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Abstract--Several  features of thrust sheets in nonmetamorphic  and relatively low-grade metamorphic terrains 
indicate that the modes of faulting included both gradual and stick-slip types of motion. A first-order quantitative 
analysis is made of the mechanics of this type of faulting. In the analysis, part of a wedge-shaped thrust belt slips 
forward over a fault area of length, L, and unit width, W, producing a strain concentration in subhorizontal strata 
at the front of the growing thrust, where a frontal ramp develops by shear fracturing. Equations for net slip, X, 
and the conditions for ramping are evaluated with limit equilibrium principles and coupled oscillator theory. 

The quantitative analysis takes into account anisotropy resulting from contrasts in competency and facies 
changes. A special case solution for maximum net slip associated with "stick-slip" is 

trLW [1 - cos oJ~t + (wl./col)2(1 - cos ~olt)], x = --~- 

where o- is the stress drop, k~ are spring constants of the strata, o)~ and ~o~ are natural frequencies of the system, 
and t (evaluated from another  equation) is the time for net slip. The spring constants and natural frequencies can 
be evaluated from seismic and stratigraphic data. 

A preliminary solution for piggy-back thrusting indicates that ramp spacing can be systematic and that it 
depends upon the thickness of the deforming package, the elastic parameters  of the deforming package, the slope 
of the topographic surface, and the stresses along the trailing edge of the package. 

INTRODUCTION 

FUNDAMENTAL differences of interpretation exist be- 
tween current models of entire wedge-shaped belts. 
Elliott (1976a) concluded from his model that gravita- 
tional forces are dominant in the emplacement of entire 
thrust sheets; i.e. that horizontal tectonic compression is 
not necessary for the formation of thrust belts. He also 
concluded that horizontal compression could dominate 
only in the frontal zone or toe of a deforming wedge 
(Elliott 1980). The conclusions of Chapple (1978) were 
nearly the opposite: horizontal compression can play a 
major role, and a topographic slope is neither a neces- 
sary nor sufficient condition for the formation of a thrust 
belt, whereas a critical topographic slope can result from 
compressive flow within the belt. The Stockmal (1983) 
model and the Davis et al. (1983) model also reflect 
important differences of interpretation. Some are dis- 
cussed by Stockmal (1983, p. 8284), and need not be 
discussed here, except to note that almost all models 
assume uniform rheology and isotropy above the sole. 

These differences of interpretation indicate that the 
mechanics of selected portions of thrust belts need to be 
analyzed quantitatively in terms of geologic/geophysical 
field data and material properties. Mechanical aniso- 
tropy due to stratigraphic layering and competency con- 
trasts has had a profound influence on the style of 
deformation in foreland thrust zones (e.,g. Dahlstrom 
1970, Royse et al. 1975, Harris & Milici 1977, Price 1981, 
Dixon 1982). The current strategy therefore is to analyze 
foreland thrusting in terms of geologic/geophysical field 
data and material properties, rather than in terms of 
theories of plate flexure, migrating foredeeps and plate 
tectonics. 

The purpose of this paper is to present preliminary 
quantitative analyses of several aspects of foreland 
thrusting encountered in nonmetamorphic and relatively 
low-grade metamorphic terrains. Attention is focused 
on a frontal ramp characterized by a tow-angle fault 
within incompetent strata that 'abruptly' cuts obliquely 
upsection across competent strata, above which the fault 
resumes its subhorizontal course within another incom- 
petent sequence. This type of ramp, with fiats in the 
incompetent beds, is a fundamental structure encoun- 
tered in foreland thrust belts (e.g. Verrall et al. 1981, 
Perry et al. 1984), and it constitutes a vital clue to the 
mechanics of low-angle thrusting. 

Different mechanical models for low-angle thrusting 
and the development of a frontal ramp currently are 
possible (e.g. see Knipe 1985). They accordingly must 
be considered tentative models, subject to further 
development when warranted by appropriate tests. The 
preliminary prototype models presented here are con- 
strained as follows. They take into account mechanical 
anisotropy resulting from stratigraphic layering and 
competency contrasts, including facies changes. They 
also take into account the features of fault motion 
described in the next section. 

CHARACTERIZATION OF FAULT MOTION 

Studies of modern faulting demonstrate that fault 
motion involves stable sliding and stick-slip modes 
(Kasahara 1981, Raleigh 1982). These modes may or 
may not have anything to do with friction (e.g. Bom- 
bolakis et al. 1978), and so it is probably best to describe 
stick-slip in somewhat more noncommittal terms as a 
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phenomenon associated with rapid temporary changes 
in shear resistance, rather than as a phenomenon 
associated with rapid changes between the coefficients 
of static and sliding friction, until we know to what 
extent the faulting is frictional (Elliott 1976b, Bom- 
bolakis 1979). The cutout depth of microseismic activity 
in continental fault zones currently appears to corres- 
pond to the onset of greenschist metamorphic conditions 
at about 300°C (Sibson 1984). 

In addition to the studies of modern faulting, there 
also are a few lines of evidence which indicate that the 
displacement along major thrusts was intermittent and 
included both gradual and stick-slip types of motion. 
Laboratory studies of welded gouge (Friedman et al. 

1974) are consistent with the interpretation that the 
types of pseudotachylyte reported along a Himalayan 
thrust (Scott & Drever 1954) and the Outer Hebrides 
Thrust zone (Sibson 1975) resulted from seismic fault- 
ing. In North America, Bustin (1983) found that anomal- 
ously high vitrinite reflectances obtained from the Lewis 
thrust, the McConnell thrust, the Coleman thrust, and 
two unnamed thrusts in the Canadian Rockies, are 
restricted to very narrow films within the shear zones 
which, considering any reasonable thermal conductivity, 
indicates that elevated temperatures (360-650°C) were 
short lived, thereby indicative of paleotectonic stick-slip. 
Further south, in the Utah-Idaho-Wyoming thrust belt, 
there is considerable evidence that fault motion pro- 
ceeded in a stop-and-go fashion, on both the grand scale 
and the scale of a single thrust system. Thrusting across 
the entire belt apparently progressed episodically from 
the hinterland to the foreland (Armstrong & Oriel 1965, 
Royse et al. 1975, Wiltschko & Dorr 1983). A unique 
feature of this thrust belt is that so many portions of 
synorogenic conglomerates have been preserved for 
study. Palynologic dating and structural analysis of 
synorogenic conglomerates in the Fossil Basin area 
demonstrate that these conglomerates record an epi- 
sodic history of displacement on the Absaroka thrust 
system from pre-mid Santonian to middle Paleocene 
time (Lamerson 1982, p. 337). 

