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ABSTRACT

Responses of both modern and ancient fluvial depositional systems to growing folds can be

interpreted in terms of interactions among competing controlling variables which can be

incorporated into simple conceptual models. The ratio of the rate of sediment accumulation to

the rate of structural uplift determines whether a fold develops a topographic expression above

local base level. The balance between (a) stream power and rates of upstream deposition vs. (b)

bedrock resistance and rates of crestal uplift and of fold widening determines whether an

antecedent stream maintains its course or is defeated by a growing structure. Modern drainage

configurations in actively folding landscapes can often be interpreted in terms of these

competing variables, and through analysis of digital topography, detailed topographic

characteristics of these folds can be quantified. Modern examples of growing folds display both

defeated and persistent antecedent rivers, deflected drainages and laterally propagating

structures. The topography associated with a defeated antecedent river at Wheeler Ridge,

California, is consistent with a model in which defeat results from forced aggradation in the

piggyback basin, without the need to vary discharge or uplift rate.

Reconstruction of the long-term interplay between a depositional system and evolving folds

requires a stratigraphic perspective, such as that provided by syntectonic strata which are

directly juxtaposed with ancient folds and faults. Analysis of Palaeogene growth strata

bounding the Catalan Coastal Ranges of NE Spain demonstrates the synchronous growth and

the kinematic history of multiple folds and faults in the proximal foreland basin. Although

dominated by transverse rivers which crossed fold crests, palaeovalleys, interfan lows,

structural re-entrants and saddles, and rising anticlines diverted flow and influenced local

deposition. In the ancient record, drainage-network events, such as avulsion or defeat of a

transverse stream, usually cannot be unambiguously attributed to a single cause. Examination

of ancient syntectonic strata from a geomorphological perspective, however, permits successive

reconstructions of synorogenic topography, landscapes and depositional systems.

explore a variety of depositional geometries that resultINTRODUCTION
from fluvial interactions with growing folds. Four vari-

ables act as first-order controls on these interactions: (1)As structural disruption encroaches on the fringes of a

terrestrial sedimentary basin, pre-existing patterns of characteristics of the fluvial system; (2) the geometry

and rates of growth of individual folds and faults; (3) theerosion, sediment deposition and transport are perturbed.

River systems respond to changes in both local base three-dimensional development of multiple structures;

and (4) pre-existing or inherited topography. Thelevels and topography that are imposed by discrete

domains of differential uplift and subsidence. This paper response of the fluvial system is strongly influenced by

stream power, rates of aggradation and erosion, and pre-focuses primarily on the interplay between the structural

evolution of fold-and-thrust belts and patterns of depos- existing topography, whereas the surface expression of

folds is a function of rates of crestal uplift, substrateition and erosion within deforming foreland basins. We

develop a conceptual basis for interpretation of the resistance and fold geometry. Interactions and feedbacks

among these competing variables determine fluvial pat-geomorphological, stratigraphic and structural record of

the interactions between terrestrial depositional systems terns within actively deforming landscapes. Whereas

present-day geomorphology can illustrate some of theseand both growing folds and active faults. Through

examination of both modern and ancient examples we interactions, the ancient stratigraphic and structural
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record provides a view of depositional systems that evolve transverse rivers with extensive hinterland catchments

will have considerably greater discharges and enhancedas the controlling variables change through time.

stream power in comparison to those rivers flowing on

similar gradients, but having local catchments withinCONCEPTUAL BASIS FOR
the foreland.RECONSTRUCTING DEPOSITIONAL

In the context of individual folds or thrusts, riverSYSTEMS AND GROWING FOLDS
orientation can be defined as either orthogonal to the

structural trend or parallel to it. In the latter situation,In many foreland basins, growing folds result from

horizontal shortening and subsequent hangingwall uplift locally strike-parallel rivers do not traverse a structure,

but instead may occupy a position either in the piggybackabove thrusts that are actively propagating into the basin

fill. Folds can also develop due to buckling above shall- basin (Ori & Friend, 1984) on the backlimb of the

structure or in the forelimb or footwall basin in front ofowly dipping decollements. In this paper, when describ-

ing interactions of fluvial systems with growing folds, we the structure. Rivers with catchments on the fold itself

are typically orientated at a high angle to the fold axisdo not discriminate among the various types of folds,

except when observable stratigraphic geometries are and may flow either down the backlimb into the piggyback

basin or down the forelimb into the foreland (Fig. 1).specifically tied to a structural style. Unless otherwise

stated, we assume that faults display a vergence toward

the foreland, such that an upright fold’s backlimb dips Antecedent rivers
toward the hinterland and its forelimb dips toward the

foreland. We do differentiate between ‘pretectonic’ strata Antecedent rivers have established a course prior to the

growth of a structure, such as a fold, and subsequentlywhich were deposited prior to the deformation described

here and ‘syntectonic’ or ‘growth’ strata that are coeval maintain a course across a developing zone of active

differential uplift, rather than being deflected around it.with that deformation (Suppe et al., 1992).

Because most fold axes are orientated at high angles to

the overall shortening vector and are parallel to theRiver orientation
orogenic axis, antecedent rivers which traverse such folds

are often transverse rivers. In order to sustain a courseIn foreland basins, it is useful to define two major river

patterns, each of which can be subdivided. In a regional across the zone of maximum bedrock uplift within a

given structure, a river has to maintain a forelandward-context, longitudinal rivers flow parallel to the main

trend of the orogen and the fold-and-thrust belt, whereas dipping gradient throughout the deformation. In response

to a locally rising base level across a fold crest, therefore,transverse rivers flow approximately orthogonal to the

thrust belt and are usually tributary to the longitudinal a river may aggrade to maintain its previous gradient

upstream of the fold and/or it may erode the fold crest.rivers (Fig. 1). Transverse rivers can originate in the

hinterland and have a large catchment within the uplifted If it cannot aggrade sufficiently rapidly upstream of the

fold crest, the river’s slope will decrease in response toand eroding part of the orogen, or they may have

catchments almost exclusively within the foreland itself. the folding.

At least two ratios influence a river’s ability to maintainAs used herein, transverse rivers flow approximately

perpendicular to and away from the orogenic hinterland. its course across a growing structure. Here, we use a

growing fold as an example, but a thrusted hangingwallIn most cases, at any given point in the foreland,

Fig. 1. Conceptual depiction of river orientations in a peripheral foreland basin. Thrusts delineate the uplifting and eroding

hinterland and disrupt the proximal part of the foreland. Transverse rivers with hinterland catchments (Th) and with catchments

exclusively within the foreland (Tf ) are tributary to the longitudinal river (L) which flows in a medial position in the foreland.

Transverse rivers (Th) can be diverted by a thrust such that they flow longitudinally within the piggyback basin above the

hangingwall (Ld), or they may maintain their antecedent courses (Ta), undeflected across a thrust. Some thrusts or folds uplift

parts of the foreland which subsequently act as local catchments (Lc) for rivers which may flow into piggyback basins or into the

foreland.
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responds to similar influences. We assume that we are in and away from it on the downstream side. In addition,

reconstructed channel cross-sections and palaeodischargean actively subsiding and aggrading basin in which a fold

begins to grow beneath the active depositional surface. estimates should indicate that similarly sized rivers were

active on both fold limbs. If the rivers on the downstreamFirst, the ratio of the rate of aggradation adjacent to the

fold to the rate of structural uplift of the fold crest side appear to be considerably smaller in channel size or

discharge than those on the upstream side, the upstreamdetermines whether positive topography develops above

the growing structure (Table 1). As long as aggradation river was probably deflected by the fold and did not

cross it (Table 2).keeps pace with or exceeds the rate of structural uplift,

a transverse river can maintain an antecedent course If positive topography develops above the depositional

plain because the rate of structural uplift exceeds theacross a growing structure. In such cases, no topographic

relief may develop, despite the ongoing folding of the rate of aggradation, then a second ratio, that of stream

power vs. erosional resistance (Bull, 1991), is added tosubsurface. Although the depositional surface may appear

unperturbed, the wedge-shaped geometry of syndeform- the competition between aggradation and uplift rates in

order to determine whether an antecedent river canational sedimentary beds in cross-section will reveal the

progressive growth of the fold and can be used to maintain its course across the fold. When uplift exceeds

aggradation, the river must be able to erode the crest ofreconstruct sequentially the geometry of deformation

(Vergés et al., 1996). In general, beds will thin across the the fold at a rate equal to the difference between the

uplift and aggradation rates in order to sustain a fore-crest of the fold (Fig. 2) and, in the case of buckle or

detachment folds, will be rotated in the fold’s forelimb landward gradient across the uplifting back limb of the

fold. If the potential role of transverse structures is(Riba, 1976; Anadon et al., 1986; Burbank & Vergés,

1994). Analysis of the stratigraphy of rocks on either side ignored, the resistance to erosion of the uplifting fold

crest is primarily a function of its lithological character.of the fold crest should reveal palaeocurrent directions

indicating flow toward the fold axis on its upstream side In general, during the initial stages of folding in terrestrial

Table 1. Controlling variables for persistence of antecedent streams crossing growing folds.

