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ABSTRACT

Fault-related folds develop above active faults, and as these faults propagate laterally so do
the folds they produce. Geomorphic criteria useful in evaluating rates and direction of lateral
propagation of active folds in the direction of propagation are: (1) decrease in drainage density
and degree of dissection; (2) decrease in elevation of wind gaps; (3) decrease in relief of the topo-
graphic profile along the crest; (4) development of characteristic drainage patterns; (5) defor-
mation of progressively younger deposits or landforms; and (6) decrease in rotation and incli-
nation of forelimb. All these criteria are consistent with lateral propagation, but do not prove it.
The presence of more than one wind or water gap formed by the same stream, however, is strong
evidence of lateral propagation. Rates of lateral propagation of folding may be several times the
rate of uplift and fault slip. Lateral propagation of anticlinal folds allows for a new explanation
of how drainage may develop across active fold belts. Development of drainage across an active
fold belt is probably a function of relatively long structurally controlled drainage diversion
parallel to fold axes and development of relatively short antecedent stream reaches, around the
nose (plunge panel) of a fold. Water and/or wind gaps form as uplift, drainage diversion, and
stream capture associated with fold growth continue.

INTRODUCTION from many fold and thrust belts suggests thaton et al., 1996). Geomorphic indicators of lateral
Lateral propagation of folds is a process imorizontal shortening produces reverse faults thé&dld propagation resulting from buried reverse
active tectonics that has been recognized sincause hanging-wall deformation and the develofaulting include (in direction of propagation):
Shelton (1966), but only recently studied in detainent of anticlines (Yeats, 1986). (1) decrease in drainage density and degree of
(Jackson et al., 1996; Delcaillau et al., 1998; Keller The purpose of this paper is to introduce gealissection; (2) decrease in elevation of wind gaps;
etal., 1998). Determining the direction and rate ahorphic criteria we believe are useful in evaluat3) decrease in relief of the topographic profile
lateral propagation of folding has important impliing direction and rate of lateral propagation. Walong the crest of the fold (i.e., a fold plunges in
cations for understanding deformation in conillustrate several of the criteria from geomorphig¢he direction of propagation); (4) development of
tractile regimes, and for better understanding avaluation of Wheeler Ridge at the southern erzharacteristic drainage patterns; (5) deformation of
the mechanics of folding and reverse faulting.  of the San Joaquin Valley, California, a well-progressively younger materials; and (6) decrease
Folding in fold and thrust belts is intimately studied anticlinal fold (Medwedeff, 1992; Kellerin rotation and inclination of the forelimb. As a
related with buried reverse faulting, and the bulket al., 1998). We apply the criteria to the Missiomesult of style of folding and variable geomorphic
of evidence suggests that buried reverse faultiRidge anticline at Santa Barbara, California, teesponse, all of the criteria may not be evident at
produces the observed folding (Davis, 1983suggest that the fold is propagating westwara particular fold.
Namson and Davis, 1988; Stein and King, 19845eomorphic evaluation at Wheeler Ridge reveals A drainage map of Wheeler Ridge is shown
Yeats, 1986; Stein and Yeats, 1989; Medwedefthat the rate of lateral propagation of the anticlina Figure 1 along with several geomorphic indi-
1992; Gurrola and Keller, 1997). It has beeis ~3 cm/yr, which is ~10 times greater than theators of lateral propagation. Criteria 2 and 4
argued that as total fault displacement fromertical uplift rate (Keller et al., 1998). This sug-have been established independently to demon-
repeated earthquakes increases, so does total fgasts that lateral propagation of folding may bstrate lateral propagation of folds in New
length (Cowie and Scholz, 1992; Jackson et abne of the most rapid tectonic processes iden#ealand (Jackson et al., 1996). To demonstrate
1996) That is, faults propagate laterally as thefjed, on the order of several centimeters per yedateral propagation of folding and to develop
accumulate slip. Although it is difficult to show To observe the process of lateral propagationates of propagation, several of the geomorphic
from landscape evaluation that buried reverseush a tablecloth with your finger tips, producingcriteria need to be evaluated, and the chronology
faults propagate laterally, the folds these faulta fold in the material. Notice the rapid laterabf the deposits or landforms being folded needs
produce can provide an indication of the direcpropagation and what happens if the process be established. For example, the ages of depos-
tion and rates of lateral propagation. The twetarts near the edge of the table, simulating folits (alluvial fan segments) at Wheeler Ridge,

