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Abstract

Fault-related folds in contractional settings do not extend indefinitely, but rather commonly terminate as plunging anticlines near the tips
of the genetically-related fault. Geologists often attribute the formation of such terminations to loss of slip on the underlying fault (i.e. a
displacement gradient), to changes in fault geometry in which the fault laterally changes stratigraphic position along strike (i.e. a lateral/
oblique ramp), or to some combination of these mechanisms. Discerning between these formative mechanisms solely through the inter-
pretation of the geologic map expression of the termination can be difficult because of the subjective nature of the criteria used (e.g. lateral/
oblique ramps often are interpreted at terminations where folds plunge at ‘steep’ angles, where hanging wall cutoff lines trend at ‘high’ angles
to fault strike, where stratigraphic contacts trend at ‘high’ angles to fault strike, etc.).

We created pseudo-three-dimensional model terminations of individual fault-related folds using both displacement gradients and lateral/
oblique ramps to determine if unique characteristics in their map expressions exist. We show that map patterns of folds produced by a
displacement gradient along a thrust fault of constant geometry are similar to map patterns of folds produced by constant slip on a thrust fault
with a lateral/oblique ramp. Specifically, our modeling results suggest that (1) simple fault-bend folds that plunge less than 20° and simple
fault-propagation folds that plunge less than 50° at their terminations can be created by both displacement gradients and lateral/oblique
ramps; angles greater than these values suggest that a lateral/oblique ramp may be involved in forming the termination, (2) hanging wall
cutoff lines at terminations that trend at angles less than about 35° to fault strike for simple fault-bend and fault-propagation folds also may be
produced by both displacement gradients and lateral/oblique ramps; higher angles likely indicate the presence of a lateral/oblique ramp at the
termination, (3) the angle at which stratigraphic contacts trend to the fault strike cannot be used to uniquely identify displacement gradients or
lateral/oblique ramps for simple fault-related folds, (4) stratigraphic separation diagrams can indicate the presence of ramps in the thrust
sheet, but do not uniquely differentiate between frontal ramps with displacement gradients and lateral/oblique ramps, and (5) actual changes
in fault orientation (after topographic influences have been taken into account), by definition, indicate a lateral/oblique ramp. In reality, most
natural fault-related fold terminations probably share components of both displacement gradients and lateral/oblique ramps, with each
structure possessing contributions from each mechanism. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Structural geologists have long recognized that contrac-
tional fault-related folds in fold-thrust belts do not extend
indefinitely (e.g. Bielenstein, 1969; Dahlstrom, 1970;
Elliott, 1976; Wheeler, 1980; Coward and Potts, 1983; Liu
and Dixon, 1991; Dixon and Liu, 1992; Wilkerson, 1992;
Wilkerson and Wellman, 1993; Prine, 1997; Fermor, 1999).
These folds commonly reach their greatest amplitude near
the central portion of a genetically-related thrust fault and
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lose amplitude toward the lateral tips of the fault. Near
these lateral fault tips, both the fault and the related fold
terminate, producing a plunging anticline (Fig. 1).
Geologists generally attribute the termination of fault-
related folds to one of three mechanisms: (1) loss of slip
(i.e. a displacement gradient) on the underlying frontal fault
ramp, (2) changes in fault geometry in which the fault cuts
laterally upsection along strike from a deeper detachment to
a shallower level to form either a lateral or oblique ramp, or
(3) a combination of both mechanisms (see Table 1 for
examples). Each of these ramp types (frontal, lateral, and
oblique) occur where footwall strata are truncated by the
fault and are defined with respect to the overall trans-
port direction (Fig. 2). Specifically, frontal ramps strike
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Fig. 1. Photo of the northern termination of the Rundle thrust in Alberta, Canada. View is to the northwest. Devonian Palliser (Dpa), Devonian Banff (Db), and
Mississippian Rundle Group (Mr) rocks in the hanging wall of the Rundle Thrust define a NW-plunging anticline above Jurassic and Cretaceous (JK) footwall
rocks. The lateral termination of the surface trace of the Rundle thrust ends at the right edge of the photo (dark circle), and the town of Banff is just off the left
edge of the photo.

perpendicular to the transport direction, lateral ramps strike
parallel to the transport direction, and oblique ramps strike
at an acute angle to the transport direction (Fig. 2). For the
purposes of this paper, we will use the term ‘lateral/oblique
ramp’ interchangeably with lateral ramp because, although
differences between the two undoubtedly exist, many of the
comparisons that we make between pure lateral ramps and
displacement gradients hold true for oblique ramps as well.

In the absence of seismic reflection data, well control, or
detailed footwall stratigraphic cutoff information, geologists
have to infer the dominant mechanism or the relative contri-
butions of the two mechanisms causing the structure to
terminate using only surface geology data. Interpreting
such surface geology data, especially in areas where fault-
related folds may be later tilted and eroded, can be difficult
and often results in conflicting interpretations. These differ-
ent interpretations develop because map-based criteria for
interpreting the formative mechanism of fault-related fold
terminations are subjective and criteria for distinguishing
between terminations that form due to loss of displacement
along strike and those due to lateral/oblique ramps have not
been adequately described.