Variable Effect

Rate of sediment aggradation Higher rates of aggradation promote persistence of antecedent stream: less erosion required

of hangingwall

Rate of structural uplift Higher rates of structural uplift require higher rates of erosion and/or aggradation to promote

persistence of antecedent stream

Resistance to erosion of rocks in hangingwall Higher resistance requires greater stream power for persistence of antecedent stream. Thick

alluvial strata, poor cementation, readily eroded bedrock promote persistence

Discharge and stream power of antecedent stream Higher discharge and higher stream power promote persistence of antecedent stream

Width of structure With fixed base level, widening structures cause lowered stream slope and stream power,

promoting defeat of antecedent streams

Sediment load Increased load decreases proportion of stream power available to erode bed; mantling of bed

with sediment precludes erosion of bed

Transverse structures Provide zones of less resistant rocks that cut across structures, exploited by antecedent streams

Fig. 2. (a) Cross-section of fold affecting previously deposited foreland strata which display a constant thickness across the fold

crest. Note that, because aggradation is more rapid than crestal uplift, the fold never has a topographic expression. For this

antecedent river, palaeocurrents indicate flow across the anticline throughout its growth. Bedding geometries across the fold crest

show pinching toward fold crest and progressive rotation of beds on both limbs. (b) Theoretical sediment-accumulation rates

recorded at the crest of the fold depicted in (a). If bedding contacts are assumed to be equally spaced in time, the initiation of

folding and uplift is marked by slowing rates of foreland aggradation. Accelerating crestal uplift causes additional reduction of

sediment accumulation across the fold crest, but may have little or no direct impact on the accumulation rates above the fold’s

forelimb and backlimb.
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Table 2. Identification of antecedent rivers in the geological record.

Feature Significance

Palaeovalley developed across fold crest River traversed fold crest and incised it when fold was elevated above local base level

Projection of contacts between syntectonic strata over the preserved fold Syntectonic strata overlapped, rather than onlapped flanks of fold

crest

Bevelling of fold crest River traversing fold eroded uplifting crest: sufficient stream power and time to erode laterally

Transverse palaeocurrents on both flanks of fold River not deflected by fold crest, flowed across it

Similar sized palaeochannel and palaeodischarge on both fold limbs Same transverse river identifiable on both limbs. River on distal limb is not locally sourced

Hinterland provenance on both limbs in youngest strata Same source terrain identifiable on both limbs. River on distal limb is not locally sourced

foreland basins, previously deposited alluvial strata years often is seismically induced, rather than occurring

via slow, continuous deformation, local base levels mayexperience relative uplift and constitute the exposed fold

crest. These rocks are often weakly lithified and readily be abruptly raised during an earthquake due to surface

faulting or to uplift during co-seismic folding. Whereaseroded, such that even small rivers can sustain erosion

rates of >1 mm yr−1 (Burbank & Beck, 1991). If the large antecedent rivers with flow depths considerably

greater than the magnitude of vertical seismic offset willtotal uplift is sufficient to bring more lithified strata to

the surface (DeCelles et al., 1991), such as rocks of a more readily smooth and eliminate seismically induced

perturbations along their beds, smaller rivers may becarbonate-rich succession underlying the basin, the resist-

ance to erosion will greatly increase and the likelihood of temporarily dammed by offsets. In such cases, they can

leave distinctive lacustrine deposits associated with indi-maintaining an antecedent course will decrease. Thus,

the thickness of alluvial strata in foreland basins, the vidual seismic events (Meghraoui et al., 1988). When

resistant bedrock in the hangingwall is raised by faultingcharacter of the pretectonic strata beneath the foreland

and the magnitude of uplift of an individual structure above local base level, it may create a long-lived pertur-

bation in the bed. Groundwater tables can rise upstreamwill determine changes in erosional resistance during

folding. of such fault barriers and saturated or poorly drained

soils may become increasingly common (Talling et al.,Stream power is proportional to the change of kinetic

energy along a river’s course. This change can be rep- 1995).

Modern antecedent rivers often cross folds with posi-resented as the product of discharge with the local river

slope. Because the upstream catchment area is generally tive topographic relief in water gaps. In the stratigraphic

record, antecedent rivers can be identified on the basisproportional to discharge in a given region (Dietrich

et al., 1992; Montgomery & Dietrich, 1994), catchment of palaeovalleys that traverse the axis of a fold and that

can be shown to have formed synchronously with foldingsize is often substituted as a proxy for discharge. Thus,

antecedent rivers with large hinterland catchments gener- (Fig. 3). In these cases, fluvial deposits located down-

stream or upstream with respect to the fold axis are likelyally have higher stream power and are considerably more

likely to maintain their courses across folds than will to be folded, as well. The presence of antecedent rivers

in the past can be inferred from: persistent transverserivers having similar local slopes, but whose catchments

lie primarily within the foreland. Because stream power (hinterland-to-foreland) palaeocurrents on both sides of

the structure; a hinterland provenance represented byis also expended in heat and sediment transport, the

ability of a river to incise its bed is a function of the sediments on both flanks of the fold; erosionally bevelled

crests of folds; and channel bodies in the fold’s forelimbproportion of the stream power which is available for

erosion. Increasing sediment loads will decrease the work (foreland-side) whose sizes are comparable to channel

bodies found on the hinterlandward side of the fold, andthat can be done to erode the river bed. Clearly when

unentrained sediment mantles the bedrock beneath a whose sizes exceed those likely to occur within catch-

ments developed exclusively on the forelimb (Fig. 3;channel, no erosion of the underlying bedrock can occur.

During folding, however, fold growth itself tends to Table 2).

decrease the river gradient across the upstream limb, and

if a river was in a previous equilibrium state, i.e. at the
Interference among multiple structures

threshold of critical power (Bull, 1991), this will promote

upstream deposition. Assuming no increases in the flux During development of a fold-and-thrust belt, folds grow

laterally and vertically due to propagation of detachmentsof sediments from hinterland sources, deposition on the

upstream fold limb will increase the proportion of the and thrusts and to accumulated shortening (Scholz et al.,

1993; Dawers & Anders, 1995). Moreover, several foldsstream power available for erosion as the river traverses

the actual fold crest. Moreover, because folding may grow concurrently both along and across strike. This

can result in folds whose axes are aligned, en echelonincreases the slope of the forelimb, the total stream power

will also increase. folds with offset axes and serial folds representing a fold

train extending toward the foreland from the hinterland.Because deformation at time-scales of hundreds of
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when folds are topographically expressed, water gaps

developed by rivers with large discharges and stream

power can serve to fix the position of antecedent rivers

through successive folds (Talling et al., 1995). In contrast,

if transverse rivers are ‘defeated’ or deflected by growing

folds, they will tend to be diverted around structural

culminations and through structural low points or saddles

between plunging folds (Fig. 4).

Palaeotopography and drainage localization

Although a planar, subhorizontal geometry for the pretec-

tonic strata is commonly assumed at the time of initiation

of a new phase of deformation, these strata have often

been affected by previous episodes of tectonism. If earlier

deformational events involved sufficient uplift to elevate

resistant strata above the local base level, then positive

topographic relief could be present at the time of any

subsequent deformation. Such relief is modified by ero-

sional processes, which tend to bevel topography that

stands above local base level, and by subsequent depos-

ition, which can onlap or cover pre-existing topography.

The topographic relief that exists at the initiation of a

deformational interval is therefore a function of the

magnitude of previous intervals of tectonic uplift, changes

in local base level since that uplift, lithological resistance

to erosion, climatic conditions and the time since defor-

mation (Beaumont et al., 1992). In semi-arid and arid

climates, for instance, carbonate strata are highly resistant

and often define long-lasting local relief, whereas carbon-

ates may be more readily dissolved in humid climatic

conditions. Any relief that exists at the initiation of a

Fig. 3. Stratigraphic characteristics related to rivers that are new depositional or deformational cycle will exert strong
either antecedent to or are deflected by a growing structure. (a) controls on the localization of fluvial channels which will
Map view of deflected river with local river developed on fold’s follow the locus of low points within that landscape.
forelimb (top) and undeflected river crossing anticline (bottom). Palaeotopography, defined as inherited topographic
(b) Schematic stratigraphic cross-sections. Cross-section i–i’:

features created prior to the interval of interest, can be
deflected river. On backlimb, a large, hinterland-sourced river

recognized at a variety of scales in the stratigraphic
is deflected parallel to the fold crest, whereas a smaller river

record. At the large scale, the thickness of syntectonic
flows off the forelimb. Cross-section ii–ii’: antecedent river in

alluvial strata that fill a palaeovalley can define a lowerwhich flow continuously crosses fold crest. Rate of structural
limit on the magnitude of pretectonic topographic reliefuplift is greater than the rate of aggradation: therefore, the river
(Burbank & Vergés, 1994). At mesoscales, passive andmust bevel off the top of the rising fold. Cross-section iii–iii’:

high-angle onlap of valley walls and buttress unconformit-antecedent river flowing in valley incised across the crestal part

of the fold (viewed toward the hinterland). ies define former valley margins (Fig. 5), whereas karst-

ified or deeply weathered surfaces can define high-

standing surfaces into which palaeovalleys were incised.Although it is often assumed that structures are active

sequentially along any given transverse section through A strong contrast in topographic relief is typically

found between the orogenic hinterland and the low-a fold-and-thrust belt, the distribution of modern seis-

micity (Seeber et al., 1981), Holocene faulting (Dolan standing foreland. Valleys incised through hinterland

topography may be orientated at high angles to sub-et al., 1995) and stratigraphic evidence (Burbank et al.,

1992) indicate that distributed deformation persists on sequent shortening directions, especially in areas where

weakly resistant zones within strike-parallel structurestime-scales ranging from hundreds to hundreds of thou-

sands of years. have been erosionally exploited. When such a hinterland

river debouches into the foreland, often the fluvial regimeThe response of antecedent fluvial systems to an array

of growing folds (Fig. 4) is an extension of the response switches from one of erosion and transport to one of

deposition in the proximal foreland. If the local baseof an antecedent river to a single fold. If aggradation is

more rapid than uplift of any fold or if stream power is level in the foreland is rising and sediments accumulate

sufficiently rapidly, valleys within the hinterland can besufficiently high, river courses will be undeflected. Even
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Fig. 4. Conceptual orientations of rivers with respect to successive fold crests that develop synchronously in a foreland. (a) Both

anticlines deflect the river. (b) Only the outer anticline deflects the river. (c) River traverses both anticlines and could be

considered antecedent. (d) Schematic cross-section of serial anticlines that developed synchronously. Each stage in deposition (t
1
,

t
2
, t
3
) depicts the palaeocurrent orientations and large-scale bedding geometries that would be expected given the river-to-fold

relationships depicted in (a)–(c) (with corresponding labels of t
1
–t
3
). Cross-sectional geometries are controlled by the relative

rates of sediment accumulation to crestal uplift. (e) Theoretical interactions of growing folds with rivers with large hinterland

catchments vs. catchments localized in the foreland. Across a comparable gradient, greater discharge of larger river yields a

higher stream power and enables it to traverse, rather than be deflected by, the growing anticlines. Note that the hinterland

rivers debouche into the foreland through a structural re-entrant.

