

- -  s..-.--~* C 1o,o) 

Fig. 7. Structure-contour map depicting co-ordinate system used for 
determining angular relations between axial surfaces for fault- 
propagation folds. Points C and D are on the undeformed cross- 
section and points C' and D'  are in the section containing the point of 
bifurcation. Point C is given co-ordinates (0, 0). Co-ordinates of other 
points are determined based on equations proxaded m the text and on 
equations in (Suppe & Medwedeff 1984, in press, Suppe 1985). 
Angles to and e are found by calculating the slopes of axial traces C'D 
(A) and D'D (A')  and subtracting the values from 90", respectively. 

(2 cos 0 tan 6, d/tan 6). Given any arbitrary bed height 
h, co-ordinates for D are (h(tan fl/2 + tan 0/2), 0). The 
bed height at the point where the anticlinal axial surface 
bifurcates is equivalent to the ramp height and is de- 
fined by: 

2d sin (fl + 0) sin 0 h = r = (14) 
sin fl 

(based on Suppe & Medwedeff 1984, in press, Suppe 
1985). Substituting equation (14) into the slope calcu- 
lation produces: 
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Initial Cutoff Angle (0) 
Fig. 8. Graph of relationships between mlttal cutoff angle 0, dmplacement gradient d, and map-view angles between axial 
surfaces p, w and e for fault-propagation folds; based on equations (13), (15) and (16) Shaded area indicates values 

commonly observed m nature Dashed hne separates regions of pos~ttve and negative o) 

to = 90 - arctan 

sin fl ) .  (15) 
x 2 tan dt[cos 0 sin/3 - sin (/3 + O) 

x sin O[tan (/3/2) + tan (0/2)]] 

Similarly, e is found to be: 

e = 90 - arctan 

x sin fl 
2 tan di sin ( fl + 0) 

x [1 - sin 0[tan (/3/2) + tan (0/2)11 

(16) 

Figure 8 dlustrates the range of solutions defined by 
equations (13), (15) and (16) for a given ramp cutoff 
angle and displacement gradient. Again, discounting 
values for displacement gradients greater than 25 ° , typi- 
cal ranges for ¢t, to and e are 0-45 °, -89-31 ° and 0--80 °, 
respectively (Fig. 8, shaded region). Further inspection 
of Fig. 8 indicates that for a given displacement gradi- 
ent, increasing the cutoff angle produces a correspond- 
ing augmentation in e which increases rapidly for cutoff 
angles exceeding 45 ° Similarly, increasing the cutoff 
angle causes axial surface A to migrate toward the 
hinterland (See Fig. 6), producing a reduction in to. As 
0 increases beyond 41.4 ° (dashed line, Fig. 8), to be- 
comes increasingly negative in our co-ordinate system. 
This change in to is illustrated in Fig. 6. 

Comparison o f fault-bend and fault-propagation fold 
models 

Because both fault-propagation and parallel fault- 
bend folds deform by layer-parallel shear and because 
both their geometries are a function of fault geometry 
and fault slip, comparison of these fold types is a natural 
next step in analyzing thrust-related fold terminations. 
Equations (3) and (13) establish that for h --- r 

tan/Afault-propagat,on fold -= 2 tan tUparatlel fault-bend fold" (17) 

/~ lS always larger in fault-propagation folds for a given 
cutoff angle and displacement gradient than in fault- 
bend folds with the same parameters, but is not twice as 
large as might be inferred from casual inspection of 
equations (3) and (13). Based on analytical solutions 
plotted in Figs. 3 and 8, differences in/~ between paral- 
lel fault-bend and fault-propagation folds reach a mag- 
nitude of nearly 20 °. Differences of such magnitude are 
significant and could be measured in the field. Inspec- 
tion of plots for e (Figs. 3 and 8) reveals that for cutoff 
angles less than =21.5 °, parallel fault-bend folds have 
larger e values than fault-propagation folds. Con- 
versely, fault-propagation folds possess larger e values 
for angles larger than =21 5 °, a relationship which 
occurs because the fault-propagation fold is overturned 
with a steeply dipping forelimb at low cutoff angles and 
becomes progressively more open as the cutoff angle 
increases (Fig. 6). Distract differences in magnitude and 
orientation of to also distinguish the two fold types. 
Fault-propagation folds are characterized by a wide 
range of orientations and magnitudes of to as compared 
with fault-bend folds (Figs. 3 and 8), and, unlike fault- 
bend folds, may possess negative tos for high cutoff 
angles and tos larger than e for faults with low cutoff 
angles and overturned beds (Fig. 6). For intermediate 
cutoff angles, fault-propagation folds resemble fault- 
bend folds, but have a much larger/~ (Fig. 6). Our 
results suggest that fault-propagation folds should be 
distinguishable from fault-bend folds based on map 
patterns and axial-surface relaUonships. 