This study evaluates geological observations commonly
used to infer that a lateral/oblique ramp in the underlying
fault produces a fault-related fold termination. To facilitate
this evaluation, we created pseudo-three-dimensional model
terminations for each mechanism of formation assuming
simple fault-bend (flat—ramp—flat; e.g. Suppe, 1983)
and fault-propagation fold (flat—ramp; e.g. Suppe and
Medwedeff, 1990) geometries. Analysis of these model
terminations helps (1) to constrain subjective criteria used
to substantiate a given interpretation, and (2) to determine if
unique characteristics exist that may be used as a predictive
tool in interpreting natural structures.

2. Evaluation of criteria supporting a lateral/oblique
ramp interpretation for fault-related fold terminations

Five lines of evidence, either individually or in combi-
nation, often are used to support the interpretation of a
lateral/oblique ramp for a particular termination; they are:

e folds at the termination plunge at ‘steep’ angles,

e hanging wall cutoff lines trend at ‘high’ angles to fault
strike,

o stratigraphic contacts trend at ‘high’ angles to fault strike,

e stratigraphic separation diagrams display ‘abrupt’
changes near terminations, and

e faults exhibit actual changes in orientation.

In the following paragraphs, we investigate each of these
criteria in detail.

2.1. Folds at termination plunge at ‘steep’ angles

Published interpretations of fault-related fold termi-
nations often correlate areas where the fold plunges at
‘steep’angles with lateral/oblique ramps in the underlying
fault (e.g. Castonguay and Price, 1995; Prine, 1997). ‘Steep’
is a subjective term; most commonly a fault-related fold is
considered to have a ‘steep’ plunge at its termination if the
plunge (1) is considerably larger than plunges observed
along the strike of that particular hanging wall fold/thrust
sheet, and/or (2) is considerably larger than plunges
observed on neighboring folds/thrust sheets.

We help place constraints on ‘steep’ by calculating maxi-
mum plunges for fault-related fold models that terminate
with only a displacement gradient and no change in fault
geometry along strike. To do so, we follow the approach of
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Table 1

Summary of contractional fault-related fold termination studies (direction of termination shown in parentheses: N = north, S = south, E = east, W = west,

SSD = stratigraphic separation diagram)

Location Reference Main Interpretation Evidence

Front Ranges, Canada Douglas (1958) lateral ramp tear faults, abrupt h 11 thickness changes on
(S) McConnell thrust geologic map, steep plunge
Front Ranges, Canada Bielenstein lateral ramp steep segment on SSD,

(N) Rundle thrust (1969) HW truncations on geologic map
Front Ranges, Canada Gardner & Spang displacement “transfer” comparison of geologic map pattern

(N) Exshaw thrust (1973) w/ physical models
Front Ranges, Canada Stockmal displacement “transfer” dual loss of displ transferred to nearby

(N) Lewis thrust (1979) structures (faults and folds)

Appalachian Mt., VA House & Gray displacement “transfer” gradual loss of displacement

(N) Saltville thrust (1982) on geologic map & SSD,

physical models & mesoscopic structures suggest
transfer from faulting to folding

Sawtooth Range, MT

O’Keefe & Stearns

displacement “transfer” (w/

termination geometry on SSD’s, comparison of

(N) Teton River transfer zone (1982) minor “strike” ramps) geologic map pattern
w/ physical models
Sawtooth Range, MT Goldburg (1984) “transverse”’ramp (w/ HW truncations on geologic map, along-strike
(N) French & Old French thrusts displacement “transfer’) displ shown on displ -di
(S) Diversion thrust diagram

Idaho-Wyoming-Utah fold-thrust belt

Evans & Craddock

“displacement transfer”

SSD’s and balanced cross sections

Crawford and Meade thrust sheets (1985) accommodated by a lateral
ramp
Wasatch Range, UT Schirmer (1988) lateral ramp construction of hanging-wall sequence diagrams from
Ogden duplex geologic map
Variscan thrust belt, S. Wales Hyett lateral ramp mapping of stratigraphic cutoff
(E) Tutt Head thrust zone (1990)

N/A Wilkerson et al. displacement gradient creation of pseudo-3D geometric models from serial
synthetic model structures (1991) lateral/oblique ramps balanced cross sections
Laramide basement-involved structures, Ratliff displacement gradient comparison of structure-contour maps of pseudo-3D
Western US (1992) models with natural structures
Golden Gate Range, NV Armstrong & displacement gradient displacement and fault geometry measured from
(N) Golden Gate thrust Bartley (1993) outcrop exposures

Appalachian Mts., VA

Couzens & Dunne

displacement “transfer”

micro- and mesostructural data suggest transfer to floor

(N) Saltville & St. Clair thrusts (1994) st and to fold
Sevier fold-thrust belt, WY Apotria oblique ramp fault orientation changes in HW and FW, mesoscopic
(N) South Fork thrust (1995) fabrics & strain analysis suggest corresponding rotations