Fig. 5. Examples of stratigraphic

characteristics that define

palaeotopography and palaeorelief in the

stratigraphic record. (a) Resistant

carbonate strata create an elevated

region in the palaeolandscape. A karst

surface develops on the carbonates,

whereas less resistant strata are

recessively eroded. Young alluvial strata

aggrade along a buttress unconformity

and interfinger with carbonate breccias

and talus shed from the highland. Strata

filling the palaeovalleys passively onlap

and later overlap the topography; they

are not significantly deformed. (b)

Schematic map view of palaeovalley

incised through resistant carbonate

rocks. As younger sediments begin to

aggrade, deposition is focused along the

palaeovalley. Strata onlap the valley

walls (buttress unconformity) and

interfinger with breccias. (c) Continuing

deposition immerses previous

topography and only a few isolated, but

elevated regions influence the course of

rivers in the foreland.

infilled with alluvial strata (Mellere, 1993). When top- stratigraphic record, breccias, talus and mass movement

deposits are often spatially localized near palaeovalleyography is being immersed beneath accumulating syntec-

tonic sediments, the remaining emergent topography will walls.

The position of drainages can also be influenced bydefine the margins of alluvial plains and valleys (Fig. 5)

and can be an important local sediment source. In the structures that develop synchronously with deposition
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and erosion. At the leading edge of the emergent hinter- the detailed kinematic evolution of a fold (Vergés et al.,

1996). Any changes in the forelimb dip can directly affectland, structural re-entrants can focus hinterland drainage

and control their entry points into foreland basins. the stream power of antecedent rivers crossing the fold,

whereas uplift of the fold crest affects both gradients andDespite a conspicuous association of rivers and structural

re-entrants (Fig. 4e) along the margins of several foreland accommodation space upstream of the fold. Thus, a

reconstruction of the history of fold growth can definebasins (Eisbacher et al., 1974; Burbank, 1992), it is often

unclear whether the river became localized in the key parameters that control the responses of associated

river systems to the folding.re-entrant as the structure developed or whether inter-

actions between an eroding river and a pre-existing Although thrust faults which actually cut the depos-

itional surface were once considered uncommon, therere-entrant (Oberlander, 1985) led to drainage localization.

Both within the foreland and within the leading edge of are numerous modern examples of thrusts which have

propagated to and emerge at the surface (Rockwell et al.,the hinterland, lateral ramps often provide preferred

pathways along which rivers exit from piggyback basins 1984; Meghraoui et al., 1988). Identification of similar

thrusts in the geological past rests largely on interpret-in fold-and-thrust belts (Burbank & Raynolds, 1988;

Lawton et al., 1994). Erosionally susceptible zones caused ation of syntectonic strata. A narrow zone of brecciation

is commonly associated both with thrusts that cut older,by wrench or tear faults within growing folds can also

be exploited by antecedent rivers that traverse such previously deposited strata and thrusts that extended to

the active depositional surface. Rapid facies changes awaystructures (Medwedeff, 1992).

from a fault, however, and the presence of syntectonic

depositional breccias or talus derived from the hang-Fold-and-fault evolution
ingwall indicate faults that breached the surface (Fig. 7).

Syntectonic folding of strata and differential strata thick-Syntectonic strata can faithfully record fold growth and

fault motion when deposited in direct association with nesses across a fault may indicate thrusts in the very

shallow subsurface.deforming fold limbs or active fault planes. Most pre-

sently exposed folds that developed during a pre-Late

Cenozoic deformation, however, are spatially separated MODERN EXAMPLES OF GROWING
from any preserved syntectonic strata due to erosion FOLDS AND COEVAL DEPOSITION
since the time of folding. Such folds are often interpreted

in the context of popular fault-bend or fault-propagation When actively growing folds can be identified, it is

possible to determine specific interactions of fluvialfold models (Medwedeff, 1989; Suppe, 1983), and a

kinematic history of fold growth is assumed based on the systems with the deforming structures. Tributary catch-

ments, deflected and antecedent rivers, and the geomor-preserved final geometry and model predictions. In con-

trast, extensive preservation of syntectonic strata along phological products of fluvial deposition and fluvial and

hillslope erosion can be analysed. When sufficient datathe fold limbs (herein termed ‘growth strata’) can permit

a step-by-step reconstruction of the shape and growth of are available, stream power, uplift rates and incision rates

can also be calculated. We examine two examples ofa fold (Suppe et al., 1992; Vergés et al., 1996) and can

yield an unambiguous record of fold growth. active folding: Wheeler Ridge in California and the

northern Brooks Range in Alaska. Previous structuralWhen growth strata are deposited across a growing

fold, they often record limb dip angles and limb length and chronological studies related to Wheeler Ridge pro-

vide a context within which the fluvial systems andthrough time. Because the upper surfaces of the growth

strata are usually subhorizontal at the time of deposition, geomorphology can be analysed. Although fewer data on

the structural and stratigraphic characteristics of thepost-depositional rotations of such surfaces are easily

defined (Riba, 1976). Often such rotations are also associ- Alaskan folds are known, regional remote-sensing data

obtained from satellite images permit clear interactionsated with growth strata that are tabular in more distal

locations, but which either taper or remain tabular as to be discerned among the modern rivers and active folds.

they are incorporated into the fold’s forelimb (Vergés &

Burbank, 1992; Burbank & Vergés, 1994; Hardy & Poblet, Wheeler ridge
1994). If tapered, the angle of taper can also be used to

define the magnitude of differential uplift and forelimb Located at the interface between the northern flank of

the Transverse Ranges (San Emigdio Mountains) androtation (Vergés & Burbank, 1992) during deposition

(Fig. 6). If untapered, but incorporated in the fold fore- the depositional plain of the southern San Joaquin valley

of California, Wheeler Ridge (Fig. 8) represents thelimb, such strata provide evidence for lateral growth of

the fold and migration of axial surfaces (Suppe et al., outermost major fold in a predominantly north-vergent,

fold-and-thrust belt that extends southward across the1992). Similar taper and bedding geometries can be used

to define rotation of the backlimb, as well. When growth Transverse Ranges (Namson & Davis, 1988; Medwedeff,

1992). Because it contains a productive oil field, thestrata are well dated, ‘unfolding’ of these strata reveals

changes in rates of uplift, shortening, forelimb rotation subsurface structure of Wheeler Ridge has been well

studied. Wheeler Ridge is an east–west-trending, east-and aggradation (Fig. 6) that can be used to reconstruct
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Fig. 6. Reconstruction of the kinematics

of fold growth. Based on a process of

‘unfolding’, the upper surface of each

syntectonic stratal unit is restored to

horizontal, and underlying units are

unfolded or back-rotated by an amount

equivalent to the dip removed from the

topmost stratum. Stratal areas are

preserved during unfolding. Motion of

material points, axial surfaces and fold

hinges can be reconstructed in each

step. (a) Deformed state cross-section at

end of folding (1.7 Myr after start)

depicting observed bedding geometries

in a growth syncline and in the adjacent

anticline. Note strata of uniform

thickness at the pin line and tapering of

beds in the forelimb of the fold.

Forelimb is overturned by 17°. (b)

Restoration at 1.4 Myr after removal of

67° of forelimb dip. Note material

points in growth strata are uplifted with

respect to the crest of the anticline in

the next youngest step (to 1.7Myr).

This causes pronounced offlap. (c)

Restoration at 1.0 Myr after removal of

89° of forelimb dip. Note that the initial

path of a material point in the anticlinal

crest is upward, and the anticlinal hinge

is almost vertical. In younger steps, the

anticlinal hinge rolls forward by 45°,

and the material point in pregrowth

strata moves upward, forward and

finally downward. (d) Calculated rates

of crestal uplift, shortening, forelimb

rotation and aggradation based on

unfolding. Modified after Vergés et al.

(1996).

plunging anticline whose eastern nose is still buried #90–120 ka (Keller et al., 1989; Zepeda et al., 1990).

The emergent nose of the fold has propagated eastwardbelow the modern depositional plain (Figs 8 and 9). It is

interpreted to have developed above a wedge thrust at a mean rate of #25 m kyr−1 (Medwedeff, 1992).

Within the uncertainties of the ages assigned to uplifted(Medwedeff, 1992) that merges into a southward-dipping

detachment. The Pleito Thrust emerges a few kilometres surfaces, the mean rate of crestal uplift of the emergent

fold has been #3–3.5 m kyr−1, whereas sediment-closer to the hinterland and is linked to the same

detachment surface (Figs 8 and 9). Trending obliquely accumulation rates in the undisturbed plains beyond the

folded domain have averaged#2 m kyr−1during the pastto the axis of Wheeler Ridge, the Pleito Thrust juxtaposes

crystalline hinterland rocks against Neogene alluvial and 100 kyr (Medwedeff, 1992).