Several lines of evidence also have shown that the 
Hubbert-Rubey hypothesis in its original form can be 
ruled out as a viable hypothesis. One of these lines of 
evidence has received little attention in the literature, 
and since it is pertinent to the discussion of stable sliding 
and stick-slip modes, it is discussed briefly here. Rubey 
& Hubbert (1959, pp. 199-200) originally calculated 
tentatively that high pore pressures would have had to 
exist simultaneously over a thrust surface area as large as 
25,000 square kilometers. Since the time this calculation 
was made, hardly any supportive field evidence (hyd- 
raulic fractures, breccia-dikes, etc.) of the type 
described by Sibson (1981) has been reported for expo- 
sures of thrust-fault contacts in foreland thrust belts. 
Gretener (1977) is not fully certain that the ~basal 
tongues' he has observed in various thrust belts are the 
result of paleotectonic abnormal pore pressures. Brock 
& Engelder (1977) showed that the 'basal tongues' in the 
Buffington window exposure of the Muddy Mountain 

thrust contact in Nevada are composed of gouge that 
evidently had been intruded into the hangingwall with- 
out the aid of high pore pressure. They were able to show 
that field aspects of the fault contact are consistent with 
features associated with stable sliding and stick-slip 
observed in laboratory experiments. Since then, field 
evidence against high pore pressure emplacement of 
both the Keystone and Red Spring thrust plates in 
Nevada also has been reported by Axen ~1984). 

Gretener (1972, 1981) proposed a modified version of 
the Hubbert-Rubey hypothesis in which the fault move- 
ments are discontinuous, caterpillar-like, both in time 
and space. It involves 'rapid' loading by tectonic advance 
of a thrust sheet beyond a ramp on to a flat, beneath 
which sedimentary strata are subjected to tectonic and 
aquathermal overpressuring. A field observation by 
Winslow (1983) tentatively confirms one prediction of 
Gretener's hypothesis of tectonic overpressuring. In her 
study of the southern Andes, Winslow found that exten- 
sive clastic dike swarms had been emplaced mainly in the 
frontal portions of major thrusts. By way of example, 
however, the Pine Mountain thrust region in the south- 
ern Appalachians provides a strong contrast. Harris & 
Milici (1977) made important detailed maps of extensive 
fresh roadcuts that penetrated down to the Cumberland 
Plateau thrust surface and the Ozone decollement. The 
'broken formation' and fracture zones just above the 
fault surfaces demonstrate that the deformation was 
predominantly brittle, with no clear evidence that high 
pore pressures had existed. In general the field evidence 
for high pore pressures is relatively rare in this region 
(David Wiltschko, personal communication, 1983). It 
also is apparently rare in the Central and Northern 
Appalachians (Peter Geiser, personal communication, 
1984). 

In the case of the modern Taiwan belt system, moder- 
ately high pore pressures have been documented in the 
western third of the wedge (Davis etal .  1983). Elsewhere 
in the belt, pore pressures have been inferred principally 
from sonic logs, which frequently are used to infer the 
existence of overpressured shales and clays. This infer- 
ence is uncertain without additional data because sonic 
logs actually reflect formation density and porosity, not 
pore pressure. The permeability of some shales and 
clays, such as those containing sodium montmorillonite, 
is so low that some so-called ~overpressured" shales are 
shales that simply have not reached normal consolida- 
tion due to very low permeability. A clue that this 
condition may exist occurs when the drill penetrates an 
interbedded sand having normal formation pressure. 
Consequently, the pore pressure distribution in the 
Taiwan belt will have to be defined by additional drilling 
and geophysical data. Some of the current geophysical 
data, however, are particularly important for inferring 
fault motion modes. Figure 11 of Davis et al. ( 1983. p. 
1163) shows hypocenters of small earthquakes (e.g. 
magnitudes in the 2-4 range) distributed through part of 
the toe region. These indicate that some of the displace- 
ments are being achieved by stick-slip, even in this part 
of the Taiwan belt. 
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This discussion has t reated only a few key aspects of 
the topic of fault mot ion,  principally f rom a mechanistic 
viewpoint.  Taken  together  with the geometr ic/kinematic  
aspects discussed by Dahls t rom (1970), Royse et al. 

(1975) and Bore r  & Elliott (1982), the following charac- 
terization of fault motion can be made .with respect to the 
"staircase" .structure of foreland belts illustrated by 
Roeder  et al. (1978), Price (1981) and Dixon (1982). 
Fault displacements within the unme tamorphosed  and 
relatively low-grade metamorph ic  terrains probably  are 
discontinuous, caterpillar-like, both in t ime and space, 
and include stable sliding and stick-slip modes.  

Several styles of deformat ion  are possible if stable 
sliding and stick-slip modes occur in the frontal zone of a 
growing low-angle thrust. The possibility t reated in this 
paper  is that a frontal ramp begins to form by shear 
fracture in response to episodic high strain-rate loading 
of competent  strata in the prospective ramp region. A 
model of this process incorporates  ramp features that 
can be compared  or contrasted with field and exper imen-  
tal observat ions which depend on the origins of ramps.  
This topic, therefore,  is considered in the next section 
before proceeding with the quantitative analyses. 