Front Ranges, Canada
(S) Misty thrust

Castonguay &
Price (1995)

oblique ramp

“abrupt” change in HW detachment level shown on
geologic maps and SSD, fold trending obliquely to
fault strike

Betic Cordillera, Spain
unnamed thrust

Frizon de Lamotte
etal. (1995)

lateral ramp

lateral extension of roof sequence, fold trend sub-
parallel to transport direction

Front Ranges, Canada Hennings et al. oblique ramp “abrupt” change in HW detachment level, fold
(S) Misty thrust (1996) trending obliquely to fault strike
Front Ranges, Canada Prine oblique ramp creation of pseudo-3D geometric models from map and
(N) Rundle thrust & (S) Misty thrust (1997) cross-sectional data
Front Ranges, Canada Prine displacement gradient creation of pseudo-3D geometric models from map and
(S) Sulphur Mt. thrust (1997) (w/ minor fault bend) cross-sectional data
Foothills & Front Ranges, Canada Fermor lateral ramp seismic interpretation and derivative cutoff line maps
(S) Bighorn, Brazeau, Highwood, Turner Valley, (1999)
McConnell/Livingstone, Misty, & Boule thrusts
(N) Turner Valley & Jumping Pound thrusts
Foothills & Front Ranges, Canada Fermor displacement gradient seismic interpretation and derivative cutoff line maps
(N) McConnell, Sulphur Mt./Colin, Lewis, & Borgeau thrusts (1999)
Eastern Cordillera, Colombia Rowan & Linares displacement gradient and seismic interpretation, axial-surface mapping, pseudo-
Medina anticline (2000) oblique ramp D geometric models
Front Ranges, Canada Price lateral ramp tear fault relationships and oblique fold at Cascade Mt.

(N) Rundle thrust

(in review)

on geologic map

Wilkerson et al. (1991), who derived equations describing
the geometry of pseudo-three-dimensional fault-related
fold terminations for simple fault-bend (Suppe, 1983) and
fault-propagation (Suppe and Medwedeft, 1990) folds with
linear displacement gradients and constant fault geometries.

For a simple flat—ramp—{flat, fault-bend fold termination

(Fig. 3), the height z of any folded surface above its regional
level is:

z = ssin®@ (D

where s is slip at the trailing edge of the fault-bend fold, @ is
the footwall ramp cutoff angle, and z cannot exceed the
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Fig. 2. Block diagram of an idealized footwall with frontal, oblique, and lateral fault ramps (modified from Wilkerson and Marshak, 1997). See text for
definitions.

Fig. 3. Block diagram of a model fault-bend fold that possesses a constant fault geometry and a trailing-edge displacement gradient (i.e. a systematic, strike-
parallel loss of displacement along the strike of a fault, which, in this paper, is assumed to be linear and represented by the angle 8). For the outlined cross
section, z is the height of the folded surface above its regional level, s is slip at the trailing edge, / is the strike-length distance from the section with
displacement s to the termination, @ is the footwall ramp cutoff angle, and w is the plunge of the folded surface at the termination. Note that s and & at the
trailing edge of the diagram are distorted in this perspective view.
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Fig. 4. Graphs plotting fold plunge w as a function of displacement gradient § and footwall ramp cutoff angle @ for simple (a) fault-bend and (b) fault-
propagation folds with constant fault geometry. Lines of equal @ are shown at 5° increments up to their theoretical maximums of 30° for simple fault-bend
folds (Suppe, 1983) and 60° for simple fault-propagation folds (Suppe and Medwedeft, 1990). The line at § = 35° is an approximate maximum displacement
gradient observed for continuous, non-metamorphic thrust sheets (Wilkerson, 1992). Fold plunges that plot below the shaded region and left of the line could
theoretically be the product of either a displacement gradient or a lateral/oblique ramp, whereas plunges that plot within the shaded region are more likely

caused by lateral/oblique ramps.

footwall ramp height. The slip s also can be used to define
the linear displacement gradient & on the trailing edge of the
fault-bend fold:

tand = % )

where s is slip at the trailing edge of the fault-bend fold and /

is the along-strike length of the fold over which the linear
displacement gradient is maintained (Fig. 3). With this infor-
mation, the plunge of the fold w then can be described by:

tanp = § 3)

Rearranging and substituting Eqgs. (1) and (2) into Eq. (3),



598 M. Scott Wilkerson et al. / Journal of Structural Geology 24 (2002) 593-607

Fig. 5. Cutoff-line map from the Darby thrust, Wyoming, north of Mt.
McDougal (modified from Woodward, 1987). Cutoff lines involving
three units (Madison Group—Mm, Amsden Formation—PMa, and Wells
Formation—PPw) trend at high angles (>33-35°) to the NNW fault strike
of the Darby thrust, suggesting a lateral/oblique ramp.

we arrive at the final expression relating plunge of a simple
fault-bend fold termination to the displacement gradient and
footwall ramp cutoff angle:

tany = sin@tand 4)