The modern-day geomorphology provides a clearfluvial deposits. The folded hangingwall at Wheeler Ridge

is cut by transverse faults (Medwedeff, 1992) orientated ‘snapshot’ of the effects of the time–integrated inter-

actions between the growing anticline and the extensiveapproximately perpendicular to the fold axis and defined

by subsurface data, linear trends through the fold and a alluvial-fan complex emerging from the San Emigdio

Mountains (Figs 8 and 9). Despite this view of theconspicuous surface offset near the eastern terminus of

the surficial expression of the fold (Figs 8 and 9). present landscape, it is difficult to quantify unambigu-

ously how the interactions over long time spans of fluvialPrevious studies have shown that growth of the eastern

half of the fold (that part described here) initiated at and hillslope processes with the rates and patterns of
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Fig. 7. Conceptual model of stratigraphic record of a thrust

that uplifted its hangingwall at the same rate that syntectonic

strata aggraded in front of it. For most of its history of motion,

the thrust overruns its own talus/breccia which grade abruptly

into adjacent flat-lying beds. As thrusting wanes, strata overtop

the pretectonic carbonate strata. These beds are initially offset

by the thrust, and younger ones are folded above the projection

of the thrust. Fig. 9. Shaded relief map of US Geological Survey 30-m

digital elevation data from the southern San Joaquin Basin,

Wheeler Ridge and the San Emigdio Mountains. Illuminationstructural uplift have resulted in the observable drainage
direction is from the NE at 45°. Note the clear eastward plungepatterns and geomorphology. Some insights on these
of the fold, the variation in the dissection along its length, theinteractions, however, can be gained from analysing the
contrast in slope and dissection between its forelimb and

modern topography.
backlimb, and the presence of water and wind gaps.

The emergence of the fold above the depositional plain

has strongly perturbed the fluvial patterns south of

Wheeler Ridge. An aggrading piggyback basin lies the distal, northern flank of Wheeler Ridge, short-radius

(generally <1 km), locally sourced alluvial fans are beingbetween the Pleito Thrust and Wheeler Ridge, and a

broad, gently north-sloping alluvial plain surrounds the actively deformed in their proximal parts by the growing

fold which is incorporating them into its forelimb (Fig. 8).east and north sides of the fold (Figs 8 and 9). Because

the Pleito Thrust trends obliquely to the axis of Wheeler The topography of the large alluvial fans which sweep

around the north-east and north-west sides of WheelerRidge and because it rides up on to the western end of

the fold, the piggyback basin between the Pleito Thrust Ridge suggests that they also have been deflected around

the growing anticline. Adjacent to the north side of theand the fold is topographically closed to the west.

Consequently, rivers that fail to cross the anticline must anticline, which is downstream with respect to the

regional drainage system, these large fans convergeflow toward the east (Figs 8 and 9), where they join

others and are either focused into a water gap or are (Fig. 8) toward a zone of reduced accumulation: a ‘depos-

itional shadow zone’. Antecedent rivers have exploiteddiverted around the plunging nose of the anticline. On

Fig. 8.Geomorphological map of

Wheeler Ridge, southern San Joaquin

Basin, California. Major structural

elements, and the locations of wind

gaps, water gaps, transverse faults,

locally derived fans and landslides are

shown. A piggyback basin lies between

Wheeler Ridge and the San Emigdio

Mountains. Several drainages within

the piggyback basin, as well as the

regional drainage pattern, have been

deflected by the rise of the anticline. dd:

deflected drainage.
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a

Fig. 10. (a) Shaded digital topography of the Wheeler Ridge region showing locations of topographic profiles. (b) Topographic

profile from the San Emigdio Mountains, across the Pleito thrust, and through the wind gap (profiles 5–7). For reference, the

gradient of the unperturbed alluvial fan to the east of Wheeler Ridge (profile 8, Fig. 11a) is shown. In comparison to the

unperturbed profile, the wind gap profile is steeper on the forelimb of the fold and more gentle both on the backlimb and within

the piggyback basin. The frontal gradient through the wind gap is less steep, however, than the fold forelimb because an alluvial

fan has been built on the downstream side of the wind gap. Topographic steps in the profile represent topographic fronts related

to the toe of a landslide and the Pleito thrust. Adjacent profiles cross the Wheeler Ridge anticline on the west (profile 6) and east

(profile 5) sides of the wind gap. Comparison between the profile through the wind gap with the unperturbed profile indicates

the amount of uplift since abandonment. Comparison of the wind gap profiles with adjacent profiles indicates the amount of

incision of the river in the wind gap prior to its abandonment. Note the flattened segment of the topography within the

piggyback basin. (c) Topographic profiles through water gap (profile 4) and through adjacent fold crests: east (2) and west (3).

Note the near parallelism of the gradient through the water gap with the unperturbed profile. Only a minor amount of filling of

the piggyback basin is evident. Profiles adjacent to the water gap indicate at least 100 m of incision since the antecedent stream

began to erode the rising anticline. (d) Successive profiles across the Wheeler Ridge anticline. The amplitude and width of the

fold increases from east to west. The shape of the fold is quite constant and displays a steeper forelimb than backlimb. (e)

Topographic profile along axis of fold (profile 1) showing plunge to east, elevated floor of wind gap, and the equivalent altitudes

of the water gap and the eastern termination of the fold. Height of the base of the wind gap above the local base level defines the

amount of uplift since abandonment. Each of the major topographic breaks is associated with a transverse fault.
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several of the transverse structures (Medwedeff, 1992)

which form weaknesses across the fold. The past and

present courses of two such rivers are represented by a

wind gap and a water gap within the uplifted part of the

fold and by a stream which flows adjacent to the fold’s

surficial termination. Along the former river course

through the wind gap, the highest point is situated

#230 m below the crest of the fold and #70–80 m

above the reconstructed gradient of the river just prior

to abandonment of its course across the fold (Fig. 10b).

Thus, erosion by this antecedent river managed to keep

pace with uplift during the first 75% of its growth above

local base level.

Why was the river course in the wind gap abandoned,

whereas the river within the water gap at present is

capable of maintaining its course? Although the answer

clearly resides in the balance between river incision and

crestal uplift, it is not possible to isolate definitively a

single variable that accounts for the defeat of the stream

that flowed through the wind gap. Within the uncertainty

of the published ages (Keller et al., 1989; Zepeda et al.,

1990) of surfaces along the axis of the fold, there is no

clear acceleration in the rate of fold uplift over time nor

does the mean uplift rate change significantly along the

exposed fold. Thus, it appears that the transverse river

was not required to incise more rapidly through time. It

is clear that, as the fold grew, it broadened (Fig. 10d),
Fig. 11. Schematic cross-sections of aggradation in piggyback

such that the river had to incise through a widening
basin and river-profile changes during fold growth. (a) Initial

region of uplift. It is likely, moreover, that increasingly
profile (dashed) deformed by uplift. Equal amounts of bedrock

lithified strata were being exposed at the erosional surface
uplift occur across the crest of the anticline, but the surface of

due to incision through the core of the growing fold. If the anticline slopes toward the basin, due to the vertical
discharge was held constant through time, then the river displacement of the pre-existing fluvial gradient. Note the
in the present wind gap may have been defeated because gentle gradient and new accommodation space upstream of the

increases in slope and resultant stream power were unable fold. (b) Uplift causes steepening of river gradient in forelimb

and aggradation in piggyback basin, where the gradient flattens.to counterbalance increasing bedrock resistance (Bull,
Knickpoint migrates upstream and flattens perturbed river1991).
profile through time (positions 0–3). (c) Next increment ofAlternatively, river avulsion and stream capture can
uplift (same vertical magnitude) causes widening of thebe explained as a natural result of continuing aggradation
anticline, folds pre-existing fluvial surface (3), creates new

behind the growing anticline, without the need for a
knickpoint and raises base level within the piggyback basin. (d)

variation in either bedrock resistance or structural uplift
More aggradation occurs in the piggyback basin as knickpoint

rate. In this scenario, the river flowing through the future
migrates upstream and profiles (positions 4–7) become

wind gap ultimately avulses toward the east and is smoother and gentler through time.
captured by an existing river that is flowing through the

water gap. Prior to this, when the anticline initially

begins to emerge above the alluvial surface, the river continues to widen (Fig. 11c,d), continued deposition is

forced by the folding and will raise the height of thegradient steepens across the forelimb of the uplifted zone

(Figs 11 and 12). This enhances stream power and surface of the piggyback basin upstream of a water gap

(Fig. 12). Because the fold is propagating toward theerosion on the forelimb, but also causes aggradation in

the piggyback basin due to the lowered gradient there east, enhanced deposition occurs in the western part of

the piggyback basin and creates an eastward gradientwhich results from folding (Fig. 11b,d). A stream-profile

knickpoint is generated at the junction of the fold within the basin. When combined with the fact that the

Pleito Thrust overrides Wheeler Ridge and closes theforelimb with the depositional plain. Unless this knickpo-

int manages to migrate upstream through the entire piggyback basin to the west (Figs 8 and 9), avulsion out

of this elevated and aggraded part of the basin wouldwidth of the uplifted area and across the piggyback basin

prior to the next deformation episode, both a steepened divert the river to the east.

The persistence of the present river in the water gapgradient across the fold itself and at least some of the

newly aggraded strata within the piggyback basin will may be accounted for in several ways. The fold is of

lower amplitude (Fig. 10c), such that less resistant stratapersist into the next episode of folding. Thus, as the fold
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lower slope than that through the water gap when it was

occupied by an antecedent river.

Comparison of the topographic profiles through the

wind and water gaps is instructive (Fig. 10b,c), especially

when compared with the ‘unperturbed’ profile east of

the fold (#8, Fig. 10). In the vicinity of the wind gap,

the gradient across the backlimb of the fold and the

piggyback basin is much lower than the unperturbed

gradient, and up to 100 m of sediments appear to have

accumulated within the piggyback basin. By comparing

the profiles through and on either side of the wind gap

(Fig. 10b), the eastward slope of the surface of the

piggyback basin is apparent. These observations are

consistent with the models presented above and suggest

that aggradation in the piggyback basin may play a key

or controlling role in the defeat of formerly antecedent

rivers. Topographic profiles through the water gap

(Fig. 10c) are nearly parallel with the unperturbed profile,

both upstream and downstream of the fold. About 30 m

of aggradation has occurred upstream of the fold, how-

ever, and the stream gradient is steeper across the fold

itself. Whereas these observations are consistent with the

models, the absence of a lowered surface gradient within

the piggyback basin is not. Instead, it appears that the

water and sediment fluxes across the piggyback basin

have been sufficient to re-establish the gradient that

existed prior to folding.

