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ABSTRACT long term (Howard et al., 1994). These conditions are commonly met in
Improved formulation of bedrock erosion laws requires knowledge mountainous and tectonically active landscapes, and bedrock channels are
of the actual processes operative at the bed. We present qualitative fieldknown to dominate steeplands drainage networks (e.g., Wohl, 1993; Mont-
evidence from a wide range of settings that the relative efficacy of the gomery etal., 1996; Hovius etal., 1997). As the three-dimensional structure
various processes of fluvial erosion (e.g., plucking, abrasion, cavitation, of drainage networks sets much of the form of terrestrial landscapes, it is
solution) is a strong function of substrate lithology, and that joint spac- clear that a deep appreciation of mountainous landscapes requires knowl-
ing, fractures, and bedding planes exert the most direct control. The edge of the controls on bedrock channel morphology. Moreover, bedrock
relative importance of the various processes and the nature of the in- channels play a critical role in the dynamic evolution of mountainous land-
terplay between them are inferred from detailed observations of the scapes (Anderson, 1994; Anderson et al., 1994; Howard et al., 1994; Tucker
morphology of erosional forms on channel bed and banks, and their and Slingerland, 1996; Sklar and Dietrich, 1998; Whipple and Tucker,
spatial distributions. We find that plucking dominates wherever rocks 1999) because they (1) communicate changes in boundary conditions (e.g.,
are well jointed on a submeter scale. Hydraulic wedging of small clasts climate or tectonics) across landscapes; (2) govern, to first order, system re-
into cracks, bashing and abrasion by bedload, and chemical and phys-sponse time to such perturbations; and (3) set the lower boundary condition
ical weathering all contribute to the loosening and removal of joint on hillslopes throughout a landscape. Unfortunately, the processes by which
blocks. In more massive rocks, abrasion by suspended sand appears taivers erode bedrock are not sufficiently well known at present to make de-
be rate limiting in the systems studied here. Concentration of erosion finitive, quantitative statements about the relation between critical param-
on downstream sides of obstacles and tight coupling between fluid-flow eters in widely used river incision models and specific sets of field condi-
patterns and fine-scale morphology of erosion forms testify to the im- tions (e.g., climate, lithology, and rock uplift rate).
portance of abrasion by suspended-load, rather than bedload, parti-  Robust, quantitative descriptions of the processes of fluvial incision into
cles. Mechanical analyses indicate that erosion by suspended-loadedrock and their dependence on climate, lithology, and channel slope
abrasion is considerably more nonlinear in shear stress than erosion by stand out as critical unknowns in the study of landscape evolution. In a re-
plucking. In addition, a new analysis indicates that cavitation is more cent review of current theoretical understanding of bedrock channel evolu-
likely to occur in natural systems than previously argued. Cavitation tion, Whipple and Tucker (1999) emphasized the importance of refining
must be considered a viable process in many actively incising bedrockknowledge of the processes of erosion active in bedrock channels. Whipple
channels and may contribute to the fluting and potholing of massive, and Tucker demonstrated that the quantitative relationship between erosion
unjointed rocks that is otherwise attributed to suspended-load abra- rate and channel slope (and thus shear stress or stream power) is a critical
sion. Direct field evidence of cavitation erosion is, however, lacking. In unknown in the study of bedrock channel dynamics because it strongly in-
terms of the well-known shear-stress (or stream-power) erosion law, fluences (1) fluvial system response timescale; (2) the relative importance
erosion by plucking is consistent with a slope exponemt)(of ~2/3to 1, of extreme hydrologic events in bedrock channel incision; and (3) the sen-
whereas erosion by suspended-load abrasion is more consistent with aitivity of channel morphology (gradient, width) and lowering rate to rock
slope exponent of ~5/3. Given that substrate lithology appears to dictatemass quality, climate, and rock uplift rate (defined relative to base level).
the dominant erosion process, this finding has important implications The last item governs how strongly coupled equilibrium landscape form is
for long-term landscape evolution and the models used to study it. to prevailing tectonic, lithologic, and climatic conditions, whereas the re-
sponse timescale governs how likely equilibrium conditions are to persist
MOTIVATION in an evolving landscape. Each of these critical aspects of landscape evolu-
tion dynamics is thus set by the physics of the processes of bedrock chan-
Much of the form and dynamics of mountainous landscapes is governebincision.
by the processes of bedrock channel erosion. Bedrock channels are charac-
terized by minimal and/or transient alluvial sediment storage and thus AePROACH AND SCOPE
cur wherever sediment transport capacity exceeds sediment supply over the
In this paper, we strive to clarify the mechanics and relative roles of
*E-mail: kew@mit.edu. known fluvial bedrock channel erosion processes, the interactions among
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these processes, and the factors that determine process dominance in @iftesion (e.g., Wohl, 1993). Indeed, dramatic evidence has recently bee
ent field settings. After establishing a qualitative conceptual framework &éited for the importance of volumetric expansion of biotites during weath-
the competition and interaction among the various processes of bedmyoig (Stock et al., 1996) and frost shattering in well-jointed, thinly lami-
erosion, we outline the apparent rate-limiting physical mechanisms drivirged sedimentary rocks (Dollenmayer et al., 1997). What is most lacking
each process in an effort to provide a useful framework for future developsur current understanding of fluvial bedrock erosion processes is knowl-
ment of a quantitative, physically based analysis of the long-term charedgie of the relative contribution of these various processes under differer
incision problem. Our analysis extends and updates the treatment in ldanditions. In addition, the physical mechanisms that comprise the
cock et al. (1998). Here we consider in greater depth (1) first-order scafingcesses of plucking, abrasion, and cavitation wear are only just beginnin
of forces involved in fluvial plucking and abrasion, (2) relative contributionie come to light (Miller, 1991; Wohl et al., 1994; Hancock et al., 1998; Sklar
of saltating and suspended sediment grains in abrasion, (3) the conditmkDietrich, 1998), and few researchers have considered the interactior
under which cavitation may occur and contribute to bedrock erosion, amdong processes that may importantly influence net erosion rates (e.g
(4) interactions between plucking and abrasion processes in long-t€nappell, 1974). Our field observations were motivated by the need to de
bedrock channel incision. In addition, we place our analysis in the contetbp a robust conceptual understanding of the mechanics of river incisior
of the well-known shear-stress (or stream power) erosion law in order toiste bedrock.
plore the implications of our findings for patterns, rates, and styles of land-
scape evolution. Morphological Constraints on Process Dominance