We can similarly derive an expression for the plunge of a
simple flat—-ramp, fault-propagation fold termination,
except that z now is twice as large as that for a fault-bend
fold (this relationship occurs because the anticlinal axial
surface propagates an amount equal to twice the fault
slip). The final expression relating plunge of a simple
fault-propagation fold termination to displacement gradient
and footwall ramp cutoff angle is:

tanu = 2sin@Gtand )]

Egs. (4) and (5) are plotted in Fig. 4 for a range of
footwall ramp cutoff angles (0-30° for fault-bend folds
(Suppe, 1983); 0-60° for fault-propagation folds (Suppe
and Medwedeff, 1990)) and for displacement gradients
ranging from O to 90°. In nature, however, displacement
gradients for non-metamorphic thrust sheets do not possess
such a broad range. Wilkerson (1992) cataloged shortening
versus strike-length relationships for individual non-meta-
morphic thrust sheets in North America in order to constrain
natural ranges for displacement gradients. He found that

displacement gradients did not exceed 35-40° (a bulk
shear strain of 0.70-0.84) for continuous thrust sheets with-
out forming prominent cross-strike features in the hanging
wall thrust sheet. If we assume that 35° is a maximum
displacement gradient for natural non-metamorphic thrust
sheets, then maximum plunges may reach up to 20 and 50°
for simple fault-bend and fault-propagation folds, respec-
tively (below the shaded regions and to the left of the
lines of the graphs in Fig. 4; depending on fault ramp
dip). In contrast, plunges for lateral ramps with constant
displacement are equal in magnitude and opposite in
direction to the dip of the lateral ramp because the plunge
is only related to changes in the fault geometry (thereby
allowing plunges to range from 0 to 90°, in theory).

Although caution must be exercised in applying model
results to natural structures, these results suggest that
interpretations of terminations of natural structures based
solely on ‘steep’ plunges are ambiguous for individual
fault-bend folds that plunge =<20° and for individual fault-
propagation folds that plunge =50° (depending on fault
ramp dip). Greater plunges for individual fault-bend or
fault-propagation fold terminations in the absence of
additional imbrications/complications suggest that a lateral/
oblique ramp is likely involved.

2.2. Hanging wall cutoff lines trend at ‘high’ angles to fault
strike

Cutoff lines are lines of intersection between stratigraphic
contacts and a fault surface; matching cutoff lines exist (or
once existed) in every hanging wall and footwall for every
mappable contact. Direct measurement of cutoff lines at
fault-related fold terminations often is difficult, but can be
greatly facilitated by small erosional re-entrants (Woodward,
1987; Fig. 5). In these re-entrants, multiple occurrences of
the same cutoff allow the interpreter to ignore the irregular
erosional trace of the fault and to connect these cutoffs to
form stratigraphic cutoff lines (Fig. 5, dashed lines). The
orientation of these lines then can be objectively evaluated
with respect to the transport direction and true fault strike.

Geologists often interpret cutoff lines that trend at ‘high’
angles to fault strike as suggesting the presence of a lateral/
oblique ramp, whereas cutoff lines that trend approximately
parallel to the strike of the fault are interpreted to indicate
the presence of a frontal ramp (e.g. Woodward, 1987). The
subjective nature of what constitutes a ‘high’ angle,
however, makes application of this criterion difficult to
implement for natural fault-related fold terminations.
Because the greatest angle between the cutoff lines and
fault strike will occur where the fold plunge and fault dip
are steepest, we can use the model terminations derived
previously for ‘steep’ plunges to help constrain a maximum
‘high’ angle for trends of cutoff lines. Specifically, if we
assume maximum footwall ramp cutoff angles of 30
and 60° (Suppe, 1983; Suppe and Medwedeff, 1990) and
maximum plunges of 20 and 50° for simple fault-bend and
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Fig. 6. (a) Three-dimensional block diagram of a cutoff line for a model
fault-bend fold termination. To constrain the maximum angle (in a hori-
zontal plane) between the fault strike and the bearing of a cutoff line for a
surface in a plunging fault-related fold termination that might be produced
by a displacement gradient, we find the intersection of the fault plane with
the maximum plunge panel for that fault-related fold termination. For
simple fault-bend folds with a constant fault geometry and a displacement
gradient, the maximum plunge panel occurs where the ramp angle is 30°
(Suppe, 1983), the displacement gradient is 35° (based on natural struc-
tures; Wilkerson, 1992), and the resulting maximum plunge is 20°. For
simple fault-propagation folds with a constant fault geometry and a dis-
placement gradient, the maximum plunge panel occurs where the ramp
angle is 60° (Suppe and Medwedeff, 1990), the displacement gradient is
35° (based on natural structures; Wilkerson, 1992), and the resulting maxi-
mum plunge is 50°. The strike of the plunge panel for both of these simple
fault-related folds is always perpendicular to the fault strike. (b) Stereonet
showing calculation of the maximum angle (in a horizontal plane) between
the fault strike and the bearing of a cutoff line for a surface in a plunging
fault-bend fold termination that might be produced by a displacement
gradient (the same procedure holds for fault-propagation folds as well).
In both cases, the cutoff lines for these idealized models may be up to =35°
from the fault strike.