VARIABLE FAULT GEOMETRY MODELS 

Investigation of along-strike changes in fault geo- 
metry with constant along-strike shortening provides 
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insight into the contribution of fault shape to 
three-dimensional changes in thrust-related fold geo- 
metry. We limit our analysis to studying effects of along- 
strike changes in ramp cutoff angle, basal detachment 
level and ramp height on fold geometry for each fold 
type. These three cases simulate oblique ramps, entire 
faults cutting up section from the basal d6collement, and 
lateral ramps cutting up section from the upper detach- 
ment, respectively. Shortening is held constant for all 
models. For fault-propagation folds, ramp height and 
shortening are not independent parameters (Suppe & 
Medwedeff in press); changes in ramp cutoff angle 
produce variable ramp heights if constant shortening is 
maintained. Therefore, because shortemng is held con- 
stant in our analysis, the case involving changing the 
ramp height for fault-propagation folds is omitted. 

Oblique fault ramps are fault ramps which are neither 
perpendicular nor parallel to the transport direction of 
the hanging wall. We simulate oblique fault ramps by 
varying ramp cutoff angle along strike (Fig. 9), a situ- 
ation not uncommon in nature (e.g. House & Gray 1982, 
Fischer & Woodward 1990). In Fig. 9, ramp cutoff 
angles decrease progressively along strike from 30 ° to 
15 ° for all three fold types (30 ° was chosen due to 
limitations imposed by the parallel fault-bend fold 
model). The cutoff angles are measured in the direction 
of transport and effectively serve as apparent cutoff 
angles for a true oblique ramp. Shortening, ramp height 
(except for fault-propagation folds) and basal ramp 

Similar Fault-Bend Fold 

122 

Parallel Fault-Bend Fold 

Fault-P . . . . . . . . .  

A A '  

A A' 

B ~ 
15* '~ 30* 

B ~  
15* ~) 30* 

Ftg. 9. Diagrams dep~ctmg pseudo-three-dlmenstonal t o l d  geometry 
due to an oblique ramp Ramp angles vary from 30* (nearest) to 15 ° 
(farthest). Corresponding structure-contour map of a layer above the 
fault right of each block diagram. Arrows indicate sense of move- 
ment. (a) Slmdar fault-bend fold, (b) parallel fault-bend fold and (c) 

fault-propagation fold. 

location are held constant. The backhmb contours for 
all fold types do not remain parallel to the lower ramp 
hinge, but curve, as do contours in the forelimb, toward 
the foreland as the cutoff angle decreases (Fig. 9). 
Because ramp height and shortening are held constant 
for the fault-bend fold models, decreasing the ramp dip 
creates a longer fault ramp, thus resulting in a foreland 
migration of the upper ramp hinge (Figs. 9a & b). 
Decreasing ramp dip for fault-bend models also causes 
a decrease in fold amplitt~de and an increase in map- 
view separation of axial-surface traces. The decrease in 
fold amplitude results in a structure-contour map pat- 
tern resembling that for a decrease in fault slip along 
strike (compare Figs. 9a & b with Figs. lb and 2b). The 
increase in map-view separation for fault-bend folds is 
observed in both the forelimb and backlimb and is given 
in the backlimb by 

s = d cos 0, (18) 

where s is map-view separation of axial-surface traces 
B-B' ,  d is shortening and 0 is the ramp cutoff angle. 
This relationship suggests as 0 decreases, s increases, a 
proposal that is supported by structure-contour maps of 
fault-bend folds (Figs. 9a & b). The two fault-bend fold 
models produce very similar structures, as expected 
from our previous arguments. 