In the context of conceptual models of responses to

folding (Figs 2–5) that would be recorded at Wheeler

Ridge in the stratigraphic record, i.e. in the subsurface,

we would expect to see no significant change in prov-

enance on either side of the fold, even after defeat of the

stream which flowed through the present wind gap,Fig. 12. Schematic models of aggradation in piggyback basins
because the gravels being uplifted and eroded in the foldand variable river gradients across growing, plunging anticline.
are similar to those being carried out of the San Emigdio(a) Variation in gradients across a rising structure as a function
Mountains today. When comparing strata that wereof fold width. An equal amount of uplift is assumed along the

deposited on the distal, north side of the fold prior toentire structure. Aggradation in the piggyback basin is sufficient

to allow transverse rivers to flow directly into the water gaps. and following the defeat of the stream through the wind
The comparative stream gradients among the rivers are a gap, however, we would see significant increases in the
function of the variable width of the uplift. Given equal- mean depositional slope and reductions in the size of
discharge transverse rivers, the narrowest part of the structure channels, their lateral extent, and calculated palaeodis-
has the steepest gradient and the highest stream power. (b) If

charges. Following defeat of the stream that flowed
the stream gradient across the uplifted area is the same in each

through the wind gap, increases in palaeodischarge and
transect, then as the structure widens, the amount of

slight decreases in depositional slope or grain size might
aggradation in the piggyback basin must also increase. The

be expected in the vicinity of the water gap. Within theresulting elevation increase in the piggyback basin could
piggyback basin along transects from west to east andpromote avulsion and deflection of the transverse river flowing
from old to young, we would also expect to see palaeodis-across the widest part of the uplift. (c) If a transverse river is

charge increases and a greater proportion of channelsdefeated, its previous course across the fold will be warped by

continuing uplift and its discharge will augment that of another orientated parallel to the anticline as defeat of antecedent
river. Given the enhanced discharge, the expanded river can streams diverted flow toward to east.
display higher or equivalent stream power, despite a lower

gradient across the fold, and it can still incise at a pace
Alaska North Slope and Brooks Rangeequivalent to the uplift rate.

Another perspective on interactions between rivers and

growing structures can be derived from remotely sensedare exposed to erosion. Its catchment, and presumably

its discharge, is more than six times larger than that of data of surficially expressed folds. Based on satellite

images of active fold-and-thrust belts, patterns ofthe river which traversed the wind gap. Thus, greater

stream power could be maintained, even on a significantly deflected, defeated and antecedent streams can be defined
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with respect to folded structures, and interpretations can important primary control. The Sadlerochit River main-

tains an undeflected path across the coastal plain. Givenbe made of the changing balance between stream power,

incision rates and uplift rates. that the Marsh Creek anticline is seen in the subsurface

to the north-east of the Sadlerochit River, it seems likelyTwo surficial anticlinoria developed near the leading

edge of the north-eastern Brooks Range fold-and-thrust that the river’s stream power has been sufficient to

maintain its course in the face of continued uplift of thebelt in northern Alaska, the Sadlerochit Mountains and

Marsh Creek anticlinoria (Bader & Bird, 1986; Kelley anticline.

Geomorphology to the south in the Sadlerochit& Foland, 1987; Meigs, 1990; Wallace & Hanks, 1990),

have profoundly impacted the fluvial network which lead Mountains indicates contrasting long-term histories for

the Katakturuk and Sadlerochit Rivers. The Katakturukfrom the Brooks Range to the Beaufort Sea (Fig. 13).

Although the deformation in this region probably initiated River occupies a deeply incised water gap which traverses

the narrow, western part of the range (Fig. 13). Thein the early Palaeocene (O’Sullivan et al., 1993), late

Neogene deformation in the coastal plain and in the Sadlerochit River, in contrast, flows around the eastern

nose of the Sadlerochit Mountains anticlinorium. TheSadlerochit Mountains is indicated by stratigraphic, geo-

morphological and seismological data (Grantz & May, prominent Sunset Pass wind gap traverses the broader

eastern portion of the range (Fig. 13). This map con-1982; Bader & Bird, 1986; Kelley & Foland, 1987; Russell

& McMillen, 1987; Combellick, personal communica- figuration is remarkably similar to that observed at

Wheeler Ridge (Fig. 8). Spatial association of a wind gaption). Observation of the distribution of rivers and the

positions of wind and water gaps with respect to these near the termination of a plunging anticline and diversion

of a river around the anticline’s nose suggests that thetwo anticlinoria implies that the deformation related to

both these structures is on-going. Sadlerochit River once flowed through the Sunset Pass

wind gap and was forced to relocate as the anticlinoriumOn the north, the Marsh Creek anticline is expressed

at the surface by folded upper Cretaceous to Pliocene continued to rise and the river could no longer keep pace

with the rate of uplift. Today, the low point in the windclastic rocks of the foreland-basin succession (Fig. 13)

(Grantz & May, 1982; Bader & Bird, 1986;Kelley & gap is only 200 m above the alluvial plain to the south,

whereas it lies >750 m below the ridge crests on eitherFoland, 1987). Folding is interpreted to be a reflection

of intense structural thickening in older rocks at depth side of the gap. This suggests that, during the initial

750 m of uplift above local base level, the river success-(Kelley & Foland, 1987). Three rivers, the Katakturuk

River, Marsh Creek and the Sadlerochit River, flow from fully incised through the growing structure, and that

only recently was the river diverted.south to north across the crest of the east-plunging fold

(Fig. 13). A difference in discharge between the three As at Wheeler Ridge, the river’s diversion could be

attributable to several causes: lowering of the streamrivers is suggested by the size and location of their

catchments. Overall, there is a south-to-north decrease gradient across a broadening structure that caused a

reduction in stream power, aggradation within the piggy-in precipitation across the Brooks Range, so that catch-

ments in the south will have higher discharges than back basin causing avulsion, changes in discharge or

sediment load or changes in bedrock resistance. In thesimilarly sized catchments in the north. Marsh Creek’s

catchment lies entirely within the Sadlerochit Mountains Brooks Range, it is also possible that diversion had

another cause: Pleistocene glaciers blocking drainages andon the north side of the range, the Katakturuk River

drains both the Sadlerochit and Shublik Mountains, and re-directing rivers along their margins. Remotely sensed

data cannot indicate which is the most likely cause, butthe Sadlerochit River drains portions of each of these

ranges, as well as a significant area of the Brooks Range can help to eliminate some possibilities. The reach of the

river where it crosses the range is about twice as longto the south of the study area (Fig. 13) (see also U.S.G.S.

Mt Michelson 15250 000 quadrangle). The courses of for the Sadlerochit River as for the Katakturuk River.

Given approximately the same vertical drop across theboth the Katakturuk River and Marsh Creek change

orientation over short reaches where they encounter the structure (200 m), the slope of the Sadlerochit River

would be about half of that of the Katakturuk River, andanticline. Marsh Creek flows to the north-east, parallel

to the contact between lower and upper Tertiary rocks for comparable discharges, stream power would be

decreased by this amount in the Sadlerochit River: thison the south-east limb of the fold for several kilometres

before turning northward across the crest of the fold. In could cause abandonment as the zone of uplift widened.

The catchment of the Sadlerochit River and its inferredcontrast, the Katakturuk River flows across the crest

before flowing parallel to the contact between the two discharge, however, is 6–10 times greater than that of

the Katakturuk River. Therefore, despite a lower slope,Tertiary units on the north-west limb of the fold. The

Katakturuk River’s greater discharge and inferred greater its stream power should still be 3–5 times greater and

should not be the cause of abandonment.stream power may explain why it flows across the crest

of the fold, whereas Marsh Creek is diverted parallel to The bedrock is very similar at both the water and

wind gaps, so that differential bedrock resistance isit. Given that these streams on opposite sides of the fold

are localized along the same lithological contact, differen- unlikely to have caused abandonment of the course

through the wind gap. If discharge, river width, uplifttial erodability of dipping beds appears to exert an
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(A)

(B)

Fig. 13. Satellite image (A) and interpretive map (B) of a portion of the Mt Michelson 1:250 000 quadrangle in the north-eastern

Brooks Range. Geology compiled from Bader & Bird (1986), Meigs (1990) and Rogers (1989). Wind gaps, water gaps and

deflected streams result from interactions of the regional drainage system with growing folds and faults.

rate and bedrock resistance are approximately constant and capture by a lower drainage to the east. Satellite

images reveal glacial moraines both east and south of thethrough time, then, as the zone of uplift broadens,

aggradation should occur in the piggyback basin south terminus of the uplifted zone and suggest another poten-

tial cause of diversion. These glaciers flowed northwardof the uplift (Figs 11 and 12). As at Wheeler Ridge, this

could eventually lead to avulsion out of the wind gap out of the Brooks Range, and it is quite possible that
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they physically blocked or diverted the Sadlerochit River palaeotopography and palaeovalleys. Finally, the overall

along their margins, away from its previous course geometry of the regional depositional system during fold

through the wind gap, and into its present position. growth has been examined on the basis of >1500