fault-propagation folds with realistic along-strike dis-
placement gradients, respectively, then a maximum angle
between the bearing of the cutoff lines and fault strike can be
obtained using a stereonet (i.e. by finding the plunge and
bearing of the cutoff line formed by the intersection of the
fault plane with the maximum plunge panel and then deter-
mining the angle between fault strike and the cutoff line

bearing; Fig. 6). Using this method, we find that cutoff
lines for these ideal models may be up to 33 and 35° from
the fault strike for individual fault-bend and fault-propa-
gation folds, respectively, with displacement gradients. In
contrast, cutoff lines for lateral/oblique ramps with constant
displacement can theoretically trend from O to 90° to fault
strike (e.g. Fig. 7).

Again, recognizing the caveats associated with applying
results from simple geometric models to interpret natural
structures, these results suggest that interpretations of termi-
nations of natural structures based solely on hanging wall
cutoff lines that trend at ‘high’ angles to fault strike may be
ambiguous for individual fault-bend and fault-propagation
folds with cutoff lines that trend at =33-35° to fault strike.
Greater angles between cutoff line bearings and fault strike
for individual fault-bend or fault-propagation fold termi-
nations may constitute a useful criterion for suggesting the
presence of a lateral/oblique ramp.

2.3. Stratigraphic contacts trend at ‘high’ angles to fault
strike

At fault-related fold terminations, faults commonly cut
upsection through younger hanging wall strata towards
their tips with truncated stratigraphic contacts often trending
at a ‘high’ angle to fault strike. These two characteristics
often are cited as evidence to support an interpretation of a
lateral/oblique ramp forming a scoop-shaped fault surface
(e.g. Bielenstein, 1969; Goldburg, 1984). An interpretation
based solely on these criteria may or may not be correct;
contacts that truncate against a fault surface clearly indicate
a ramp, but whether the ramp is a frontal ramp or a lateral/
oblique ramp is ambiguous. This is true not only for fold
terminations, but also where entire structures are steeply
plunging, where folds have been decapitated, or where
evidence exists for significant footwall deformation (e.g. a
footwall syncline).

In order to better illustrate the geometric relationships
between folded strata and the genetically-related fault at
the termination, we created several pseudo-three-dimen-
sional model terminations of simple fault-bend folds (e.g.
Wilkerson et al., 1991). The model terminations include: (1)
a frontal ramp with a linear displacement gradient along a
fault with constant geometry (Model DG; Fig. 8a), (2) a full
lateral ramp that cuts upsection from a lower to an upper
detachment with constant displacement along the fault
(Model FLR; Fig. 8b), (3) a partial lateral ramp that cuts
upsection from a lower to an intermediate detachment with
constant displacement along the fault (Model PLR; Fig. 8c),
and (4) a partial lateral ramp that cuts upsection from a
lower to an intermediate detachment with a linear displace-
ment gradient along the fault (Model PLR-DG; Fig. 8d).
Each model was created by first constructing serial cross-
sections using GeoSec™ cross-section modeling software,
with each section being slightly different in order to
accommodate the displacement gradient and/or changes in
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Fig. 7. Block diagram of an idealized partial lateral ramp for a fault-bend fold that cuts upsection to the left from a lower to an intermediate detachment. The
lower horizon (blue) intersects the middle of the lateral ramp, and the higher horizon (yellow) intersects the top of the lateral ramp. The hanging wall lateral
cutoffs (dashed colored lines) match with the corresponding footwall lateral cutoffs (solid colored lines) Layers that have not yet been displaced onto the upper
flat mimic the geometry of the blue horizon, whereas layers that have been displaced onto the upper flat mimic the geometry of the yellow horizon. Dip panels
in the blue and yellow surfaces that are oblique to the fault strike are produced by the decrease in ramp height while maintaining constant hinterland
displacement, and the two small plunging dip panels in the yellow surface reflect fault-bend fold axial-surface geometries. Displacement is constant along
strike with the transport direction perpendicular to the frontal ramp.

fault geometry necessary to simulate the appropriate model.
These serial sections then were exported to GeoSec3D™
where three-dimensional surfaces were constructed by
linking corresponding horizons on all the cross-sections.
These three-dimensional models subsequently were
exported to the gOcad™ software package where they
were sliced along their various axes to produce a series of
three-dimensional cutaway block diagrams that show map,
strike, and dip views through the model terminations.
Analysis of the models reveals several interesting
features. Model DG shows that eroded stratigraphic contacts

can trend at high angles (i.e. perpendicular) to the fault
surface (Fig. 8a2), thus negating the idea that stratigraphic
contacts that trend at ‘high’ angles to fault strike indicate a
lateral/oblique ramp. The lateral ramp models (Models
FLR, PLR, and PLR-DG) also can possess stratigraphic
contacts that trend at high angles to the fault strike (Fig.
8bl, cl, and d2). These high-angle trends are a mani-
festation of two characteristics specific to the lateral ramp:
(1) as ramp height decreases along the strike of the fault
because of the lateral ramp, more displacement is trans-
ferred to the foreland, and (2) as lateral ramp dip increases,

