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occurs as the beds move through the system from (c) conservation of bed lengths. The fold is the product 
syncline to anticline to anticline to syncline"; and (3) of moving the hangingwall over a non-planar fault sur- 
stating that "the literature is replete with examples face. The resulting fault-bend fold is asymmetric (e.g. 
which demonstrate that bed slippage occurs in nearly all 60 ° forelimb dip and 30 ° backlimb dip for a fault-bend 
fold structures and certainly occurs when beds move up anticline with 0 ° flat segments and a 30 ° footwall cutoff 
over ramps". As Crane emphasized, and is documented angle). The hangingwall cutoff angle is dependent upon 
in the literature (e.g. Chapple & Spang 1974), interbed the footwall cutoff angle, the fault bend angle, and the 
slippage and strain certainly accompany fold develop- axial angle. Figure 1 is a graph showing the per cent 
ment. Therefore, the assumption of "no interbed slip- decrease in hangingwall cutoff length plotted versus 
page or significant strain" is neither a necessary nor valid footwall cutoff angles for Crane's model, Suppe's mod- 
assumption for fault-bend folding, els for fault-bend and fault-propagation folding (Suppe 

Crane presents a model for fault-bend folding where 1983, 1985), and five natural examples of thrust fault 
the hangingwall and footwall cutoff angles and lengths related folds. Crane's model plots along the horizontal 
(bed travel distance) are retained. This model produces axis at 0% decrease in hangingwall cutoff length, and 
a ramp anticline with a forelimb dip equal to the hanging- Suppe's models and the natural examples plot in the field 
wall cutoff angle, and a backlimb dip equal to the of the graph. This figure illustrates that (a) some real 
footwall cutoff angle. Crane's fig. l(b) violates the examples of thrust-fault related folds in foreland fold- 
description of the model in the text, and principle 3, thrust belts (examples from the Variscan of England, the 
because thecutoffanglesinthehangingwallandfootwall Southern Appalachians, the Idaho-Wyoming fold- 
are not equal. The ramp-anticline forelimb is dipping at thrust belt and the Jura) are not consistent with Crane's 
45 °, reflecting a 45 ° hangingwall cutoff angle, and the model, and (b)Crane's principle 3, and consequently his 
backlimb dip is 30 °, reflecting a footwall cutoff angle of model, strongly disagrees with Suppe's model which has 
30 °. been successfully used in the construction of cross-sec- 

An alternative to Crane's model is a fault-bend fold tions for Taiwan (e.g. Suppe 1983)and the Appalachians 
modelpresented by Suppe (1983) which allows bedding (e.g. Mitra 1986). These observations indicate that 
plane slip and is constrained by (a) preservation of layer retaining cutoff angles and lengths is not a necessity for 
thickness, (b) no net distortion of horizontal layers and the construction of viable and admissible cross-sections. 

Use of fault cut-offs and bed travel distance in balanced cross-sections: 
Consolidated reply 

RONALD C. CRANE 

Chevron Overseas Petroleum Inc., San Ramon, CA 94583-0946, U.S.A. 

DiscussioNs by both Rowan & Ratliff and by Ferrill of The advantage of the proposed model is that it allows 
the short note on section construction by keeping fault predictions. The following criteria are fulfilled: 
angle cut-offs and lengths equal (Crane 1987) raise some (1) the number of assumptions is limited; 
valid objections about the universal applicability of the (2) sections are capable of rapid geometrical restora- 
method when evaluating the structural style of a specific tions; 
structure. (3) subsurface conditions can be predicted where no 

The proposed model should n o t  be used to explain the primary data exist; 
details of development of a particular fold. The model is (4) it is widely applicable to all foreland thrust belts; 
the limiting simplest case as has been pointed out by De (5) it allows rapid construction of required numerous 
Paor (1987), Boyer & Elliott (1982), p. 1225), Rowan & cross-sections; 
Ratliff and others. This simplest case is critical because (6) it serves as a standard by which other variables 
it serves as the standard for thrust belt analysis. As is can be investigated to explain departures in form from 
shown by Ferrill (fig. 1), other models can be constructed the ideal norm. 
which fit specific thrust-fold shapes and can be valid for The model predicts subsurface configuration of cut- 
different strains and stratigraphy. These models will plot offs, the placement of faults and existence of potential 
on Ferrill's graph in different positions, are unique, and structures. Because the model is a standard, any devia- 
thus cannot serve as a worldwide standard, tions from this standard can be instantly recognized. 