Thus, although variations in bedrock resistance or the palaeocurrent measurements collected from furrowed
width of the uplift appear unimportant in controlling the bases of conglomerates and from clast imbrications. This
diversion, no clear choice can be made among the other study area in the Catalan Coastal Range provides clear
options without better control on the history of aggra- stratigraphic evidence for the synchronous growth of two
dation in the piggyback basin, discharge changes, con- elongate folds with limbs that underwent major rotation
trasts in sediment loads and glacial variations. during folding. Throughout much of the fold growth,

depositional rates outpaced crestal uplift rates, such that

rivers flowed across the fold crests. Palaeovalleys and

palaeotopography strongly influenced early drainageANCIENT FOLDS AND FAULTS AND
development, and there is clear evidence for thrust faultsCOEVAL DEPOSITION
that cut the depositional surface and influenced local

Studies of modern growing folds permit geomorpholog- deposition.
ical processes and responses in deforming terrains to be

examined in considerable detail. The temporal evolution
Peñagalera Conglomerate, NE Spainof the geomorphology and fluvial systems associated with

folds, however, is often best reconstructed through the
Geological setting

use of subsurface information. In modern settings, seismic
The south-eastern margin of the Ebro Basin in Spainand/or drill-hole data can provide some insights on fold

(Fig. 14) is delineated by the Catalan Coastal Rangesevolution and related geomorphological systems. Steeply

dipping beds, such as those on fold forelimbs, and which, during Eocene and Oligocene times, were the

stratigraphic data at the scale of individual strata or small hinterland source areas for coarse-grained alluvial fans

groups of strata are, however, difficult to resolve with that were shed into the Ebro Basin (Anadon et al., 1986;
most seismic data. Typically, these features can be exam- Colombo & Vergés, 1992). The hinterland in the SW
ined in more detail in ancient folds and related syntectonic part of the range consists primarily of Mesozoic carbon-
strata. When folds are well exposed in cross-section and ates strata that have been imbricated by numerous
are associated with well-preserved growth strata (Suppe NE-striking, NW-vergent thrust faults. A regionally
et al., 1992; Vergés et al., 1996), it is possible to important decollement level is localized in Triassic evapo-
reconstruct the history and style of folding and to test rites (Domingo & Olmedo, 1985; Roca, 1992). Most of
whether several folds developed synchronously or in a the contractional deformation occurred during Palaeogene
series of discrete events. In addition, the regional evol- times due to the convergence of the Iberian peninsula
ution of drainage systems in response to changes in the with south-western France.
style and/or rate of deformation can be analysed.

The study area lies 150 km WSW of Barcelona near
In comparison with modern settings, however, there

Beceite and Arnés along the interface between the
are several common disadvantages in studying ancient

thrusted pretectonic carbonate strata of the SW Catalan
folds. It is usually impossible to document each individual

Coastal Ranges and the alluvial apron of the adjacent
fluvial system or to determine the geometry of their

Ebro foreland (Fig. 15). Palaeogene conglomerates are
catchments. It is difficult to define many geomorpholog-

folded into an elongate syncline that stretches for 18 km
ical parameters such as discharge, stream power or slope.

parallel to the thrust front. The syncline’s south-east
Even when high-quality, three-dimensional exposures are

limb is commonly vertical to overturned adjacent to the
available, it is usually impossible to define reliably all of

exposed pretectonic strata, comprising primarily
the coexisting river patterns or to reconstruct even a

Mesozoic carbonates (Figs 15 and 16). A complex suite
single, complete fluvial system at one specific time.

of anticlines and thrusted anticlines in these carbonatesNonetheless, well-preserved ancient strata can provide
abuts the proximal, south-eastern limb of the conglomer-a complementary perspective to that derived from the
atic syncline. The syncline itself is #1.5–2 km wide. Anexamination of modern folds. Here, we describe a well-
anticline to the north-west of the syncline, with which itexposed region of folds, faults and syndeformational
shares a common limb and parallel trend, has variablestrata in north-eastern Spain, where we have mapped
structural relief along its length. A structural saddlelarge-scale bedding geometries and thickness variations
midway along the anticline’s length indicates the zone ofin order to define the successive development of several
least structural relief. Progressing from this saddle towardfolds. In this same area, cross-cutting relationships among
the SW, the anticline evolves from a largely symmetricalalluvial strata and thrust faults and localized variations
fold with limbs dipping <45° into a strongly asymmetricin the depositional regime are used to constrain the
fold with an overturned north-western limb (Fig. 16).behaviour of faults that cut the former land surface,

Prefolding Palaeogene strata are exposed in the core ofwhereas unconformities, onlapping stratal geometries and

karstified landscapes have been used to reconstruct the anticline along most of its length. Still further toward
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Fig. 14. Simplified geological map of

north-eastern Spain, showing Ebro

foreland basin, Pyrenees, Iberian Range

(IR) and the Catalan Coastal Ranges

(CCR). Box indicates location of study

area. Map based on Vergés (1993).

Fig. 15. Simplified geological map of study area in the south-western Catalan Coastal Ranges, showing Peñagalera, Beceite, large-

scale structures and major rivers. This study focuses on the growth synclines parallel to the folded and thrusted hinterland which

comprises predominantly carbonate thrusts sheets.

the SW, the anticline attains its maximal structural relief Fig. 17b). In most places, their entrance into the foreland

coincides with a structural re-entrant, rather than with ain the hangingwall of an emergent, NW-vergent thrust

involving Triassic and younger strata near Beceite salient, or they occur along an apparent zone of wrench

faulting where displacement is transferred to a more(Fig. 15). Several small rivers exit the thrusted hinterland

at high angles to the trends of the thrusts (sites a–e, forelandward thrust fault.
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Fig. 16. Simplified cross-section near Peñagalera showing two growth synclines and the interpretation of buckle folds underlying

the intact and breached anticline. Note strong overturning of the forelimbs of the folds and the constant thickness of unit 1

across the central anticline. This indicates that growth of this anticline began after deposition of unit 1. See Fig. 15 for location.

for fold growth during deposition. Equivalent strata on
Nature of folding

the south-eastern limb of the anticline display only a

Extensive exposures of syntectonic strata permit the minor rotation. This contrast between the rotation
sequence and style of folding to be clearly defined in recorded by the two limbs is instructive, because both
much of the study area. Within the south-east limb of limbs experienced the same crestal uplift of the interven-
the syncline and the north-west limb of the anticline ing anticline. Differential rotation appears to be a result
within the conglomerates, Palaeogene alluvial strata dis- of the asymmetric shape of the fold (overturned forelimb
play a progressive rotation and steepening of bedding vs. gentle backlimb) and the proximity of the preserved
toward the south-east (Figs 15 and 16). Where beds can strata to the fold crest. The less differentially tilted strata
be traced from the core of the syncline toward its to the south-east are both on a gentler limb and further
margins, the individual beds and groups of beds can be from the fold crest (Fig. 16). Near the axis of the growth
shown to thin toward the south-eastern limb of the syncline, little or no rotation would be expected (Fig. 6).
syncline. The stratal rotation and bed thinning are The youngest preserved conglomeratic strata are mod-
consistent with growth folding: deposition was synchron- erately tilted in most localities. Within the resolution of
ous with folding and systematic changes in bedding

this poorly dated succession therefore synchronous fold-
thicknesses are primarily due to differential folding

ing of these parallel structures persisted until the end of
(Suppe et al., 1992) that caused accommodation space to

recorded deposition. Projections of differentially tilted
vary on a scale commensurate with that of the wavelength

conglomeratic bedding across the anticlinal crest indicate
of the folds. Correlation of differentially rotated synclinal

that #400–500 m of erosion of the crestal region
strata across the intervening anticline provides clear

occurred during folding (Fig. 16). All of this erosion
evidence for synchronous growth of both folds (Fig. 16).

represents bevelling of apparently weakly cemented, syn-
Thus, for at least part of the Palaeogene deposition, serial

tectonic conglomerates as they were lifted above the local
folding occurred adjacent to the thrusted basin margin.

base level and were intersected by transverse rivers.
During the initial stages of deformation, however, it

There is no unique solution for the underlying struc-
appears that the south-eastern (proximal) folds in the

ture of the cross-section (Fig. 16). Detachment folding
Mesozoic carbonate strata began to develop prior to the

could generate the observed fold geometries ( Jamison,outer, distal fold. Whereas the basal conglomeratic unit
1992; Epard & Groshong, 1993; Hardy & Poblet, 1994;(unit 1, Fig. 16) shows clear evidence for syndepositional
Homza & Wallace, 1995) and would be consistent withrotation where it abuts the hinterland to the south-east,
the mobility of the Triassic strata which appear to occupyit displays uniform thicknesses on both flanks of the
the core of the folds (Domingo & Olmedo, 1985).anticline. Moreover, there is little variation in stratal dips
Alternatively, the core of the folds could comprise anwithin unit 1 on either limb of the anticline, although
imbricated stack of thin thrust sheets. This could bethere are strong dip contrasts between the limbs. This
considered consistent with the style of thrust imbricationconsistency in thickness between limbs and in dip within
that is seen within the Catalan Coastal Ranges to thelimbs argues against any rotation or uplift of this anticline
south-east (Fig. 15) of this study area (Domingo &during deposition of unit 1.
Olmedo, 1985). Both models could explain the strongOn the distal, north-western flank of the anticline, the

forelimb rotation that is observed. We choose here theyounger conglomeratic strata (units 2–4; Fig. 16) display

a clear fanning of dips and provide unambiguous evidence detachment-fold geometry for its simplicity and its simi-
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Fig. 17. (a) Palaeocurrent directions
(> 1500 measurements) between

Peñagalera and La Roca de Benet. About

80% of the measurements in each

palaeocurrent rose represent orientations

of furrows on the bases of large

conglomeratic beds. The remaining

directions are based on clast imbrications

and cross-beds. Largely transverse

drainage dominates the region, despite

active folding during deposition. Most

deviations from the transverse pattern

appear to represent either flow into

interfan areas between major drainages,

the influence of palaeochannels or

moderate deflection of rivers by the

growing anticline. (b) Interpretation of

palaeocurrent roses. Major drainages enter

the foreland at sites a–e and are associated

with re-entrants and zones of wrench

faulting. A bajada of conglomeratic,

transverse fans dominates the proximal

area. Convergent flow at site f suggests an

interfan zone. Flow in the central region is

consistently transverse across the anticline

in the foreland and appears focused in the

structural saddle near site i and near site h.