processes of faulting and folding go hand igrowth from a boundary. along with geographic position, were used to
hand, and in many locations fold scarps (the determine the rate of lateral propagation as about
scarp produced by active folding, a term sugsEOMORPHIC CRITERIA TO 3 cm/yr (Keller et al., 1998). Lateral propaga-
gested to us by James Dolan, 1997, person®@ENTIFY DIRECTION OF LATERAL tion at Wheeler Ridge, according to Medwedeff
commun.) have been mapped as faults. EvidenB®ROPAGATION OF FOLDING (1992) and Mueller and Talling (1997), is a
I Geomorphic relationships are a primary wayrocess characterized by occurrence of propa-
*E-mail: keller@magic.ucsb.edu. to demonstrate lateral propagation of folds (Jackration events associated with development of
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tear faults. Subsurface data suggest that thien of lateral propagation, helping establistwith both fold propagation and fold rotation

position of major wind and water gaps astream position at the base of the scarp.

models of fold growth (Fig. 2). Criteria 4 and 5

Wheeler Ridge coincide with tear faults The six geomorphic criteria are consistent witlare strong evidence of lateral propagation, and if
(Medwedeff, 1988). Tear faults on Wheeler Ridgéut not proof of lateral propagation, because thiere are at least two wind or wind and water
produce topographic scarps that face the direcriteria are consistent (given specific scenariog)aps (from the same stream), then this is very

Wheeler Ridge Direction of Propagation
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Figure 1. Aerial photograph (courtesy of John S. Shelton), and drainage map of
Wheeler Ridge, southern San Joaquin Valley, California (after Keller et al., 1998),
illustrating several geomorphic indicators of lateral propagation present at ridge.

strong evidence of lateral propagation. Assuming
that the stream can only be in one place at a time,
the model of rotation (Fig. 2B) is unlikely to pro-
duce two wind gaps or a wind and water gap at
lower elevations in the direction of fold growth.
There could be only one wind gap and one diver-
sion. Once a stream is defeated by uplift in the
rotation model it would be deflected to the nose
of the fold (which is fixed in that model) and
would not form another gap.

Specific methods employed to analyze lateral
propagation of folds are keyed to the six geo-
morphic indicators. The first task is to make a
detailed drainage map of the forelimb, backlimb,
and plunge panel (or nose ramp) of specific folds,
such as that shown for Wheeler Ridge in Figure 1.
This is accomplished by using aerial photographs
and detailed topographic maps. Drainage pat-
terns are analyzed to evaluate drainage density
and estimate the degree of dissection of the fold.
Drainage density (P is defined as the ratio of
the sum of the total length of channel divided by
the drainage basin area. Drainage density is an
important spatial measure of the network geom-
etry because it is an expression of the degree of
dissection of the drainage basin by surface
streams. As a result, drainage density is a link
between the physical characteristics of the
drainage basin and the processes that act upon it,
related to material type, surface slope, and uplift
(Knighton, 1998). In our studies of Wheeler
Ridge (Keller et al., 1998) we found that a
threshold hillslope angle is necessary to initiate
the development of drainage and its subsequent
evolution. Drainage density on the south flank of
Wheeler Ridge (Fig. 1) decreases from about
15-18 knt for surfaces older than about 100 ka
to about 0.4 ki for surfaces of 17—60 ka, and is
nearly zero for Holocene surfaces.