Our conceptual model for the competition between and interaction of
plucking, abrasion, and cavitation in bedrock river incision is drawn fromIn this section we use detailed, qualitative observations of the morphology
field study of erosion processes in actively incising bedrock rivers in a wafesrosional forms on channel bed and banks, and their spatial distribution
range of geologic, climatic, and tectonic settings (Table 1). Thus, in additiorinfer the relative importance of the various processes and the nature of tt
to the theoretical developments outlined above, we synthesize largelgrplay between them. We infer that plucking dominates where rock sur-
qualitative observations made in diverse field settings including the Indaises are predominantly exhumed joint, fracture, and bedding planes (henc
River, Northwest Himalaya of Pakistan; several rivers draining the westtarih referred to as joints), and bedload includes locally derived angular
Sierra Nevada, California; two rivers draining the Longmen Shan at tilecks. Conversely, we infer that abrasion dominates where surfaces ar
eastern margin of the Tibetan Plateau in China; and the Ukak Rivesnmooth and polished, where ripples, flutes, and potholes are prominently de
Alaska’s Valley of Ten Thousand Smokes. Together these field sites spamdteped, and where there is a lack of exhumed joint planes. Previous studie
cal river gradients from 0.002 to 0.200, bankfull discharge from 25 have also attributed the development of such erosion features to the action
4000 n#¥ s, and a wide range of substrate rock types, including (1) weldaborasion by suspended sand (Alexander, 1932; Maxson and Campbell, 193
tuff and competent sandstone, (2) low-grade metamorphic rocks (ChiBa)er, 1974; Wohl, 1992, 1993; Tinkler, 1993; Wohl et al., 1994; Zen and
and (3) granitic and high-grade metamorphic rocks (Table 1). This compteestegaard, 1994). In areas where both plucking and abrasion are visibly a
hensive overview of field observations comes at the expense of detdile a rough quantitative estimate of the relative rates of these processes ¢
quantitative field measurements of channel forms, rock propertiesbergained by estimating the volume percent of abrasion wear on recentl
process rates. Quantitative data presented here are limited to field estinpfteked joint blocks (i.e., for equal contributions of abrasion and plucking, a
of average joint (or fracture) spacing characteristic of the studied ri8®6 reduction in joint block size due to abrasion wear is expected). Whethe
reaches, which vary over two orders of magnitude from ~1 m to ~10aforasion is accomplished by bedload or suspended load can be inferred fro
(Table 1). Analyses of selected field sites most suitable to quantitativetive pattern of erosion on protuberances on the bed and the degree of coupli
vestigation of processes and process rates are presented elsewhere. Haetagen erosional forms and fluid flow patterns.
et al. (1998) presented a detailed account of the forms and rates of erosi@ur field observations unambiguously demonstrate a strong lithologic
by suspended-load abrasion from the Indus River field site. Dollenmagentrol of dominant erosion processes and commensurate rates of bed lo
etal. (1997) presented an initial accounting of a detailed study of pluckiagng. Over the full range of channel gradient and bankfull discharge condi-
dominated erosion on the upper Ukak River in Alaska. tions examined, wherever rocks are well jointed on a submeter scale, w