ORIGINS OF FRONTAL RAMPS 

The origins of frontal ramps have not been  established 
yet. A brief review of a few possibilities is discussed 
here,  beginning with Fisher & Coward (1982). They 
repor ted  field evidence indicating that some ramps in the 
Hei lam sheet of the Moine thrust zone originated during 
asymmetr ic  folding (see their Fig. 19, p. 310). Two of the 
diagnostic features discussed by the authors are the 
amount  of strain and style of folding in the footwall.  The 
max imum value of layer parallel shortening measured  
by the authors is 33%, which they suggest was a critical 
value for the rocks, a value above which shortening may 
have taken place by buckling and then by propagat ion  of 
the thrust across the beds. 

The amount  and style of penetrat ive deformat ion  in 
the Moine district, however ,  contrasts with the usual 
lack of penetrat ive deformat ion repor ted  for the South- 
ern Canadian Rocky Mounta in  foreland belt  (Price 
1973) and the U t a h - I d a h o - W y o m i n g  thrust belt (Rubey 
& Hubber t  1959, Wiltschko & Dorr  1983), if we discount 
such features as locally penetrat ive,  axial p lanar  cleav- 
age developed in some of the shales, and pressure 

solution effects in some of the limestones. Strains 
repor ted  for ramp regions of the McConnell  thrust 
(Spang & Brown 1981, Spang et al. 1981 ) are only about  
5%,  quite different f rom the Hei lam example.  

Unique rock deformat ion exper iments  by Morse 
(1977) indicate that strains in the footwall of a ramp can 
be very small, and should be appreciably smaller than in 
certain port ions of the hangingwall when a frontal ramp 
exists prior to folding in the ramp region. Scaling prob- 
lems naturally exist when relating laboratory experi- 
ments  to field examples ,  and so it is worth noting two 
relevant facts. First, the classic Rangely oil field experi- 
ments  (Raleigh et al. 1976) comprise a wel l -documented 
case in which predictions based on laboratory faulting 
exper iments  were applied successfully in the field, 
despite a difference in scale of four to five orders of 
magnitude between field exper iment  and laboratory 
experiment .  Secondly, Morse 's  exper imental  results are 
consistent with the mode  3 style of deformat ion  repor ted 
by Serra (1977), who mapped  numerous  small-scale 
ramps in various thrust belts of the U.S .A.  and Canada.  
The mode  3 style is characterised by curved reverse 
faults formed in the hangingwail of the ramp region. 
This mode  was observed only when the bed thickness 
approximate ly  equaled ramp height, as in Morse ' s  
experiments .  

On a larger scale, it appears  that many  ramps do 
predate  the folds (e.g. Butler  1982). Thus,  one of the key 
e lements  for deducing the origin of a frontal ramp is the 
strain and fracture condition of the footwall of the ramp,  
as implied by the geometr ic-kinemat ic  models  of 
Douglas  (1950), Dahls t rom (1970), Gre tene r  (1972), 
Boyer  (1978), Boyer  & Elliott (1982), Bombolak is  
(1982) and Suppe (1983). Another  key e lement  is 
whether  a frontal r amp is genetically related to pre- 
existing basement  structures. Wiltschko & Eas tman 
(1983) found that such structures theoretically could 
localize stress concentrat ions in overlying strata. They 
suggested that these stress concentrat ions might control 
the location of some frontal  ramps.  The cross-sections of 
Dixon (1982), however ,  show that some sort of systema- 
tic spacing exists be tween frontal ramps in the U t a h -  
I d a h o - W y o m i n g  thrust belt,  over  large areas where the 
underlying Cambr ian -Precambr i an  contact is smooth~ 
almost planar.  This situation is illustrated by the data in 
Table  1, even though the actual spacing that developed 
kinematically between sequentially developed frontal 
ramps has not been determined yet. 

Table 1. Spacing between major frontal ramps of the Crawford (C). Absaroka (A) and Hogsback (H) thrusts in cross-sections 29, 30 and 31 of 
Dixon (1982), Utah-Idaho-Wyoming thrust belt 

* Present deformed state * Palinspastically restored state 
Section From C to A From A to H (C-A)/(A-H) From C to A From A to H (C-A)/(A-H) 

29 25.0 ± 1.0 28.0 ± 0.5 0.89 _+ 0.04 67.0 ± 1.5 44.5 ± 1.0 1,51 ± 0.05 
30 28.0 ± 1.0 28.0 _+ 0.5 1.00 ± 0.04 81.0 + 1.5 48.5 ± 1.0 1.67 ± 0.05 
31 24.5 + 1.0 30.5 ± 0.5 0.80 + 0.04 100.0 ± 2.0 50.0 + 1.0 2.00 ± 0.06 

* In each case, ramp spacing is measured in kilometers along the sole in the foreland direction. The piggy-back sequence of the thrusts listed 
in this table is from C to A to H. The actual ramp spacing during sequential development of the major ramps has not been determined yet, 
Cross-sections 29, 30 and 31 are mutually subparallel, oriented perpendicular to the strike of the belt, and spaced approximately 10 km apart 
along strike~ They extend westward from the Kemmerer region of Wyoming into Utah (see locations and configurations in Dixon 1982). 
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Wiltschko & Dorr (1983) report that their palinspastic 
analysis of the two Royse et al. (1975) cross-sections 
across this belt indicates that the spacing decreases in the 
direction of tectonic transport. Peter Geiser (personal 
communication, 1984) found evidence for just the oppo- 
site relationship in certain parts.of the Appalachians. A 
theory for the origin of these frontal ramps accordingly 
must account for variations in ramp spacing. 