Use of fault cut-offs and bed travel distance in balanced cross-sections: Discussions 315 

Reasons for the deviation can then be related to amounts CONSOLIDATED REFERENCES 
of strain, stratigraphic changes, orientation of pre-exist- 

Allmendinger, R. W. 1981. Structural geology of Meade thrust plate 
ing structures including shelf edges, old listric normal or in northern Blackfoot Mountains, southern Idaho. Bull. Am. Ass. 
thrust faults, backthrusts, recognition of true out-of- Petrol. Geol. 65,509-525. 
sequence faults, estimates ofinterbed slippage, mapping Alvarez, W., Engelder, T. & Geiser, P. A. 1978. Classification of 

solution cleavage in pelagic limestones. Geology 6,263-266. 
unrecognized bedding-plane thrusts, recognizing inter- Boyer, S. E. 1986. Styles of folding within thrust sheets: examples 
ference of one thrust belt by a later one, recognition of from the Appalachians and Rocky Mountains of the U.S.A. and 
buried wrench faults, intrusions, and all the other com- Canada. J. Struct. Geol. 8,325-339. 

Boyer, S. E. & Elliott, D. 1982. Thrust systems. Bull. Am. Ass. Petrol. 
plexities encountered in interpreting thrust belt Geol. 66, 1196-1230. 

behavior. Casas, J. M. & Munoz, J. A. 1987. Sequences of mesostructures 
A necessary standard for thrust belt interpretation is a related to the development of Alpine thrusts in the Eastern 

simple standard to which all other structures can be Pyrenees. Tectonophysics 135,67-75. 
Chapman, T. J. & Williams, G. D. 1984. Displacement-distance 

compared. All of the structures in the literature incor- methods in the analysis of fold-thrust structures and linked-fault 
porate variations of stratigraphy, position in a thrust systems. J. geol. Soc. Lond. 141,121-127. 

Chapman, T. J. & Williams, G. D. 1985. Strains developed in the 
belt, varying amounts of strain, thickness and volume hangingwalls of thrusts due to their slip/propagation rate: a disloca- 
changes, differing amounts of folding vs thrusting, etc. lion model: reply. J. Struct. Geol. 7,759-762. 
The three categories mentioned by Ferrill are only part Chapple, W. M. & Spang, J. H. 1974. Significance of layer-parallel slip 

during folding of layered sedimentary rocks. Bull. geol. Soc. Am. 
of a continuous spectrum of forms which because of one 85, 1523-1534. 

geological r e a s o n  o r  another depart from the n o r m .  Coward, M. P. & Kim, J. H. 1981. Strain within thrust sheets. In: 
R o w a n  & Ratliff point o u t  t h a t  significant bedding- Thrust and Nappe Tectonics (edited by McClay, K. R. & Price, 

parallel shear must be present and that the bedding- N.J.). Spec. Publsgeol. Soc. Lond. 9,275-292. 
Crane, R. C. 1987. Use of fault cut-offs and bed travel distance in 

perpendicular markers shown by Crane (1987, fig. 1) did balanced cross-sections. J. Struct. Geol. 9,243-246. 
n o t  originate as layer-perpendicular loose lines in the Dahlen, F. A., Suppe, J. & Davis, P. 1984. Mechanics of fold-and- 

thrust belts and accretionary wedges: cohesive Coulomb theory. 
undeformed state. They are correct, for each axial plane J. geophys. Res. 89, 10,087-10,101. 
marker was arbitrarily placed in this position for illustra- Dahlstrom, C. D. A. 1969. Balanced cross-sections. Can. J. Earth Sci. 
tive purposes only. Both Rowan & Ratliff and Ferrill 6,743-754. 
accept Suppe's (1983) fault-bend fold model, in spite of  De Paor, D. G. 1987. Stretch in shear zones: implications for section 

balancing. J. Struct. Geol. 9,893--895. 
the fact that that model requires an instantaneous change Elliott, D. 1977. Some aspects of the geometry and mechanics of thrust 
in fault cut-off angle and fault lengths as each unit passes belts, Parts 1 and 2. Eighth Annual Seminar, Can. Soc. Petrol. Geol., 

the precise point where the ramp changes to a fiat, and is University of Calgary. 
Evans, J. P. & Craddock, J. P. 1985. Deformation history and 

therefore geologically unreasonable. Suppe also pro- displacement transfer between the Crawford and Meade thrust 
posed several other models in addition to the one usually systems, Idaho-Wyoming overthrust belt. Utah Geol. Ass. 14, 

cited. Suppe's fig. 17, on general layer parallel shear, is 83-95. 
Evans, J. P. & Spang, J. H. 1984. The northern termination of the 

essentially the s a m e  as  the proposed model. Crawford thrust, western Wyoming. Contr. Geol., Univ. Wyoming 
Many of the other objections raised appear to be 23, 15-31. 

either philosophical o r  a r e  based o n  a n  interpretation of Ferrill, D. & Dunne, W. M. 1986. Analysis of differential shortening 
across the Hanging Rock anticline, West Virginia. Geol. Soc. Am. 

what was actually written and implied. The proposed Abs. w. Prog. 18,220. 