Herein we consider strictly fluvial erosion processes, intentionally omfind that plucking is the dominant process (Table 1). Moreover, this obser-
ting discussion of debris-flow scour and glacial erosion. Moreover, we fosagion holds true for all bedrock types examined, including moderately
primarily on physical erosion (detachment) processes, and only briefly diglded tuff, competent sandstone, low-grade metamorphic rocks, and high
cuss weathering processes that act to prepare the bed for erosion. Ergeiole metamorphic and granitic rocks (Table 1 and Fig. 1), and is consister
by solution, which is unlikely to rival physical erosion processes in most agth previous accounts of plucking erosion in well-jointed rocks (Miller,

tively incising environments (e.g., Wohl, 1993) is not discussed. 1991; Tinkler, 1993; Wende, 1996). Intrinsic rock strength appears to be of
subordinate importance to the jointing characteristics of rock units as ob
FIELD CONSTRAINTS ON ACTIVE PROCESSES served in studies of the stability of rock slopes (Selby, 1980). Although our
field observations are insufficient to define a quantitative relationship, the
Processes Contributing to Bedrock Channel Erosion threshold joint spacing for erosion by plucking clearly varies with stream

discharge and gradient, with maximum block size entrained ranging from
The suite of processes that potentially contribute significantly to bedr@i#3 m on the Indus River to 1-1.5 m on the larger Sierran rivers to ~0.5 r
channel erosion have long been known to include plucking, abrasion (dnehe smaller Sierran streams (Table 1).
to both bedload and suspended load), solution, and cavitation (Alexandevisual inspection of the degree of abrasion wear on recently pluckec
1932; Maxson and Campbell, 1935; Barnes, 1956; Baker, 1974; Sheplwodks and exhumed joint planes indicates that, where active, plucking is
and Schumm, 1974, Foley, 1980; Howard and Kerby, 1983; Miller, 193gsily an order of magnitude more efficient than abrasion (abrasion wea
Wohl, 1992, 1993; O’Connor, 1993; Wohl et al., 1994; Zen and Prestegafydically has removed well less than 10% of the volume of recently, or
1994; Wende, 1996). In addition, chemical and physical weatheringarly, extracted blocks; Fig. 1). Under extreme conditions, rates of erosior
processes must contribute through weakening and preparation of the bduyfpiucking can approach a decimeter per year (Dollenmayer et al., 1997)
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For comparison, although the highest known rates of erosion by abragiimeshold shear stress below which no erosion occurs should be included in
reach 4 mm yr, these high rates are restricted to the axes of deep flusgyation 2, but is often omitted in the interest of retaining the simple form
which must migrate across the bed to accomplish overall bed-surface lofthe shear-stress erosion law (equation 1).
ering (Hancock et al., 1998). Average erosion rates determined on theseveral researchers have recently demonstrated that the area and slope
fluted surfaces using cosmogenic radio nuclide dating indicate that net lewponentsrandn) in the shear-stress erosion law exert a profound influ-
ering rates by abrasion are an order of magnitude less than local maxineade on the rates and styles of landscape evolution (Howard et al., 1994;
flutes and potholes (Hancock et al., 1998). These quantitative estimates®lggien and Bras, 1995a; Tucker, 1996; Whipple and Tucker, 1999). Whip-
port the primarily morphologic evidence (Fig. 1) that plucking is the ratgle and Tucker (1999) stressed that the mechanics of the dominant erosion
limiting process of erosion through jointed bedrock. process (equation 2) most directly control the values of these critical expo-