The two prevalent thrust propagation models for the 
sequence of thrusting (Elliott & Johnson 1980, Butler 
1982) are (1) Overstep: subsequent thrusts propagated 
backwards towards the hinterland and (2) Piggy-back: 
thrusts propagated towards the foreland. Good ex- 
amples of large scale overstepping are rare, whereas the 
piggy-back sequence is well documented for the Helvetic 
nappes (Triimpy 1973, Ramsay 1981), the northern part 
of the Moine thrust zone (Elliott & Johnson 1980), and 
the Southern Canadian Rocky Mountain foreland belt 
(Dahlstrom 1970, Price 1981). It also is well documented 
in the Utah-Idaho-Wyoming belt (Royse et al. 1975, 
Dixon 1982, Lamerson 1982, Wiltschko & Dorr 1983). 
Overstepping in this belt seems to be restricted to some 
subsidiary structures associated with major thrusts; e.g. 
the break-back sequence of imbricates associated with 
the frontal ramp of the Hogsback thrust in the Kem- 
merer region of Wyoming (Delphia & Bombolakis 
1985). 

Mandl& Shippam (1981) published an incomplete but 
potentially applicable analysis of imbrication in the 
break-forward mode. A finite element technique was 
employed to model the movement of an isotropic brittle 
thrust plate along horizontal plastic substrata. Succes- 
sive imbrication was postulated to propagate from the 
rear towards the foreland. Their comparison of about 
fifty numerical model solutions indicates that the spacing 
dr between successive imbricates (r = 1, 2, 3 . . . .  ) for the 
break-forward case is given by 

dr =/0(1 - #)f l ' - '  
where/3 is a dimensionless parameter and l 0 is the length 
of an intact segment of the thrust plate just prior to 
progressive imbrication. Mandl and Shippam's solutions 
indicate that/3 has a value between 0.75 and 0.9. Con- 
sequently, this equation shows that the spacing between 
imbricates decreases in the direction of tectonic trans- 
port, a prediction that can be tested. 

The origins of frontal ramps constitute one of the 
principal keys for deciphering the actual mechanics of 
thrust belts. But thus far, no published quantitative 
analysis of the mechanics of piggy-back thrusting 
accounts for the origin and spacing of frontal ramps. 
Therefore, first-order quantitative analyses of this prob- 
lem are presented in the next three sections. 

STICK-SLIP MODEL FOR LOW-ANGLE 
THRUSTING 

The geometry of frontal ramps that pre-date folding in 
the ramp region, with relatively small strains in ramp 
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Fig. 1. Geologic cross-section just prior to formation of a frontal ramp. 
Stratigraphy is shown in prospective ramp region, where subsequent  
ramp height is measured between L and the dashed line. L is the length 
of the fault block segment that  undergoes westward stick-slip, produc- 

ing a strain concentrat ion in the prospective ramp region. See text. 

footwalls, indicates a mechanism that will be shown to 
be consistent with observations of presently active faults, 
where 'tectonic' compression induces premonitory basal 
creep leading to a rapid transient stress drop along the 
fault horizon. The effects of such stress drops can be 
calculated with the impulse-momentum theorems of 
physics, even though the physico-chemical basis re- 
quired for an understanding of the stress drops has not 
been established yet (Bombolakis 1981). 

In earthquake mechanics (Kasahara 1981), the "rup- 
ture length' L is that segment of a fault surface that 
undergoes a stick-slip type of displacement. L ordinarily 
is not the same as the total length of the fault, and it 
usually does not have a simple relation to the concept of 
tip-line defined by Elliott (1976b) and other workers 
(e.g. Hossack 1983). What we consider here is that 
'tectonic' compression and the induced stress drops may 
cause various parts of a thrust sheet to slip forward at 
different times in the stick-slip mode. When this 
phenomenon occurs within the frontal zone of a growing 
low-angle thrust, then a frontal ramp might begin to 
form by shear fracturing in response to episodic high 
strain rate loading of the potential ramp region. 

The picture for quantitative analysis is illustrated in 
Fig. 1. It is a geologic cross-section of unit width W 
perpendicular to the diagram, just prior to ramp forma- 
tion. The stratigraphy in the potential ramp region is 
shown at the western end of the cross-section. For 
convenience, suppose Fig. 1 represents a schematic 
version of the incipient Cumberland Block in the south- 
ern Appalachians, and that the direction of tectonic 
transport is due West. The tip-line of the Pine Mountain 
fault then would be located at the western end of L. This 
tip-line eventually becomes a branch-line when the ramp 
is formed, following stick-slip of the fault block segment 
defined by L, H and topographic slope angle a. The 
dashed horizontal line is a stratigraphic level just above 
the Chattanooga shales, within which the Pine Mountain 
fault resumes its course westward after ramping. 
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Fig. 2. Damped coupled oscillator model of stick-slip of the fault block 
segment in Fig. 1. 

The mean and deviatoric stresses are not shown in 
Fig. 1. A simplified version of the stresses is needed to 
facilitate explanation of the model. For this reason, we 
will assume that the 'tectonic' component of the stresses 
has approximately the distribution shown by the arrows, 
even though 'tectonic' stresses actually extend higher in 
the section in the real situation. Length L represents the 
'rupture length' when stick-slip occurs, and M 1 plus M2 
represents the total mass per unit width of the fault block 
segment. MI is the mass of that part of the block with a 
thickness equal to subsequent ramp height, and M E is the 
mass of overlying strata involved in the stick-slip event 
because of mechanical coupling between M T and M2. 

Stick-slip of the fault block segment therefore is 
mathematically equivalent to the type of damped 
coupled oscillator shown in Fig. 2. This model is not 
designed to illustrate the detailed variation of stress 
throughout the fault block segment. Rather, two of its 
basic objectives are (1) to illustrate the effects of 'tec- 
tonic' loads and (2) to provide a practical means of 
making preliminary quantitative analyses of the effects 
of fault slip. For example, the elastic constants kl, k~, 
k2, k2, including torsion constant K, can be calculated 
from seismic and stratigraphic data. These elastic con- 
stants take vertical and horizontal facies changes into 
account in a quantitative manner, as will be explained 
after we discuss the dynamics of the system. 