Decreasing the ramp cutoff angle for fault- 
propagation folds also generates a fold termination 
which resembles a termination created by decreasing 
displacement along strike (compare Fig. 9c with Fig. 
5b). Maintaining constant shortening and decreasing 
the ramp cutoff angle causes a corresponding decrease 
in the ramp height and fold amplitude (Fig. 9c; con- 
firmed by equation 14), which results in a hinterland 
migration of the ramp for a given amount of shortening. 
In addition, decreasing the ramp cutoff angle for a fault- 
propagation fold requires that the fold becomes 
overturned. House & Gray (1982) observed similar 
relationships in the field. Moreover, our analysis 
suggests that a fault-propagation fold termination with 
closure in the opposite direction can also be formed by 
steepening ramp dip along strike while holding ramp 
height constant, a change which automatically produces 
a decrease in shortening. 

The last two variations in fault geometry to be investi- 
gated are changes in detachment level along strike, 
both of the upper and lower detachments (Figs. 10 and 
11). A change in detachment level results in a lateral 
ramp cutting up section in the direction of the higher 
detachment. Lateral ramps are common in nature and 
may cause significant changes in fold geometry (Dahl- 
strom 1970, Harris & Milici 1977, Mitra 1988). For 
these model examples, shortening and ramp cutoff 
angle (30 ° ) are held constant for all fold types and 
detachments cut up section at an arbitrary angle of 
26.6 ° . Analysis of the resulting fold is facilitated by 
tracing the fate of a horizontal layer at a given height, 
which is unfaulted for lower detachments, but eventu- 
ally becomes truncated as the fault cuts up section. 

For the first type of lateral ramp considered, the 
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F~g. 10 Dmgrams depicting pseudo-three-dimensional fold geometry 
due to a fault cutting up section from a basal d6collement The ramp 
he,ght and ramp angle (30*) are held constant. Corresponding 
structure-contour map of a layer truncated by the fault left of each 
block dtagram Arrows indicate sense of movement. (a) Slmdar fault- 
bend fold, (b) parallel fault-bend fold and (c) fault-propagation fold 

Parallel Fault-Bend Fold --.<: 
B' 
B 

Ftg ll Diagrams depicting pseudo-three-dimensional fold geometry 
due to an upper decollement cutting up section. The ramp angle ts held 
constant at 30* Corresponding structure-contour map of a layer 
truncated by the fault nght of each block diagram. Arrows indicate 
sense of movement. (a) Similar fault-bend fold and (b) parallel fault- 

bend fold 

entire lault laterally cuts up ,section from the basal 
d6collement The parallel fault-bend fold possesses 
converging axial traces with forelimb and backhmb 
contours not parallel to the ramp base, whereas the 
similar fault-bend fold is cyhndrlcal with contours paral- 
lel to the ramp base (Figs. 10a & b). This contrast  in 
styles arises because as the the fault cuts up section 
along strike any parUcular bed intersects axial surfaces 
at lower positions Because similar fault-bend folds 
possess vertical axial surfaces, the structure is not 
altered by lateral ramping,  whereas parallel fault-bend 
folds have inclined axial surfaces whose intersection 
produces a conical-like fold. In contrast to the oblique 
ramp case, spacing of contours in both the forelimb and 
backlimb are constant for folds produced by both 
models.  Eventual ly  each layer is completely truncated 
and becomes  part  of the foot wall. The fault- 
propagat ion fold model  produces a geometry similar to 
the parallel fault-bend fold model (Figs. 10b & c). The 
fold axial traces converge and structure contours of the 
layer are not parallel to the ramp base. The fault- 
propagat ion  fold can be distinguished from the parallel 
fault-bend fold, however ,  by the fault orientation with 
respect to the fold and by the closure of the structure 
contours.  The  structure contours for the fault- 
propagat ion  fold indicate a very tight anticline that is 
t runcated by the fault at a low angle, whereas the 
parallel fault-bend fold produces a more open anticline 
with an abrupt  truncation of contours by the fault (Figs. 
10b & c) 