In more massive rocks, abrasion by suspended sediment appears tehis. This follows because the ratio of area and slope expomémts(
rate limiting, particularly in the larger, more powerful rivers studied heegjuation 1 can be shown to be approximately constant for a broad subset of
(drainage area > 500 Kyrgradient > 0.01). Where rocks are unjointed dituvial erosion processes, and there is a direct relationship between the
are jointed at a scale that does not permit entrainment of joint blocks, stear-stress exponent (a) in equation 2 and the slope exporier@dqua-
sion must proceed by a combination of abrasion by bedload, abrasiotidyl. The shear-stress erosion model predicts that/tetio for fluvial
suspended load, and, possibly, cavitation. Our observations consistegribgion processes will fall into a narrow range near 0.5 €03/ < 0.6),
show that surfaces cut into massive, poorly jointed rock units are charactepending only on the relative rates of increase of channel width with dis-
ized by the following forms associated with abrasional wear: smooth, pdtarge and discharge with drainage area (Whipple and Tucker, 1999). Thus,
ished surfaces, erosional flutes and ripples, and potholes ranging ftbem/nratio is notably independent of the mechanics of the various fluvial
decimeters to meters in diameter (Fig. 2). Although cavitation erosion wilbsion processes (i.e., exponent a in equation 2). As a note of caution, al-
be shown later herein to be a plausible mechanism in flows through midwaugh them/nratio is often regarded as synonymous with channel concav-
steep bedrock channels, and may contribute to pothole and flute erosioritywaany factorsr/nratio, lithologic variability, rock uplift patterns, down-
find no compelling field evidence either for or against a contribution frastream variations in sediment flux, disequilibrium conditions, and process
cavitation erosion. We make the conservative interpretation that erosioiraysitions) can influence channel concavity (Sklar and Dietrich, 1998;
abrasional processes dominates in sections of massive, unjointed ratkspple and Tucker, 1999). The statement thahtheatio falls in a nar-

Our observations of the minimum joint spacing in abrasion-dominateslv range should not be mistaken for an argument that channel concavity is
reaches is consistently in accord with the earlier-cited limits on maximiikewise restricted.
joint block size in plucking-dominated reaches. Minimum joint spacingsUnlike them/nratio, it is readily shown that the slope exponeistdi-
observed in abrasion-dominated reaches range from 1-1.5 m in the Siently dependent on the erosion process (Whipple and Tucker, 1999):
Nevada drainages studied up to 3-5 m on the Indus River in Pakistan
(Table 1). As in the case of plucking in jointed rocks, this observation holds = 2a @)
true over the full range of rock types we have studied to date (Fig. 2). To- T3
gether, these data constitute a preliminary estimate of the critical joint spac-
ing for the process transition from plucking to abrasion as a functionTtfus, assuming tha/nratio is approximately constant for the range of flu-
stream size and gradient. The finding that dominant erosion processeswiahgrosion processes of interest here, the mechanics of the dominant ero-
considerably between field settings, or even locally along a given charsieh process dictate the values of both critical exponents in the shear-stress
reach, motivates our theoretical analysis of the mechanics of the pluckargsion law.
abrasion, and cavitation processes. How different are these processes? Winethe following section we develop simple theoretical expressions for the
are the implications of these differences for long-term landscape evolutiore&thanics of erosion by plucking, abrasion, and cavitation. Our aim is to

highlight in particular the differences between these processes in terms of the
THEORETICAL FRAMEWORK: THE SHEAR-STRESS guantitative relationship between mean bed shear stgpaad erosion rate
EROSION LAW (equation 2), as this directly impacts the appropriate form of the shear-stress
erosion law (equation 1) commonly used in landscape evolution studies.

A widely used basis for modeling bedrock channel evolution is the shear-

stress (or stream-power) erosion law: MECHANICS OF FLUVIAL EROSION OF BEDROCK

g, =KATS" , (1) Plucking

wheregis the total erosion due to all active procesi€gs,a dimensional  Erosion by plucking requires both the production of loose joint blocks—
coefficient of erosion (primarily encapsulating effects due to lithology, clishich generally involves weathering, crack propagation, and rock frac-
mate, channel width, hydraulics, and sediment load),upstream contri- ture—and the subsequent entrainment and transport of loosened joint
bution area (proxy for discharg&is channel gradient, anmdandn are  blocks. For the case of plucking by glaciers (also called quarrying), Hallet
positive constants that depend on erosion process, basin hydrology,(&886) argued that the production of joint blocks associated with crack
channel hydraulic geometry (Howard et al., 1994; Whipple and Tuckprppagation is rate limiting and then derived a simple expression for quar-
1999). The shear-stress erosion law (Howard and Kerby, 1983) is builrying rate as a function of glaciological variables. Hallet cited the dearth of
the reasonable premise that bedrock erosion rate can be approximatethegearock fragments on bedrock surfaces recently exposed by glacial retreat

power-law function of the mean bed shear strgs ( as evidence that englacial entrainment and transport of blocks is much more
_ efficient than block fracture. The rate limiting process in fluvial erosion by
ety , (2)  plucking is less clear, though the balance of evidence indicates that entrain-