In the Rio Ulldemó re-entrant (site a), a

palaeovalley (site g) re-directs flow to the

north until the valley is filled and rivers

flow directly to the north-west.

Palaeocurrents in the youngest units

<1 km north of Peñagalera appear be

deflected by the growing anticline.

larity to many other folds in north-eastern Spain (Anadon the regional structure. Although the observation that

rivers appear to have flowed unperturbed across theet al., 1986; Vergés, 1993).

anticlinal crest would often be interpreted to suggest that

the accumulation rate exceeded the crestal uplift rate
Depositional response to concurrent folding

(Fig. 3 or 2), the specific cross-section here (Fig. 16), in

combination with the palaeocurrent data, suggests thatGiven the amplitude and sequence of fold development

as determined from the syntectonic strata, it is possible the fold crest was simply eroded as it was uplifted

(Burbank & Beck, 1991). Therefore, rivers were able toto investigate how the fluvial system interacted with the

growing folds. Based on more than 1500 palaeocurrent traverse it without significant obstruction, but the rate of

structural uplift of the fold would have exceeded the ratemeasurements collected from an array of >30 sites,

syntectonic deposition appears to have been dominated of aggradation along its limbs. We cannot test the possibil-

ity that water gaps existed across the crest of the anticlineby transverse fluvial systems that flowed to the north-

west (Fig. 17). In general, little deflection of drainages is because the contact between the pre- and syntectonic

strata is not preserved along most parts of the fold crest.apparent across the crest of the anticline and, with few

exceptions, the flow directions are nearly orthogonal to The most abundant palaeocurrent data come from the
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inner growth syncline which is dominated by transverse Palaeogene conglomerates and the hinterland thrust

sheets and folds (Fig. 16). The distal, western limb ofpalaeocurrents in its central and south-western parts. In

the north-east, there is a substantial component of west- this syncline is defined in its lower part by a wall of

Mesozoic carbonate strata against which the syntectonicward flow, oblique to the synclinal axis. These oblique

directions suggest that the river exiting the hinterland conglomerates onlap (Fig. 18). Although the contact

between the carbonates and the conglomerates is notnear the Roca de Benet (site e, Fig. 17) was commonly

deflected toward the south-west by the rising anticline exposed along its full length, the upper 50 m of the

exposure reveals a buttress unconformity where conglo-in its path toward the foreland. In the proximal syncline

between the Rio Estrets and the Rio de les Valls, there meratic strata abruptly abut the carbonates along a highly

discordant contact. Carbonate breccias derived from theappears to be convergent flow. If the past positions of

these rivers as they emerge from the hinterland were nearby bedrock are preserved along the onlap contact.

Whereas the contact itself dips steeply, the conglomeratesimilar to those of today, the region of convergent flow

could be interpreted as an interfan region which lay beds dip gently toward the contact and clearly indicate

that the wall of carbonates represented palaeorelief whichbetween two larger fans with radii of 1–2 km (site f

on Fig. 17). was progressively onlapped by the aggrading syntectonic

conglomerates. Hence, this defines the western marginDue to poorer exposures and gentler tilting of the

north-western limb of the outer anticline, there are fewer of a palaeovalley. The topmost contact of the Mesozoic

carbonates is an undulating surface overlain by #100 mpalaeocurrent data presently available from this fold.

Nonetheless, the data are consistent with transverse flow of younger, subhorizontal conglomerate (unit 4, Fig. 18).

This gently inclined depositional contact providesacross at least the central part of this fold (Fig. 17).

Unlike the inner syncline which is uniformly dominated additional evidence for palaeorelief during the early stages

of syntectonic deposition, because it fossilizes a karsticby conglomerates and appears to represent an ancient

bajada, considerable lateral facies variability characterizes weathered zone on the carbonates. Depressions #10 m

deep and filled with locally derived breccias are foundthe north-western limb of the outer anticline. Thick

conglomerate bodies appear to be concentrated in a few along the upper surface of the carbonate. We interpret

these solution features and breccias to have developeddiscrete zones (sites h and i, Fig. 17), whereas interbedded

sandstone and overbank deposits are more abundant in when the carbonate strata stood in isolated relief above

the adjacent landscape (Fig. 19).the intervening areas. Thus, although transverse palaeo-

currents dominate the bajada of the internal growth Palaeocurrents along the northern projection of the

palaeovalley are orientated to the north (Fig. 17). Othersyncline, the main rivers appear to have been more

focused by the time they crossed the outer syncline. This than the interfluve–interfan regions previously described,

this is one of the few places within the study area wherefocusing is interpreted to have two causes. First, focusing

results from partial deflection of some of the tributary the observed palaeoflow in a proximal locality is not

transverse to the mountain front. The oblique diversionrivers (entering from sites a and e, Fig. 17) as they

approached the rising anticline. Second, near the struc- of flow is interpreted to result from channellization by

the palaeovalley through remnant topography that hadtural saddle (between sites f and i, Fig. 17), uniform dips

through nearly all of the exposed conglomerates on each been etched in the pretectonic strata prior to conglomer-

atic deposition. This flow is interpreted to turn to theside of the anticline indicate that the anticline grew here

near the end of deposition. Thus, it was a structural low north-west as it joined a larger river near the present

course of the Rio Algas. When the palaeovalley wasduring most of the depositional history recorded here.

Lateral propagation of the adjacent anticlines towards overtopped by unit 4 (Fig. 18), flow appears to have

become more north-westerly (Fig. 17b), directly out ofthis saddle would tend to deflect flow into it. In contrast

to the individual rivers entering the foreland or to rivers the re-entrant. Any flow to the north would have been

diminished, which may account for the flow directionswhose catchments lay exclusively within the proximal

foreland, the major rivers crossing the anticline would parallel to the synclinal axis in the youngest strata north

of Peñagalera: due to diminished stream power, the riverhave had higher discharges, and conglomerates should

have prograded further along the courses of these was no longer able to bevel the rising anticline and was

deflected parallel to it. Similar palaeovalleys and flowfocused rivers.

diversion have been documented in syntectonic conglom-

erates of the Pyrenees (Burbank & Vergés, 1994).
Palaeovalleys

Due to cover within the growth syncline, bedding

geometries and contact relationships along the palaeoval-An illustrative example of a palaeovalley and its influence

on drainage patterns can be found in the SW quadrant ley wall cannot be fully documented. Conglomeratic

strata that are abruptly folded near the contact with theof the study area. At present, the Rio Ulldemó emerges

into the foreland through a structural re-entrant south carbonates attest to later folding of both walls of the

palaeovalley. Pronounced unconformities and strongof Peñagalera (site a, Fig. 17). A pronounced, N–S-

orientated growth syncline with an overturned proximal differential rotation of strata within the growth syncline

indicate that considerable horizontal shortening occurredlimb is present along the boundary between the
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Fig. 18. Simplified geological map of the Rio Ulldemó re-entrant, including a palaeovalley bounded by a buttress unconformity

on its western margin. Abrupt rotation of units 1–3 adjacent to the hinterland defines a strongly deformed growth syncline. The

north-trending thrust cuts unit 3 and the base of unit 4. Map based on field data and photographic interpretation.

the eastern margin of the growth syncline. At the same

time, unless the carbonates which delineate the buttress

unconformity created >200 m of palaeorelief above the

floor of the palaeovalley at the initiation of conglomeratic

deposition, this distal wall of the growth syncline must

also have been rising above an active fold or fault.

Thrust faults at the surface

Whereas some of the faulting in this study area can be

shown to post-date deposition, at least one active thrust

fault consistently cut the surface during most of its

activity. In the Rio Ulldemó re-entrant, the carbonate

strata which constitute the western wall of the palaeoval-

ley are truncated further to the west by a thrust fault

(Fig. 18). Traceable from the modern valley bottom, the

thrust fault is exposed as a nearly planar surface that

dips #30–35° to the east-south-east and delimits the

western edge of the exposed pre-Cenozoic bedrock in
Fig. 19. Schematic sequential evolution of folds, thrust and this re-entrant. Large carbonate boulders and locally
growth strata in the Rio Ulldemó re-entrant. The right-hand

derived breccias are preserved in the nearly horizontal
growth syncline (steps B–E) continuously deforms, as the fold

conglomerate strata that are cut by the thrust. The
amplitude increases and the syncline tightens due to strong

presence of these sedimentary breccias indicates that the
translation of the anticline. Angular unconformities bound each

carbonate rocks in the hangingwall were exposed at theof the syntectonic units in the syncline. The thrust fault cuts a
surface during thrusting (Fig. 7). It appears thereforesecond anticline and transports the right-hand growth syncline
that the conglomerates were simultaneously aggradingin its hangingwall. Thrusting is coeval with deposition of units

and being cut by the active thrust, and it seems likely2 and 3, but wanes and is overlapped by unit 4. For location of

section, see Fig. 18. that the rates of aggradation and vertical uplift of the

hangingwall were comparable. At the thrust’s uppermost

extent, #200 m above the valley bottom, it clearly offsetsduring deposition (Vergés et al., 1996). Much of this

shortening was driven by westward transport of the the basal conglomeratic beds that overlapped the carbon-

ate strata of the hangingwall. Thus, even as the rate ofoverturned anticline in the carbonate strata that bounds
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aggradation began to exceed the rate of thrusting and geological conditions. Is it accelerated rates of crestal

uplift, enhanced rates of sediment supply from theuplift, newly overlapping strata were cut by the thrust