Fig. 8. Three-dimensional block diagrams with slices in the map, dip, and strike views (see orientation block diagram in center of figure) for the following
fault-related fold terminations: (a) a frontal ramp with a linear displacement gradient along a fault with constant geometry (Model DG, 8§ = 35°, @ =20°), (b) a
full lateral ramp that cuts upsection from a lower to an upper detachment with constant displacement along the fault (Model FLR, 6 = 0°, @ = 20°, lateral
ramp cutoff angle = 30°), (c) a partial lateral ramp that cuts upsection from a lower to an intermediate detachment with constant displacement along the fault
(Model PLR, 6 = 0°, ©® = 20°, lateral ramp cutoff angle = 30°), and (d) a partial lateral ramp that cuts upsection from a lower to an intermediate detachment
with a linear displacement gradient along the fault (Model PLR-DG, 6 = 35°, ® = 20°, lateral ramp cutoff angle = 30°). Inset diagrams show each footwall
fault geometry with strata removed and arrows to approximate displacement on the fault. Note that the maximum displacement is not the same for each model.
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' (1)

a) Model DG

b) Model FLR




602 M. Scott Wilkerson et al. / Journal of Structural Geology 24 (2002) 593—-607

‘o
d) Model PLR-DG 4

Fig. 8. (continued)
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Fig. 9. Longitudinal stratigraphic separation diagrams (SSDs) for (a) the Misty thrust (modified from Castonguay and Price, 1995) and (b) the Rundle thrust

(modified from Bielenstein, 1969), Alberta, Canada.

contacts strike at higher angles to the fault. Another
characteristic of the geologic map pattern that might be
more useful in interpreting fold terminations is the geometry
of the fault trace. For Model DG, the fault trace always
remains straight (Fig. 8al and a2), whereas for Model
FLR, the fault trace always exhibits a change in trend
reflecting the lateral ramp (Fig. 8bl). In contrast, Models
PLR and PLR-DG display two characteristic map patterns:
(1) where erosion has yet to dissect the lateral ramp, the
fault trace remains straight and strata cut by the lateral
ramp truncate against the fault, whereas higher strata either
are parallel to the fold and then to the fault (Model PLR; Fig.
8c2) or are parallel to the fold and then trend at a very low
angle to the fault and eventually terminate in a fold in
response to the displacement gradient (Model PLR-DG;
Fig. 8d2 and d3), and (2) where erosion has dissected the
lateral ramp, the fault trace exhibits a similar geometry to

Model FLR (Fig. 8cl and d1). Although not a focus for this
paper, analysis of the strike views for the various models
also might be of assistance in interpreting seismic reflection
strike lines to determine the nature of the termination (note
that the strike-view relationships would be different for
oblique ramps in that strata would show offset along the
oblique ramp, whereas strata are not offset in the strike
view for the lateral ramp models).

In sum, neither the presence of truncated strata near a
fault tip nor the angle between the trends of stratigraphic
contacts and the fault strike uniquely determine that a fault
cuts upsection at its lateral tip to form a lateral ramp.
Plunging folds that result solely from frontal ramps also
can exhibit stratigraphic contacts that trend at a high angle
to the fault traces (Fig. 8). Can the angle at which strati-
graphic contacts intersect the fault strike ever be used to
suggest a lateral/oblique ramp? Perhaps, but cautiously. In
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Fig. 10. Longitudinal stratigraphic separation diagrams (SSDs) for the four model terminations (colors keyed to Fig. 8; A = green, B = light blue, C = orange,
D = pink, E = medium blue, F = brown, and G = light red). Model geologic maps were created at the same ‘erosional’ level. See text for explanation.

the middle of the thrust sheet away from fold terminations
and in the absence of significant plunge, regions where there
exists a transition from a long hanging wall flat overlying a
long footwall flat to an abrupt ramp in the hanging wall
suggests the presence of a lateral ramp in the underlying
fault. However, this needs to be qualified by recognizing
that a similar pattern might result from a plunging thrust
sheet with a frontal ramp that is sandwiched between two
hanging wall flats. Clearly, understanding the magnitude of
plunge in an area and using more than one line of evidence
to support an interpretation of a lateral ramp will improve
the likelihood of a correct interpretation. Lastly, the along-
strike relationships between the fault trace and the truncated
strata also may provide insight in interpreting the fault-
related fold termination, but the map pattern is highly
dependent on the level of erosion and should be used with
caution and in conjunction with other characteristics of the
termination.

2.4. Stratigraphic separation diagrams display ‘abrupt’
changes near terminations

Stratigraphic separation diagrams (SSDs) plot the vertical
stratigraphic position of a fault against geographic position,
essentially mapping the location of hanging wall and foot-
wall flats and ramps as a thrust cuts through the stratigraphy
(e.g. Rubey, 1973; Woodward, 1987; Groshong, 1999; see
Fig. 9). Woodward (1987) discussed pitfalls in interpreting
SSDs when not taking local erosional re-entrants or different
levels of erosion into account. He suggested that SSDs be
prepared in the longitudinal (along-strike) and transport-
parallel directions, utilizing cutoff lines where possible to
guide the construction. As Woodward (1987) pointed out,
however, transport SSDs are rare and often very short
because of poor exposure parallel to the transport direction,
and therefore, longitudinal SSDs are more common.