Topographic profiles along the crest, profiles
normal to the fold, and digital elevation models
can help identify geomorphic parameters of folds.
The elevations of wind gaps along an anticline
are measured directly, and we postulate, as did
Jackson et al. (1996), that these elevations are
usually lower in the direction of propagation. The
topographic profile along the crest of the fold may

fold growth. A: Lateral
propagation where fault
length grows. B: Rotation,
where end points of buried
fault are fixed. Drawing
courtesy of D. Medwedeff.
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reveal the direction of fold plunge. This relationwater gap, and eventually may become a neWhese relationships are clearly shown for Wheeler
ship is shown for Wheeler Ridge (Keller et al.wind gap if the channel is defeated by uplift oRidge (Fig. 1; Keller et al., 1998) and are sug-
1998) and for the apparent westward propagati@tream capture. If this occurs, the channel igested for Mission Ridge (Fig. 3). In both cases,
of Mission Ridge at Santa Barbara, Californiaiverted again in the direction of propagation andtreams are diverted in the direction of propaga-
(Fig. 3). Jackson et al. (1996) argued that drainageay make several passes around the fold as tiiwn; with Mission Ridge, there are two wind gaps
parallel to a fold will likely be diverted in the direc-drainage develops. In some folds there may li# Mission Creek and the elevation of the gaps
tion of propagation. As the diversion developsseveral wind gaps produced in this manner, and tdecreases in the direction of propagation. This is
streams are captured and the drainage basin aneajor drainage will be repeatedly diverted arounsirong evidence that the ridge is propagating west-
increases until there is sufficient stream power tine nose of the fold. In this sense, the streams award. Dissection of the fold decreases to the west,
temporarily maintain a channel at the nose of antecedent where they cross an active fold as thas does limb rotation (Fig. 3).

fold, where propagation has not yet occurred. Agosition is established at the nose of the fold before

fold propagation continues, this area becomesfalding and uplift propagates through the aredDISCUSSION

Careful evaluation of drainage patterns may
reveal that some folds are propagating in two
directions, that adjacent folds are propagating
toward each other, or that younger folds are prop-
agating parallel to and toward or against older
folds in a fold belt (e.g., see Jackson et al., 1996).
The position of the fold relative to an adjacent
basin may also be important. A propagating anti-
cline in which the forelimb (fold scarp) is facing
upstream and deflected parallel to the fold axis
may be more easily eroded by the deflected
drainage than the backlimb. This occurs because
the forelimb is normally much steeper than the
backlimb in a fault-propagated, asymmetric fold;
as a result the streams from the mountains that
are diverted may erode vigorously into the
steeper escarpment, perhaps producing a series of
meandering scars along the forelimb. In some
cases, for example the Mesa anticline at Santa
Barbara, California, the forelimb has been nearly
removed by erosion and meander scars are present
(Gurrola et al., 1998).

The range of rates of lateral propagation of
folds will remain poorly constrained until more
Drainage Pattern data, i.e., the age control of materials being

< folded, are obtained from other folds. We specu-
Deflection to West late that the rates, when determined, will be sev-

Apparent Backlimb Rotation (degrees) eral times the rate of uplift, and will be some of

< 7 5 12 the most rapid of tectonic rates yet identified.

Decreasing Recognition of the process of lateral propaga-
tion of folds is useful in better understanding the
geomorphic problem of identifying processes
that result in stream development transverse to
structures such as fold belts (Oberlander, 1985).
Streams that are transverse, i.e., cut across, active
folds are usually thought to have been super-
posed across structure by erosion of an overlying
cover mass, or to have formed antecedent to the
uplift (downcutting of the channel with uplift). It