(Fig. 18). Along the upsection projection of the thrust, hinterland, increasing resistance to erosion of the sub-

strate or climatically controlled changes in discharge andseveral additional conglomerate beds are folded with the

same sense offset as seen on the thrust. These strata stream power that cause a formerly antecedent river to

be defeated? Often, it is impossible to calibrate thesethicken across the fault projection, whereas still younger

beds cross its projection without apparent deflection or variables in absolute terms. For example, reconstruction

of changes in elevation above an assumed ‘fixed’ datum,thickening: these clearly record the termination of

thrust motion. such as sea level or the geoid, is notoriously difficult in

terrestrial settings (England & Molnar, 1990; Molnar &

England, 1990; Gregory, 1994). Similarly, even if good-
Synchronous folding, faulting, and deposition

quality time control is available, the details of sediment-

accumulation rates are hard to determine because of theBedding geometries, depositional patterns and cross-

cutting relationships in the Rio Ulldemó re-entrant discontinuous time series represented by the chrono-

logical data (Badgley et al., 1986; Talling & Burbank,(Figs 18 and 19) clearly demonstrate one way in which

syntectonic strata can be used to document synchronous 1993), the unknown temporal gaps represented by each

bedding contact (Sadler, 1981; McRae, 1990), and thedevelopment of multiple structures. Less than 1 km to

the north, the cross-section (Fig. 16) illustrates the coeval unknown history of cementation, dissolution and com-

paction that have affected preserved thicknesses followingdevelopment of two growth synclines whose axes are

#3 km apart. Within the re-entrant itself, synchronous deposition (Sclater & Christie, 1980; Guidish et al., 1985;
Gallagher, 1989).growth folding and thrust faulting at the surface (Fig. 19)

is recorded by units 2 and 3 (Fig. 18). In the eastern Although absolute calibration of individual variables is

desirable, the relative rates or magnitude of competinggrowth syncline, both units are bounded by unconformit-

ies, and there is a fanning of dips within each: these sets of variables can sometimes yield key insights into

changes in these ratios through time and into the probableclearly result from folding due to growth of the anticline

to the east (Fig. 19). Moreover, the observation that the impact of these changes. The relative rate of sediment

accumulation vs. crestal uplift can be clearly recorded byunconformities are not limited to the proximal part of

the growth syncline (as is typical in many other folds: growth strata (Suppe et al., 1992; Burbank & Vergés,

1994). This ratio reveals whether a growing feature wouldFig. 6) indicates erosion cut deeply into the distal part

of the syncline as the forelimb steepened and became have had a topographic expression, whether or not an

antecedent river would have had to bevel off the crest ofoverturned. At this time, the rate of aggradation was

clearly slow with respect to the rate of crestal uplift and the structure in order to continue flowing across it and

whether onlapping or offlapping geometries should beforelimb rotation. To the west <1 km, unit 3 (and

possibly unit 2) is cut by the thrust fault described above. preserved on the fold limbs (Burbank & Vergés, 1994).

If even a single variable can be well understood, it canThe thrust is also interpreted to cut an underlying fold

in the pretectonic strata (Fig. 19). Some of this folding place definite limits on permissible interpretations. For

example, water discharge is a key determinant of streammay have been inherited from an earlier deformational

episode, because the subhorizontal, karstic upper surface power. If it can be shown through observations of cross-

sectional channel and bedding geometries (Willis, 1993)of the thrust’s hangingwall suggests weathering of a

palaeohigh during (and possibly prior to) the early stages that the palaeodischarge of a river did not change signifi-

cantly during the interval of interest, then the defeat ofof deposition. This surface was passively lifted above the

thrust ramp until it was overlapped by conglomerates as that river by a growing fold cannot be attributed to a

climatically modulated reduction in stream power or tothrusting waned (Figs 18 and 19). Along the line of

section, but 2 km further west, the growth of the major river capture. On the other hand, calculations of palaeo-

slopes (Heller & Paola, 1989) are still sufficiently impre-anticline also affected units 2–4 (Fig. 16). In the spatially

restricted Rio Ulldemó re-entrant therefore syntectonic cise that changes in stream power due to gradient

adjustments are usually impossible to resolve.sediments clearly demonstrate that two folds and an

intervening thrust were all active simultaneously during In some modern geomorphological situations, the erg-

odic hypothesis (in which space is substituted for time)deposition of unit 3.

can be used to analyse likely changes and responses in

the past. At Wheeler Ridge, for example, it appears that
DISCUSSION

the structure has grown through gradual propagation to

the east (Medwedeff, 1992). Given the ages for theEven when there is a clear conceptual understanding of

the ways in which depositional and erosional processes abandoned fluvial surfaces that form the crest of each

segment of the fold (Keller et al., Zepeda et al., 1990),may interact with growing structures, the multiplicity of

independent, competing and often hard-to-calibrate vari- the timing of this propagation and initial uplift of the

fold crest above the adjacent plain can be reconstructed.ables often makes it difficult to resolve unambiguously

the factors that control observed geomorphological or The eastern part of Wheeler Ridge can be studied as an
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analogue for geomorphological responses to an initial folds and related growth strata can permit sequential

reconstructions of an evolving depositional system in anuplift of a fold above base level, whereas the western

part provides an analogue for changes that are likely to actively deforming environment. Data on folds, faults

and palaeotopographic configurations in pretectonic strataoccur in the newly emergent part of the fold as it evolves

geometrically and geomorphologically. Based on digitized and on palaeocurrents, stratal geometries and sedimentary

facies preserved in syntectonic strata can be used totopography, the surficial characteristics of growing folds

can be quantified and compared along strike to investigate assess the competition between geomorphological, sedi-

mentological and tectonic controls on ancient landscapescorrelations between different facets of this geomorphol-

ogical system, such as those between fan size and the as they evolve through time.

Analysis of the geomorphology of the Wheeler Ridgeslope and relief of contributing areas. These relationships

can then form a basis for quantitative predictions of fold and conceptual models related to the defeat of

formerly antecedent rivers have some important impli-future changes in the surface of the fold and the surround-

ing landscape. Unless one has a clear understanding of cations for the analysis of fluvial patterns in ancient

piggyback basins. In general, piggyback basins will have(1) the subsurface geometry of the beds, (2) changes in

discharge, slope and bedrock resistance and (3) rates of depositional surfaces which slope toward an outer emerg-

ent structure and toward the open end of the piggybackaccumulation, uplift, subsidence or sediment supply

through time, one often can only speculate about the basin. Often the bounding structure is also propagating

in this direction. When an antecedent river is defeatedlong-term geometric evolution of a fold and the causes

of defeat and deflection of formerly antecedent rivers, by a growing anticline, its new course will be controlled

by these slopes within the piggyback basin. Therefore,despite improved understanding of processes and

responses in present landscapes. When space can be its deflected course will generally be parallel and adjacent

to the outer, bounding structure. In the stratigraphicsubstituted for time along a growing structure, however,

past and future changes in the geomorphological system record, unfortunately, it is these strata immediately adjac-

ent to a structure that are often removed during sub-can be better understood and predicted.

The data in this study indicate that even the growth sequent uplift and erosion. Consequently, the deflected

course of a defeated antecedent river may not be recorded.of folds with several hundreds of metres of relief does

not necessarily force rivers to reorganize. The rate and In contrast, strata in the middle of the piggyback basin

have a higher preservation potential. These strata maygeometry of fold growth, the resistance of the bedrock,

rates of aggradation and specific stream power determine indicate that the river in the piggyback basin was flowing

directly toward the outer, bounding structure, therebyhow antecedent rivers will respond to uplifts along their

courses. A simple geometric model, described here and suggesting that an antecedent river persisted across this

structure. In such a scenario, the stratal record on thesupported by topographic data from Wheeler Ridge,

indicates that aggradation within a piggyback behind a distal flank of the bounding structure becomes very

important, because here it may be possible to documentgrowing fold could readily lead to defeat of an antecedent

stream, irrespective of other changes in stream power, changes in provenance or channel size and style which

would indicate a contrast between the defeated river inresistance or uplift rate. Many piggyback basins display

an asymmetrical structural geometry, such that they are the piggyback basin and the smaller rivers with local

catchments on the distal flank of the structure.open at one end and are closed by overlapping thrusts

or folds at the other end. In this situation, almost any

river deflected by a growing structure must eventually
CONCLUSIONS

flow towards the open end of the piggyback basin. The

plunging noses of most growing folds propagate laterally A dynamic interplay between growing folds and

coexisting fluvial systems results from the interactions ofthrough time. Whenever a formerly antecedent river is

defeated by a growing and laterally propagating fold, its competing variables. Simple conceptual models suggest

that, when the rate of aggradation exceeds the rate ofcatchment area and discharge will increase as it is

deflected toward the open end of a piggyback basin. crestal uplift of a fold, rivers will flow without impedance

across the fold. When a fold develops a topographicThus, the probability of maintaining an antecedent course

across a growing fold increases toward the nose of a expression at the surface, the persistence of a river across

the structure is facilitated by high stream power, highpropagating fold, because increasing amounts of discharge

and the potential for greater stream power characterize rates of aggradation, low rates of hinterland sediment

supply, low rates of crestal uplift, small fold wavelengths,these rivers.

Limited exposures of growth strata adjacent to ancient readily eroded rocks in the core of the fold and the

presence of transverse structures. Within piggybackfolds and post-depositional modification of these strata,

however, typically preclude complete three-dimensional basins, deposition is caused by local base-level rises and

gentler fluvial gradients resulting from folding.description of any former landscape. Even in arid localit-

ies without vegetative cover, erosion has usually removed Aggradation in piggyback basins generates topographic

slopes that can favour avulsion, stream capture and defeatthe stratigraphic evidence of at least some key relation-

ships. Nonetheless, detailed field observations of ancient of antecedent rivers. Digital topographic data permit
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