It is tempting to interpret ‘abrupt’ changes in stratigraphic

level on SSDs near a fault-related fold termination as
evidence for a lateral ramp (Fig. 9). However, abrupt
changes in the hanging wall stratigraphic level on a longi-
tudinal SSD indicates only that a hanging wall ramp exists.
It does not provide any information on the geometry of the
ramp (frontal or lateral). To demonstrate that SSDs are
ambiguous, we constructed SSDs for Models DG, FLR,
PLR, and PLR-DG (Fig. 10). Models DG and PLR-DG
show that stratigraphic separation goes to zero where dis-
placement decreases to zero, whereas Models FLR and PLR
do not because of the constant displacement along strike.
The only other appreciable difference between the models
occurs for Model PLR-DG, which shows multiple panels in
the ramp area reflecting the composite effects of both the
partial lateral ramp and the displacement gradient. Using
SSDs as the sole criteria for interpreting a lateral/oblique
ramp at a termination, therefore, is problematic and should
only be used in conjunction with other observations support-
ing the interpretation.

2.5. Faults exhibit actual changes in orientation

The best evidence to support the presence of a lateral/
oblique ramp is the direct measurement of changes in strike
of the footwall fault surface itself (in the absence of footwall
deformation). Specifically, if fault segments change trend to
become sub-parallel or slightly oblique to the transport
direction after the removal of topographic effects, a
lateral/oblique ramp, by definition, exists (e.g. Apotria et
al.,, 1992; Apotria, 1995; Apotria and Wilkerson, 2001;
see Fig. 7 for idealized example). This change in trend likely
will also affect the overlying hanging wall thrust sheet as
well. In particular, as the hanging wall folds over such a
lateral/oblique footwall ramp, pre-existing structures may
be rotated with respect to their regional orientations (e.g.
joints, cleavage; Apotria et al., 1992; Wilkerson et al., 1992;
Apotria, 1995; Holl and Anastasio, 1995; Dubey, 1997;
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Fig. 11. Models for the lateral propagation history of a thrust fault and
associated fold. (a) Structure initiated as a small feature and then propa-
gated laterally from the center as slip increased on the underlying fault.
(b) Structure began as a large, laterally continuous feature with its along-
strike length set from the onset of deformation. With additional slip on the
fault, the fold increased in size and amplitude. (c) Structure developed from
the coalescence of many small faults that eventually linked to form a
common fault surface.

Mouthereau et al., 1999). Folds and faults also may develop
at a high angle to the overall transport direction, commonly
with fold axes parallel to the strike of the lateral/oblique
footwall ramp (Apotria, 1995). In areas where the footwall
ramp is convex to the hinterland, the hanging wall thrust
sheet becomes extended and forms normal faults, whereas
in areas where the fault is concave to the hinterland, the
hanging wall thrust sheet becomes compressed, forming
thrust faults (Apotria et al., 1992; Apotria, 1995). In
addition, large hanging wall lateral/oblique ramps often
exhibit dramatic thickness changes, leading to formation
of tear faults near transitions from a thicker hanging wall
to a thinner hanging wall (e.g. Mt. Head, Canada; Douglas,
1958). Although the collective presence of these secondary
structures strongly suggests a lateral/oblique ramp interpre-
tation, many of these features also can form at terminations
produced by displacement gradients (C. Connors, pers.
comm., 2000). It is essential, therefore, to obtain definitive
information on fault attitude to uniquely constrain the
interpretation.

3. Discussion

Our goals in this paper were (1) to identify ambiguities
with subjective criteria commonly used to interpret the
formative mechanism for fault-related fold terminations,
and (2) to better define criteria that interpreters can use
to more confidently distinguish between displacement
gradients and lateral/oblique ramps at such terminations.
Our models also provide end-members of an initial ‘library’
of images of plausible fault-related fold termination
geometries in map and profile view.

By understanding the range of underlying causes that
produce a non-unique termination geometry, we gain insight
into the lateral propagation history of fault-related folds. For
example, we know that natural fault-related folds can extend
laterally for miles, yet we do not fully understand how to
distinguish (a) whether folds began as small structures that
propagated laterally from the center as slip increased on the
underlying fault (Fig. 11a), or (b) whether the structures
began as large, laterally continuous features with their
dimensions set from the onset of deformation (Fig. 11b),
or (c) whether the structures result from the coalescence
of many small faults that eventually linked to form a
common fault surface (Fig. 11c). If (a) is true, we should
expect to see similar deformation recorded along the entire
length of the fold as the propagating termination extended
laterally from the center of the structure. If (b) proves
correct, however, features and deformation observed at
present-day fault terminations should be unique to those
parts of the fold and not observed elsewhere along the length
of the fold. Model (c) would suggest that features in present-
day terminations should be regularly observed in paleo-
terminations along the length of the fold (Fig. 11). Such
paleo-terminations also might be identified by lateral/
oblique ramps within the more regional thrust sheet; such
lateral/oblique structures might reflect where individual
small faults that were originally offset in an en échelon
manner linked together (Fig. 11c).