Mission Ridge Direction of Propagation
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Figure 3. Mission Ridge, east-west anticlinal uplift just north of the center of Santa Barbara, Cali-
fornia. Dissection decreases to west. Ridge is (A) apparently propagating west, (B) deflecting
Mission Creek about 1 km to the west, and (C) in process, forming two wind gaps (with asso-
ciated paleochannels) at elevations that are lower in direction of propagation. Digital elevation
model (A) is based on 3 m grid and 1 m elevation control. Oblique view is to north; vertical exag-
geration is 2x. Grid pattern is city streets.
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has also been suggested that transverse drainage
may form by headward extension of drainage,
and by stream erosion related to local stratig-
raphy and structural control (Oberlander, 1985).
Recognizing lateral propagation of folds allows
some relatively short reaches of streams that
cross a fold to be antecedent, while adjacent, rela-
tively longer, reaches are parallel to fold axes.
Hypothetical development of a major stream
across an actively developing fold belt is shown
in Figure 4. A stream establishes a channel across
the path of a propagating fold before it arrives,

517



Delcaillau, B., Deffontaines, B., Floissac, L., Angelier,
J., Deramond, J., Souquet, P., Chu, H. T., and
Lee, J. F,, 1998, Morphotectonic evidence from
lateral propagation of an active frontal fold;
Pakuashan anticline, foothills of Taiwan: Geo-
morphology, v. 24, p. 263—-290.

Gurrola, L. D., and Keller, E. A., 1997, Tectonic geo-
morphology of the Santa Barbara fold belt,
western Transverse Ranges, CA: Geological
Society of America Abstract with Programs,
V. 29, no. 6, p. A344.

Gurrola, L. D., Keller, E. A., Trecker, M. A., Hartleb,
R.D., and Dibblee, T. W., Jr., 1998, Active fold-
ing and buried reverse faulting, Santa Barbara
fold belt, Californiajn Behl, R. J., ed., Geolog-
ical Society of America Guidebook to Field
Trip 11: Long Beach, California, California
State University of Long Beach, p. 11.1-11.43.

Jackson, J., Norris, R., and Youngson, J., 1996, The
structural evolution of active fault and fold sys-
tems in central Otago, New Zealand: Evidence
revealed by drainage patterns: Journal of Struc-
tural Geology, v. 18, p. 217-234.

WGa wind gap Keller, E. A., Zepeda, R. L., Rockwell, T. K., Ku,

L I >  stream channel T. L., and Dinklage, W. S., 1998, Active tec-

WG water gap

tonics at Wheeler Ridge, southern San Joaquin

propagating anticline Valley, California: Geological Society of Amer-
ica Bulletin, v. 110, p. 298-310.

Knighton, D., 1998, Fluvial forms and processes:
New York, Edward Arnold, 380 p.

Medwedeff, D. A., 1988, Structural analysis and tec-
tonic significance of late Tertiary and Quater-
nary compressive-growth folding, San Joaquin
Valley, California [Ph.D. thesis]: Princeton,

and that stream reach is antecedent to the uplift. Recognition of lateral propagation of folds  New Jersey, Princeton University, 184 p.

. . . - Medwedeff, D. A., 1992, Geometry and kinematics of
As fold growth continues, a water gap forms. Iprovides a potential hew explanation of how an active, laterally propagating wedge thrust,

there is sufficient stream power, the water gap rainage may develop transverse to structure. \wheeler Ridge, Californian Mitra, S., and
maintained as the fold continues to grow vertiThe process involves development of relatively  Fisher, G. W., eds., Structural geology of fold
cally by uplift and laterally by lateral propagationshort antecedent reaches across the path of prop- and thrust belts: Baltimore, Maryland, Johns