The basal shear stresses are not uniformly distributed 
along the fault surface of this prototype model, nor 
along a comparable segment of an actual fault. They 
vary in a manner yet to be determined; hence the use of 
average P and average S in Fig. 2, which can be calcu- 
lated from the force equations. The situation here is 
similar with respect to quantitative fault models in seis- 
mology. For many years, seismologists have modeled 
earthquake fault motion by a uniform slip or a uniform 

stress drop over the fault plane, whereas the analysis of 
barrier and asperity models is still in a preliminary stage 
(Aki 1984). Consequently, until the new asperity and 
barrier models are adequately developed quantitatively, 
the advisable way to presently evaluate the model in Fig. 
2 is to test it in terms of the results of focal mechanism 
studies. Therefore, let us proceed with the analysis of 
Fig. 2 from this point of view. 

Compression of the kT-spring in the upper diagram of 
Fig. 2 is caused by creeping motion along the sole, east 
of the fault block segment in Fig. 1. If the ensuing creep 
displacement at the base of M1 is small compared to L, 
then the other springs in Fig. 2 will remain in an almost 
tectonically relaxed state during premonitory compres- 
sion of the kT-spring. When this compression reaches the 
critical value shown, the 'peak' shear resistance P of the 
incompetent bed is overcome at the base of M I , produc- 
ing a transient stress drop from P to S, resulting in the 
stick-slip motion illustrated in the lower diagram. 

M T undergoes an acceleration X" T. It activates the 
torsion spring, which causes the overlying strata to 
undergo an acceleration of X2- X1 is the displacement 
coordinate of M1 and )(2 is the displacement coordinate 
of M 2, with R equal to the radius of gyration of M2. The 
equations of motion are 

M,,~T + (kl + kl)XT + (K/R2)(XT - X2) = ( P  - -  S ) L W  
(1) 

M2J(2 + (k2 + k~)X2 + (K/R2)(XT - X2) = 0. (2) 

l~quations (1) and (2) comprise a nonhomogeneous set 
of simultaneous second order differential equations. A 
special case solution illustrates some of the physical 
implications and the model's compatibility, with the 
results of focal mechanism studies, The special case is 
M = M1 = M2, wi thk=kT = kl = k2 = k~. 

The solution for basal fault slip under these conditions 
is 

X1 - (P - S ) L W  [1 - cos Wot + (Wo/OgT)2(1 - cos eOlt)] 
4k 

(3) 

where 

% = ~ ;  to T = ~/2(k + K/R2)/M. 

Equation (3) shows that the fault displacement XT is 
directly proportional to the stress drop (P - S) and 
rupture length L, where W is the unit width of the fault 
surface. This stress drop is proportional to the seismic 
stress drop calculated in earthquake seismology (see 
Kasahara 1981, eqn 6.14 of pp. 140--i41, eqn 6.23 of p. 
149). Seismic stress drops have been found to be (1) 
nearly constant for small earthquakes, (2) nearly inde- 
pendent of source dimensions and (3) the fault displace- 
ments have been found to vary nearly linearly with 
rupture length in the larger earthquakes where they are 
more easily measured (Scholz 1982). The model, there- 
fore, is consistent with the results of focal mechanism 
studies. 

Equation (3) shows that the fault displacement also is 
dependent on the natural frequencies of the system, 
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where w0 is the fundamental frequency and wl is the first 
harmonic, both of which can be calculated from seismic 
and stratigraphic data. For example, in Fig. 2, k~ is the 
sum of the spring constants of the strata cut by the frontal 
ramp when the strata have been subjected to the same 
strain (see Den Hartog 1956, p. 36). The spring constant 
of each bed can be calculated from the thickness and 
Young's Modulus of the bed, as will be shown in a 
subsequent publication. This means that the model not 
only takes into account anisotropy due to contrasts in 
competency and facies changes, it also takes into account 
lateral changes of bed thickness. The importance of this 
result is indicated by the fact that miogeoclinal strata of 
the Utah- Idaho-Wyoming  thrust belt thicken westward 
away from the foreland. 

The net slip of a stick-slip event can be determined 
from the duration time of stick-slip motion. Towards the 
end of a stick-slip event, the velocity of the lower block 
of competent strata decreases to zero, whereas the 
motion of the overlying strata continues in an oscillatory 
phase. This phase persists until damping terminates the 
ground motion. Consequently, differentiating equation 
(3) once with respect to time, and setting the resulting 
velocity equation equal to zero, the duration time equa- 
tion is found to be 

cos o~0t = _+~/1 - (~o0Aol) 2 sin 2 ~olt. (4) 

Therefore,  if we calculate the natural frequencies from 
seismic and stratigraphic data, we can solve eqn (4) for 
the duration time and substitute it into eqn (3) to deter- 
mine the net slip. This slip imposes a strain concentration 
on the potential ramp region that could lead to shear 
fracturing and ramp development.  

The displacement equation for the overlying strata 
during stick-slip has a form very similar to that of eqn 
(3); namely, 

X ,  - ( P  - S ) L W  [1 4k • - cos co0t - (oJ0/o~ ,)2(1 - cos o~,t)]. 

(5) 

It shows that the horizontal motion of the topographic 
surface initially lags behind the seismic fault displace- 
ment along L by an amount 

X t  - X ,  = ( P  - S ) L W ' ( w o / w l ) 2 " ( 1  - cos  w i t  ). (6) 
2k  

The difference in displacement varies from zero at the 
beginning of stick-slip (at time t = 0) to a specific value 
at the end of a stick-slip, determined by time t in eqn (4). 
The oscillatory motion of the overlying strata then trans- 
forms to a phase with a frequency 

o~,, = X/(2k + K / R 2 ) / M .  (7) 

which enables the stick-slip fault model to be tested with 
seismic measurement techniques. 

Equations (1)-(7), of course, were obtained for the 
simplified version of the problem shown in Fig. 1. The 
equations for the more realistic situation, in which 'tec- 
tonic' stresses extend higher in the section, are theoreti- 

cally of the same form but much more complicated. 
Therefore, the general solution, in which all the 
parameters may vary, will be presented in a subsequent 
publication. 