The last case investigated ~s the upper detachment  of 
fault-bend folds cutting up section (Fig. 11). A fault- 
propagat ion fold model was not generated for this case 
because we chose to restrict our study to constant 
shortening examples  in order to investigate the contri- 
bution of variation of fault geometry to thrust-related 
fold terminations.  Changing ramp heights would have 
resulted m corresponding changes in shortening. Com- 
parison of the structures produced by the similar and 
parallel fault-bend fold models indicates the main 
difference between the two fold types is that the former  
produces a tighter anticline. Both folds possess conver- 
gent fold axes with backlimb contours parallel to the 
ramp base and forel imb contours oblique to the ramp 
base. Closure of the folds is opposite in sense to the 
direction in which the upper  detachment cuts up sec- 
tion. The closure of contours is also opposite in direc- 
tion to the case of  the entire fault cutting laterally up 
sechon from a basal d6collement. 

In summary ,  abrupt  changes m fold geometry are 
referred to originate not only as a consequence of 
decrease m fault slip along strike, but also in response 
to lateral ramps  cutting up-section and to ramp cutoff 
angle changes along strike. Undoubtedly,  natural fold 
terminations result f rom complex combinations of all 
three factors. These models  suggest means by which 
cylindrical and some types of non-cylindrical thrust- 
related fold terminat ions can form. Careful comparison 
of computer -genera ted  map patterns with well- 
constrained, field examples  might suggest what types of 
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along-strike changes are occurring in fault slip, fault 
shape and folding style. 

DISCUSSION AND CONCLUSIONS 

Fault geometry and fault slip clearly exert a funda- 
mental control on both two- and three-dimensional 
fault-related fold geometry. Where fault geometry is 
constant and fault slip varies along strike, significant 
differences in three-dimensional geometries and 
structural-contour map patterns exist between fault- 
bend folds and fault-propagation folds. In contrast, 
similar and parallel fault-bend folds are nearly indis- 
tinguishable for typical ramp angles and displacement 
gradients. Angles between axial traces for similar fault- 
bend folds are a manifestation of only the displacement 
gradient, whereas angles between axial traces for paral- 
lel fault-bend and fault-propagation folds are a function 
of both the displacement gradient and ramp cutoff 
angle. The lateral terminatmns of these thrust-related 
folds do not yield a unique fold axis, but rather consist 
of multiple fold hingelines separating dip domains, each 
corresponding to bends in the fault. The fold termin- 
ations are neither cylindrical nor conical, but are more 
aptly described as non-cylindrical structures consisting 
of several nonparallel hingelines. 

Changes in fault shape also exert substantial control 
on the geometry of thrust-related fold terminations. 
The resulting folds can be cylindrical or non-cylindrical 
and can exhibit different directions of closure depend- 
ing on the model type and the fault shape parameter 
modified. Closure of a thrust-related fold is generated 
by a decrease in fold amplitude due to a smaller ramp 
cutoff angle or to a fault cutting up-section laterally. In 
either case, no decrease in shortening is necessary in 
order to obtain closure. 

Through the use of psuedo-three-dimensional 
models, we have described qualitative and quantitative 
criteria for distinguishing between three commonly 
used thrust-related fold models under various con- 
ditions of fault slip and fault geometry. We suggest that 
analysis of angular relationships between axial surfaces 
of thrust-related fold terminations provides a mean- 
ingful way of interpreting the subsurface geometry of 
the fold and suggests possible alternatives for describing 
the interplay between along-strike changes in fault slip, 
fault shape and folding style. The pseudo-three- 
dimensional models presented in this paper are 
intended to provide representative end-members with 
precise geometries and kinematics against which rele- 
vant field examples may be considered. They are not 
intended to represent any specific fold, nor precisely 
describe actual three-dimensional strain mechanisms. 
These models are best used as plane-strain standards 
by which the amount of out-of-plane strain and the 
position material points deviate from plane strain to 
non-plane strain displacement path trajectories can be 
determined. Eliiott (1976) estimates that 10-20 ° of out- 
of-plane strain produces minimal changes to area- 
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balanced sections. We infer that our pseudo- 
dimensional models approximate natural geometries 
under similar conditions. 
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