: Hopkins University Press, p. 3—-28.
(Jackson et al., 1996). _ _agatln_g folds, foIIovyed by defeat and streamhflue”er’ K., and Talling, P., 1997, Geomorphic evi-
The processes that result in a water gap beinigflection along relatively longer reaches parallel ~ jonce for tear faults accommodating lateral

transformed into a wind gap may be complex, ani the fold axes. propagation of an active fault-bend fold,
at least two hypotheses are reasonable. (1) Uplift Wheeler Ridge, California: Journal of Structural
of the fold may block the channel in the Wateﬁcrh’\ilso g\f/fll_jggci;SMSE’;;—gﬂed in part by Southern CaliNamsC?)io?ggh\é ézv?s :%I'9I7__41191£§8 Seismically active
gap, forcing a diversion in the direction of lowefonia Earthquake Center (SCEC) grant USC 572726.  fold and thrust belt in the San Joaquin Valley,
topography, which is most likely the direction therhe SCEC is funded by National Science Foundation  central California: Geological Society of Amer-
fold is propagating. (2) A channel crossing th¢NSF) Cooperative Agreement EAR-8920136 and U.S.  ica Bulletin, v. 100, p. 257-273.
nose of the fold has a tributary on the mountaif&ological Survey Cooperative Agreements 14-08berlander, T. M., 1985, Origin of drainage transverse
. 0001-A0899 and 1434-HQ-97AG01718. This project to structures in orogeni Morisawa, M., and
side Of. the fold that erodes headward par:’.;lllel 1 also supported by U.S. Geological Survey/National ~ Hack, J. T., eds., Tectonic geomorphology: Pro-
the axis of the f(?'d- EXtensllon of the drainaggarthquake Hazards Reduction Program grant USGS ceedings of the 15th Annual Binghamton Geo-
captures the drainage feeding the water gap. 1434HQ97GR02978, and NSF grant EAR-9803115.  morphology Symposium, September, 1984:
reality, a wind gap probably forms by a combinaThis paper is Southern California Earthquake Center  Boston, Allen and Unwin, Inc., p. 155-182.
tion of both tectonic and fluvial processes (upli ontribution 463, and University of California SantaShelton, J. S., 1966, Geology illustrated: San Fran-
di . d t f drai With thi arbara Institute for Crustal Studies contribution ICS cisco, Freeman, 434 p.
iversion and capture of drainage). With thigzzs.g3 1. Suggestions for improvement by Rebecaein, R. S., and King, C. P., 1984, Seismic potential re-

Figure 4. Idealized diagram illustrating how drainage transverse to active fold belt deforming
surface topography might develop by series of diversions, with short antecedent reaches across
folds and longer reaches parallel to fold axes.

model, drainage is established across a develaporsey, Karen Grove, Don Medwedeff, Karl Mueller, vealed by surface folding: 1983 Coalinga, Cali-
ing fold belt by a series of captures, diversiongjrthur Sylvester, and Robert Yeats are appreciated.  fornia, earthquake: Science, v. 244, p. 869-872.
and antecedent positioning. Stein, R. S., and Yeats, R. S., 1989, Hidden earthquakes:
REFERENCES CITED Scientific American, v. 260, no. 6, p. 48-57.
Cowie, P. A., and Scholz, C. H., 1992, Growth ofYeats, R. S., 1986, Active faults related to foldiirg,
CONCLUSIONS faults by accumulation of seismic slip: Journal Wallace, R. E., ed., Active tectonics: Washing-

The six geomorphic indicators of lateral propa-  of Geophysical Research, v. 97, no. B7, ton, D.C., National Academy Press, p. 63—79.

gation of folding presented here are useful in ana- P 11,085-11,095. _
lyzing lateral growth of individual folds. They DaVis: T. L., 1983, Late Cenozoic structure and tecManuscript received September 1, 1998

. . tonic history of the western “Big Bend” of the Revised manuscript received February 2, 1999
may also be useful in unraveling complex topo- gz Andreas fault and adjacent San EmigdiManuscript accepted February 19, 1999
graphic relationships between several folds. Folds  Mountains [Ph.D. thesis]: Santa Barbara, Uni-

may grow in more than one direction, toward one  versity of California, 508 p.
another, or away from one another. The existen:
of more than one gap produced by the san
stream is positive evidence for lateral propagatiol

518 Printed in U.S.A. GEOLOGY, June 1999