SHEAR-FRACTURE ORIGIN OF A FRONTAL 
RAMP 

The geometry of frontal ramps that pre-date folding in 
the ramp region, with relatively small strains in ramp 
footwalls, suggests the possibility of a shear fracture 

o r i g i n  due to elastic strain concentrations imposed on 
the potential ramp region by stick-slip faulting. This 
possibility will need to be tested in various ways to 
determine whether it constitutes a viable hypothesis. 
Recent seismic case histories reveal that stick-slips called 
'characteristic earthquakes'  apparently recur along 
nearly the same rupture length with nearly the same net 
slip (Coppersmith & Schwartz 1984, Schwartz & 
Coppersmith 1984). Several effects should be produced 
in the potential ramp region in this case. For example, if 
the elastic strains are imposed sequentially on the poten- 
tial ramp region by recurring stick-slip along L in Fig. l, 
then part of these strains should be converted to perma- 
nent strains early in the deformation sequence; e.g. by 
twin gliding of calcite grains in a carbonate member of 
the sedimentary package. 

A characteristic feature of plastic deformation is that 
work hardening occurs with an increase in both the 
elastic limit and the yield point, with relatively little 
change in the elastic modulus in the loading direction, 
provided recurring deformations follow the same stress 
deformation path (Nadai 1950, p. 19), as illustrated by 
the sequential deformation tests on Salem limestone by 
Donath (1968). We therefore have the important possi- 
bility that the development of a through-going shear 
fracture, forming a frontal ramp, can be estimated quanti- 
tatively with limit equilibrium principles, using appro- 
priate elastic stress-strain relations and Coulomb shear 
fracture criteria. Inspection of the Griggs-Handin rock 
deformation diagrams (Hobbs et al. 1976, fig. 1.29) 
indicates that the total strain of intact rock in the ramp 
footwall should be less than 8%, and certainly not more 
than 10% if pressure solution effects are not pervasive. 

This working hypothesis is consistent with the results 
of Spang et al. (1981) .  They calculated average strains of 
5% from calcite and dolomite lamellae measurements in 
ramp regions of the McConnell thrust plate. The 
maximum principal strain was found to be subparallel to 
bedding, and parallel to the direction of tectonic trans- 
port. Similar results have been obtained for host rock of 
the Maynardville limestone in the Pine Mountain thrust 
plate (D. Wiltschko, personal communication, 1985). 

Therefore, returning to Fig. 1, let us now consider the 
effective stresses generated in the potential ramp region 
by stick-slip faulting. They can be calculated, but not in 
the usual manner. To illustrate this important point, 
consider for a moment two identical, confined, perme- 
able wackestone test specimens: one containing pore 



Thrust-fault mechanics and origin of a frontal ramp 287 

V e r t i c a l  

S h a l e  i 

T 
Plane S t ra in  D e f o r m a t i o n :  

(E~ e EW : 0 at t : O ,  eEW/% 0 al t > O ,  

whereas ENS = 0 at t => O. 

2) In each  s t r a t u m ,  

- -  _Z_u E -, E .~ 
CrSV~ : I-U v I - u  2 EW 

E s t i m a t i o n  Of E :  

V,:, : (r * t ~ } - ( l " . -  2 u )  

Fig. 3. Stick-slip induced tectonic elastic strain eEW and corresponding 
stresses in a small portion of the sedimentary  package of the  prospec- 
tive ramp region. The strains are the same in each bed of this example ,  
but the effective stresses differ according to respective values of  
Young ' s  modulus  E, Poisson's  ratio u, and pore pressure  P in the 
wackestone.  The effective vertical stress in the shales equals  the total 
overburden  pressure.  Vp = compressional  wave velocity, O = density 

and t = time. 

fluid, the other containing no pore fluid. Compress each 
specimen with the same elastic strain. The effective 
stress will be practically the same in both specimens, 
even though the pore pressures will be very different. 

Next, imagine a permeable wackestone bed under 
moderate pore pressure between two shale beds in the 
potential ramp region. Two important special cases are 
(1) that the wackestone is laterally extensive and (2) that 
the wackestone is not laterally extensive due to permea- 
bility barriers associated with facies changes or pinch 
outs. Hydraulic fracturing, instead of shear fracturing, 
could occur in the second case because the tectonic 
strain imposed by stick-slip faulting increases both the 
pore pressure and the effective stress. For case (1), 
however, the pore pressure increase is highly transient in 
the potential ramp region. This pore pressure increase 
actually represents a pressure pulse due to the high 
strain rate at which the tectonic strain is imposed. 
Theoretically, this pressure pulse starts to travel with a 
speed between the compressional wave velocity of the 
pore fluid and that of the pure matrix. Hence, the net 
increase in pore pressure is negligible in case (1) because 
the tectonic strain is concentrated in the potential ramp 
region, whereas the pore pressure pulse is damped out 
throughout the entire wackestone bed in a very short 
period of time. The following analysis deals with this 
particular case. 

Stick-slip along L in Fig. 1 imposes an elastic tectonic 
strain eEW under plane-strain conditions at the western 
end of M~. A very small part of that sedimentary package 
is pictured in Fig. 3 as a competent bed of wackestone 
sandwiched between two incompetent shale beds. The 

-c 4~ 

[ :  wackestone at tqrne t : O  
2 :  sha les  at t i rne t : O  [~ - - koc ,  M P o ~ ]  

3 :  sha les  when EEW : 2 %  ScoFe 

4 : w a c k e s t o n e  when ~EW : 2%. 

W:  w a c k e s t o n e ' s  s t r e n g t h  c r i t e r i o n .  

S :  s h a l e s '  s t r e n g t h  c r i t e r i o n  

Fig. 4. Example  of stress history leading to selective shear  fracturing in 
the prospective r amp region of Fig. 1. Pore pressure in the wackestone 

is 40 MPa in this example,  See Fig. 3 and text. 

imposed state of strain is nearly the same for each of 
these strata. It induces an E-W compressive stress ~'Ew 
and a N-S compressive stress CrNs, as indicated by the 
equations shown under item (2) in Fig. 3. Therefore, 
even if the effective overburden pressure o" v were practi- 
cally the same in each bed, the states of stress could 
differ appreciably during tectonic straining, depending 
on the values of Young's modulus E and Poisson's 
ratio u. 