These models are testable by mapping and comparing
mesoscopic structures along the length of natural fault-
related folds, by analyzing seismicity (e.g. rupture areas
and recurrence intervals over time) on actively-deforming
fault-related folds, and by studying growth strata of fault-
related folds that experienced syn-tectonic deposition. We
are in the process of collecting data in a variety of contrac-
tional settings to determine if, and under what conditions,
each model applies. If lateral/oblique ramps are common
mechanisms for producing fault-related fold terminations
during lateral propagation, then models (a) and (c) make it
difficult for a basal detachment to continue to laterally
propagate because the lateral/oblique ramp has transferred
slip to a higher detachment level. For the basal detachment
to laterally propagate beyond a lateral/oblique ramp termi-
nation, the fault must cannibalize the lateral/oblique ramp
footwall, abandoning the lateral/oblique ramp. Depending
on their three-dimensional geometry, it may, in fact, be
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possible that we are mapping horses without recognizing
them as paleo-terminations. If so, then horses and their
lateral spacings might be clues to the overall propagation
mechanics of the entire thrust system. If horses are not
related to paleo-terminations, then several questions arise:
(1) how are lateral/oblique ramp-based paleo-terminations
expressed in existing thrust sheets?, (2) are lateral/oblique
ramps actually common mechanisms for forming fault-
related fold terminations?, (3) does model (b) for lateral
propagation of a fault dominate in natural structures?, and
(4) do lateral/oblique ramps reflect some fundamental
difference along the fault (e.g. change in lithology, pre-
existing structure, deformation conditions, change in the
nature of the detachment, etc.) that always produces a
termination which no longer can laterally propagate?
Further study of fault-related fold termination geometries
may significantly influence our understanding of three-
dimensional kinematic and mechanical models of fold-
thrust development.

4. Conclusions

Map patterns and derivative relationships commonly
cited in the literature as indicating lateral/oblique ramps
are not necessarily unique. Specifically, fold termination
plunges of up to 20° for simple fault-bend folds and of up
to 50° for simple fault-propagation folds may be produced
by either a loss of displacement along strike or by a lateral/
oblique ramp (depending on fault ramp dip). Higher plunge
values suggest a lateral/oblique ramp interpretation.
Similarly, angles between trends of cutoff lines and fault
strike as high as 35° for simple fault-bend and fault-propa-
gation fold terminations can be produced by either displace-
ment gradients or by lateral/oblique ramps. Angles >35°
would make a displacement gradient interpretation less
likely. Two lines of evidence should not be used to interpret
a lateral/oblique ramp alone: the angle between contacts of
truncated strata and fault strike and abrupt changes in slope
on stratigraphic separation diagrams. Both help identify the
presence of a ramp and the strata it contains, but provide
little information regarding whether the feature is a
plunging frontal ramp or a true lateral/oblique ramp. Lastly,
measurement of true changes in fault orientation (and in
mesoscopic structures in the overlying hanging wall fold)
in the absence of footwall deformation suggests the presence
of a lateral/oblique ramp.

We caution that the specific values presented in this paper
are not sharply defined boundaries that separate the different
interpretations, but rather are model-derived constraints on
otherwise subjective criteria. Models are just approxi-
mations that provide insight into the geometry and develop-
ment of natural structures and have their own suite of
limitations associated with them (or stated another way,
all models are wrong...yet some are useful; B. Tikoff,
pers. comm.). That is, our simple fault-bend and fault-

propagation fold models are created assuming certain
kinematic and geometric boundary conditions (e.g. single
ramps, non-imbricated footwalls, no global shear in hanging
wall, etc.), however natural structures may not develop as
prescribed by these models (e.g. folding may occur prior to
ramp development, the style of fault-related folding may
change along strike, second-order deformation or inter-
action with neighboring structures may complicate the
interpretation, etc.). Because of these issues, we suggest
using multiple lines of evidence to support a given
interpretation for the formative mechanism(s) for a par-
ticular fault-related fold termination. Obviously, the most
plausible interpretations will link subsurface seismic reflec-
tion and well data with direct measurements of fault-
bedding relationships and rock fabrics. For example, in
areas where high-density two- or three-dimensional seismic
reflection data exist, it should be possible to explicitly define
both hanging wall and footwall cutoff lines. Such informa-
tion then would allow the characterization of along-strike
changes in both fault displacement and fault geometry,
thereby constraining the presence or absence of a lateral/
oblique ramp and/or displacement gradient. In all likeli-
hood, however, most natural fault-related fold terminations
probably share components of both displacement gradients
and lateral/oblique ramps, with each structure possessing
contributions from both mechanisms.
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