model is a general-case standard and does not attempt Fisher, M. W. & Coward, M. P. 1982. Strains and folds within thrust 
to, nor can it explain, the peculiarities of any individual sheets: an analysis of the Heilam sheet, northwest Scotland. Tec- 

tonophysics 88,291-312. 
fold, which are in reality due to the exact location of Herman, G. C. & Geiser, P. A. 1985. A"passive roof duplex" solution 
the fold within a unique strained portion of a thrust belt for the Juniata Culmination; Central Pennsylvania. Geol. Soc. Am. 

with specific stratigraphy which responded uniquely to a Abs. w. erog. 17, 24. 
Jamison, W. R. 1987. Geometric analysis of fold development in 

particular applied force, overthrust terranes. J. Struct. Geol. 9,207-220. 
Thebas ic t e s to f themode l shou ldbewhe the r i tworks  Jacobeen, F., Jr. and Kanes, W. H. 1975. Structure of Broadtop 

in practice. Examination of hundreds of wells, thousands Synclinorium, Wills Mountain Anticlinorium and Allegheny frontal 
zone. Bull. Am. Ass. Petrol. Geol. 59, 1136--1150. 

of miles of seismic sections, examination in the field of Lageson, D. R. 1984. Structural geology at Stewart Peak Culmination, 
hundreds of folds, thrusts and related structures, c o n -  Idaho-Wyoming thrust belt. Bull. Am. Ass. Petrol. Geol. 68,401- 

struction of thousands of cross-sections and 30 years of 416. 
Laubscher, H. P. 1962. Die Zweiphasenhypothese der Jurafaltung. 

interpretation of 20 different world-wide thrust belts Eclog. geol. Helv. 55, 1-22. 

starting from the basic concepts of Dahlstrom in the late Laubscher, H. P. 1977. Fold development in the Jura. Tectonophysics 

1950s has convinced me of the basic usefulness of the 36,347-366. 
Marshak, S. & Engelder, T. 1985. Development of cleavage in lime- 

principle, A short note unfortunately does not allow for stones of a fold-thrust belt in eastern New York. J. Struct. Geol. 7, 
full documentation of the principle with specific field 345-360. 
examples. As a standard case which is then modified by Mitra, S. 1986. Duplex structures and imbricate thrust systems: 

geometry, structural position, and hydrocarbon potential. Bull. 
the specifics of the structural style of any particular Am. Ass. Petrol. Geol. 70, 1087-1112. 
thrust belt, the principle has served as a unifying concept Mitra, G. & Yonkee, W. A. 1985. Relationship of spaced cleavage to 
which brings order out of chaos, and provides the foun- folds and thrusts in the Idaho-Utah-Wyoming thrust belt. J. Struct. 

Geol. 7,361-373. 
dation from which the proper questions can be asked. Mitra, G., Yonkee, W. A. & Gentry, D. J. 1984. Solution cleavage 

and its relationship to major structures in the Idaho-Wyoming-Utah 
thrust belt. Geology 12,354-358. 



316 R . C .  CgaNE 

Morley, C. K. 1986. Vertical strain variations in the Osen-R0a thrust Suppe, J. 1983. Geometry and kinematics of fault-bend folding. Am. 
sheet, North-western Oslo Fjord, Norway. J. Struct. Geol. 8, 621- J. Sci. 283,684-721. 
632. Suppe, J. 1985. Principles of Structural Geology. Prentice-Hall, New 

Nickelsen, R. P. 1963. Fold patterns and continuous deformation Jersey. 
mechanisms of the central Pennsylvania folded Appalachians, in Usdansky, S. I. & Groshong, R, H. Geometric and kinematic model 
Guidebook to tectonics and Cambro-Ordovician stratigraphy, cen- of symmetric thrust-ramp anticline formation. J. Struct. Geol. In 
tral Appalachians of Pennsylvania. Pittsburgh Geol. Soc. 13-29. revision. 

Price, R. A. 1967. The tectonic significance of mesoscopic subfabrics Williams, G. D. & Chapman, T. 1983. Strain developed in the 
in the southern Rocky Mountains of Alberta and British Columbia. hangingwall of thrusts due to their slip/propagation rate: a disloca- 
Can. J. Earth Sci. 4, 39-70. tion model. J. Struct. Geol. 5,563-572. 

Ramsay, J. G. & Huber, M. I. 1987. The Techniques of Modern Woodward, N. B., Boyer, S. E., & Suppe, J. 1985. An Outline of 
Structural Geology, Volume 2: Folds and Fractures. Academic Balanced Cross-Sections. University of Tennessee, Dept of Geo- 
Press, London. logical Sciences Studies in Geology, Vol. 11, 2nd Edn. 

Sanderson, D. 1982. Models of strain variation in nappes and thrust Woodward, N. B., Gray, D. R. & Spears, D. B. 1986. Including strain 
sheets: a review. Tectonophysics 88,201-233. data in balanced cross-sections. J. Struct. Geol. 8,313-325. 