For reasons discussed by Nelson (1981), E and u 
should not be calculated directly from standard labora- 
tory test data. Therefore, consider the P-wave velocity 
equation at the bottom of Fig. 3. It shows that Young's 
modulus is proportional to the square of the velocity. 
Comparisons of P-wave velocities of "weak" shales and 
competent strata (e.g. Nettleton 1940) show that E can 
be 10 to 20 times smaller for 'weak" shales. Con- 
sequently, to illustrate the deformational response of 
the strata in Fig. 3, the modulus of the shales is taken to 
be 10 times smaller than the wackestone's modulus. Let 
E = 104 MPa for the wackestone. Poisson's ratio is 
chosen arbitrarily at 1/3 for the shales and 1/5 for the 
wackestone, in lieu of the fact that legitimate values are 
not yet available in the literature. 

The deformational response of the strata in the pro- 
spective ramp region is illustrated with the Mohr dia- 
gram analysis in Fig. 4, for a depth of 3.5 km, just a short 
distance above the sole fault in the Cambrian shale 
sequence in Fig. 1. Figure 4 shows how limit equilibrium 
principles could be applied at various stratigraphic levels 
in the prospective ramp region. The overburden stress in 
the shales in Fig. 3 is about 80 MPa, corresponding to the 
depth of 3.5 km chosen for this example. The shear 
fracture strength criterion for the competent wackestone 
bed is based on representative values listed by Handin 
(1966). The shear strength criterion for the two shales, 
whatever it may be, is graphed at a lower position in Fig. 
4. The dotted Mohr circles represent specific stress states 
in the shales. The solid-line Mohr circles correspond to 
effective stresses developed in the wackestone when the 
pore pressure in the wackestone is a little larger than that 
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calculated from the normal hydrostatic fluid pressure 
gradient with depth. 

The Mohr circles at time t = 0 represent the approxi- 
mate nontectonic states of stress in the shales and wacke- 
stone at 3.5 km depth. But during tectonic straining, the 
• E-W compressive stress increases by a greater amount 
in the stronger bed than in the shales. A striking result is 
that the 'weak' shales actually can become mechanically 
more stable during tectonic straining. The smallest 
dotted Mohr circle in Fig. 4 illustrates this situation. This 
Mohr circle represents the state of stress in the shales 
when the tectonic strain has increased to about 2%, 
whereas the largest solid-line Mohr circle represents the 
limiting state of stress in the wackestone for the same 
amount of strain. Consequently, it is the wackestone 
that undergoes preferential shear fracture, even though 
their triaxial strengths may or may not differ much. 

Similar results are obtained in Fig. 4 if the wackestone 
is assumed to have no pore pressure. The principal 
difference in this case is that the critical value of tectonic 
strain for shear fracture of the wackestone is closer to 
4% than to 2%. The implication here is that the through- 
going shear fracture, that forms the ramp, would not 
have propagated spontaneously as a single rupture event 
during the last major stick-slip along L in Fig. 1 when 
significant departures from the normal hydrostatic fluid 
pressure gradient with depth exist in several units within 
the relatively competent sequence cut by the frontal 
ramp. The implication in this case is that shear fracture 
development of the frontal ramp would have proceeded 
in stages during the history of recurring stick-slip. A 
consequence that can be tested by field studies is that 
specific smaller scale fracture/fault systems would have 
been developed within several stratigraphic units in the 
footwall of the ramp. A comparison of the detailed 
cross-sections of Serra (1977) with those of Suppe (1983) 
illustrates several possibilities. 

SPACING OF FRONTAL RAMPS 

An important geometric-kinematic model of thrust 
fault propagation based on field studies and balanced 
cross-sections is shown in Fig. 5. A brief review of this 
model is given by Hossack (1983). The kinematics are as 
follows. The basal drcollement, represented by the thick 
solid line on the right, has grown to the point denoted 
'Trailing branch line', where a frontal ramp develops 
across a block of competent strata. The upper plate then 
moves over the frontal ramp to form the rootless anti- 
cline shown. The upper plate presumably becomes 
locked temporarily in position, and the basal drcolle- 
meat subsequently propagates as a 'developing thrust' 
over length L. A new frontal ramp then forms at the 
location shown by the small arrows, where L now repre- 
sents the spacing between the two frontal ramps• The 
preliminary hypothesis introduced here is that stick-slip 
occurs along L, so that L also is a seismic rupture length 
of the sole fault• 

ogOqraph~C S~O~. r -  T 

I 

I 

Developing Thrust !~ .  ! 
- -  * - - T ~  

1" L - -  ailing 
branch line 

Fig. 5. Kinematic model of thrust-fault propagation and frontal ramp 
development (after Dahlstrom 1970, Royse et  al. 1975, Elliott & 

Johnson 1980, Bayer & Elliott 1982, Hossack 1983). 

To quantify the mechanics in Fig. 5, let us consider the 
case where such cross-sections are located at a consider- 
able distance from connecting transverse structures such 
as lateral ramps and tear faults, whereby the deforma- 
tion can be approximated as plane strain deformation in 
the plane of the cross-section. From the standpoint of 
mechanics, the coupling effect between a frontal ramp 
and a transverse structure, along a cross-section near 
their juncture, would constitute a more complicated 
follow-up problem for subsequent analysis if warranted• 

On this basis, suppose that the hangingwall of the 
thrust sheet temporarily becomes locked, say by folding 
above the frontal ramp in Fig. 5. The ensuing concentra- 
tion of 'tectonic' compression in the locked region of the 
pre-existing frontal ramp may produce two effects: (1) 
shear fracturing and small-scale ramping within the pre- 
existing ramp region (e.g. compare cross-sections of 
Serra 1977, and of Suppe 1983), and (2) an increase in 

• the average shear stress along the 'developing thrust'. 
When this shear stress reaches the critical value P, a 
rapid transient stress drop occurs from P to S along 
rupture length L of the 'developing thrust'• This regimen 
is repeated by renewed concentration of 'tectonic' com- 
pression in the locked region of the pre-existing frontal 
ramp. Therefore, one of the possible modes of deforma- 
tion in the prospective ramp region is as follows. Recur- 
ring stick-slip of the fault block segment designated by L 
induces shear fracturing in the frontal zone, leading to 
the formation of the new frontal ramp designated by the 
short arrows in Fig. 5. 

A quantitative solution of this problem in preliminary 
form yields equations that are almost precisely the same 
as those obtained by Elliott (1976a. eqns 8, p. 856) in his 
analysis of an entire thrust sheet. The difference here is 
that the equations are applied to the fault block segment 
bounded by the vertical dashed lines in Fig. 5. His 
equations (8) also can be applied in this manner because 
an important part of his derivation is based on an Airy 
stress function; e.g. two-dimensional solutions of Airy 
stress function problems are independent of scale 
(Timoshenko & Goodier 1951, p• 25). A detailed expla- 
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na t ion  of  the  de r i va t i on  will be  inc luded  in the  sub- 
sequen t  p u b l i c a t i o n  on the gene ra l  so lu t ion  of  the  
c o u p l e d  osc i l l a to r  p r o b l e m .  The  o b j e c t i v e  of  the  cu r r e n t  
d iscuss ion  is to i l lus t ra te  qua l i t a t ive ly  the  role  of  the  
p a r a m e t e r s  r e spons ib l e  for  the  spac ing  of  the  f ron ta l  
r a m p s  in Fig.  5. T h e r e f o r e ,  it is c o n v e n i e n t  to re fe r  

d i rec t ly  to E l l i o t t ' s  e q u a t i o n s  (8). W h e n  t712 of  his basa l  
shea r  s t ress  e q u a t i o n  a p p r o a c h e s  P ,  we have  

P ~ p g H ( s i n  ~ + K H  LC°S a ) ,  (8) 

w h e r e  

a = t o p o g r a p h i c  s lope  angle  
L = r u p t u r e  length  = r a m p  spac ing  
K = C / p g H  

in which 

C = t ec ton ic  c o m p r e s s i o n  
p = dens i ty  
g = g r av i t a t i ona l  a c c e l e r a t i o n  

and  

H = th ickness  of  the  faul t  b lock  s e g m e n t ,  m e a s u r e d  

as shown in Fig.  1. 

E q u a t i o n  (8) of  this p a p e r  e s t ab l i shes  a r e l a t ion  be-  
t w e e n  the  t o p o g r a p h i c  s lope ,  th ickness  of  the  faul t  b lock  
s e g m e n t ,  and  r a m p  spac ing  for  a p p r o p r i a t e  va lues  of  C 
and  P. S u p p o s e  for  e x a m p l e  tha t  surficial  e ro s io n  com-  
p e n s a t e s  for  the  s t rue tu ra l  t h i cken ing  shown at  the  ' p r e -  
ex is t ing '  r a m p  in Fig.  5. T h e n  an i m p o r t a n t  f e a t u r e  
e m e r g e s  f rom eqn  (8) when  we no te  tha t  the  th ickness  of  
the  th rus t  be l t  d e c r e a s e s  t o w a r d s  the  fo r e l and .  If  P, K 
and  a can be t r e a t e d  as nea r ly  c o n s t a n t  p a r a m e t e r s  in 

ce r ta in  f ield a reas ,  then  this e q u a t i o n  w o u l d  p r ed i c t  tha t  
the  r a m p  spac ing  d e c r e a s e s  t o w a r d  the  fo r e l and .  Thus ,  
the  m o d e l  w o u l d  be cons i s t en t  wi th  the  resu l t  o f  
pa l inspas t i c  ana lys is  r e p o r t e d  by W i l t s c h k o  & D o r r  
(1983). H o w e v e r ,  f u r t he r  ana lys is  of  this  i m p o r t a n t  
p r o b l e m  is r e q u i r e d  b e f o r e  the  r ea sons  for  va r i ou s  t ypes  
of  r a m p  spac ing  can be d e t e r m i n e d  a d e q u a t e l y .  

C O N C L U D I N G  R E M A R K S  

If  the  quan t i t a t i ve  m o d e l s  d e s c r i b e d  he re  a re  
d e v e l o p e d  fu r the r ,  and  con t inue  to  p r o v e  f ru i t fu l ,  t hen  
new sui tes  of  ava i l ab le  d a t a  even tua l l y  will  have  to  be  
co l l ec t ed  and  ana lyzed .  T h e  effect  of  a n i s o t r o p y  on  the  
s t ruc tu ra l  d e v e l o p m e n t  of  th rus t  shee ts ,  in r e s p o n s e  to  
con t r a s t s  in c o m p e t e n c y  and  facies  changes ,  w o u l d  have  
to be  c h a r a c t e r i z e d  by  quan t i t a t i ve  p a r a m e t e r s  b e y o n d  
those  cu r r en t l y  e m p l o y e d .  F o r  e x a m p l e ,  a m e t h o d  for  
p rocess ing  ve loc i ty  d a t a  of  s t r a t i g raph ic  uni ts  .would 
have  to  be e x p l o r e d  and  d e v e l o p e d ,  wi th  the  o b j e c t i v e  of  
p rov id ing  inpu t  p a r a m e t e r s  r e q u i r e d  for  the  t ype  of  
ca lcu la t ions  i l l u s t r a t ed  in this  p a p e r .  A poss ib l e  e mp i r i -  
cal r e l a t i on  b e t w e e n  f o r m a t i o n  ve loc i ty  and  th rus t - f au l t  
l ength  a long- s t r ike  a l r e a d y  has  been  i n d i c a t e d  in the  

S o u t h e r n  C a n a d i a n  f o r e l a n d  bel t  (see s l ides  56 and 57 in 
Ver ra l l  et al. 1981). 
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