ment rather than rock fracture may be the limiting step, at least for larger
where a is a constant that depends on the erosion process. In principiéniblocks. Certainly, fluvial transport of large blocks is considerably less
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efficient than englacial transport. Actively plucked channel reaches are of-
ten littered by significant accumulations of occasionally mobile joint blocks
(Fig. 3). Accordingly, the “mixed” bedrock—alluvial channel type discussed
by Howard (1996) is quite common in rivers incising through well-jointesherep is an unknown positive constant probably close to unity. Protection
rocks. As discussed by Howard (1996), it is likely that both the erosionobthe bed by a partial bed cover may dampen the dependence on sedime
new joint blocks and the transport of the resulting lag deposit are important (Sklar and Dietrich, 1998). Also, the size of transported grains will
controls on the net rate of bedrock incision by plucking. Which is rate lifikely play an important role, similar to the role of grain size in the Sklar and
iting at a given time and place may depend on downstream and hydrol®ggtrich (1998) model. Where rare impacts by very large grains capable o
boundary conditions that influence the efficiency of boulder transport. Benerating sufficient differential stresses at crack tips to fracture joint blocks
cause the processes of particle transport in rivers are relatively well knansrate limiting, block loosening rate may depend mostly on the critical
(Graf, 1977), we focus instead in the following paragraphs on the suiteslogar stress to move large blocks (similar in form to equation 7 below).
processes that contribute to the production and initial extraction or entrdint-block loosening driven by other processes is expected to be less no
ment of joint blocks. linear in shear stress. Thus the formulation of equation 5 serves as an en
The production of transportable joint blocks on river beds has many simember case for comparison with block extraction processes and abrasion
ilarities to the subglacial case considered by Hallet (1996), although pinecesses.
processes contributing to the development of differential stresses sufficie@nce a set of open joints has formed around a block, allowing communi-
to propagate fractures and loosen joint blocks are qualitatively and quanatiion of fluid pressure under the block, the block must be extracted fron
tatively different. Field observations and considerations of the physicstsfposition in the bed before normal processes of particle transport tak
fluid flow and sediment transport indicate that at least four processes awer. For a joint block wedged in between adjacent blocks (Fig. 4), entrain-
tribute to the fracture and loosening of joint blocks: (1) chemical and phygent is difficult but has been observed to occur in the laboratory (Reinius
ical weathering along joints (e.qg., frost shattering of exposed surface3986) and in the field (Wende, 1996; Dollenmayer et al., 1997). Forces re:
winter), (2) hydraulic wedging of sand, pebbles, and fine gravel into pisting entrainment include the normal component of block buoyant weight,
gressively opening cracks (see Fig. 8 in Hancock et al., 1998), (3) verticiation on the lateral (,{ﬂ), upstream q):,q)) and downstream gﬂ) block
and lateral crack propagation induced by high instantaneous differergidges, and the instantaneous pressure force averaged across the upper
stresses associated with impacts of large saltating clasts, and, posdatg,of the block[f), where the overbar denotes a spatial and not a tempo-
(4) crack propagation induced by flexing of the bed associated with instah-average. The only forces available to lift the block out of place are the
taneous pressure fluctuations in intense turbulent flows (Fig. 4). instantaneous pressure force averaged across the base of thgflankl(
Unfortunately, the complex suite of processes involved and the extrgmossibly, drag forces associated with through flow upwelling at the down-
sensitivity of crack propagation rates to the instantaneous differenstséam margin (). Note that the lateral frictional forces include the effects
stresses developed within the rock (see discussion by Hallet, 1996) preaifidetation of the block as it is lifted up into the flow, the crushing or dis-
at present the development of a definite, quantitative statement of the eement of the granular material wedged into cracks, and the componer
tionships among fluid-flow variables (e.g., flow depth, mean velocity, meahblock weight normal to the sidewalls. Ignoring the possible effects of
bed shear stress), bedload sediment flux, and the rate of joint-block fradtur@ugh flow, the condition for entrainment for a block of thickiessgdth
and loosening. Sklar and Dietrich (1998) offered one approach, based omthengthl, and densityp, can be written
engineering “wear” literature, which probably is best applied to weak or
finely jointed (decimeter scale) rock types where the dominant erosion  _, _, Oh h
process is more directly akin to abrasion than plucking of large joint blocks, Po—Ps2 g(ps —p)h * @fo d Eh_ * 29:fy|' EW . ©)
although their model may also effectively capture the mechanics of pluck-
ing erosion where block fracture due to bedload impacts is rate limiting. FOEquation 6 implies that this type of floating entrainment is most effective
more competent rocks, joint-block fracture and loosening s (ikely ~ for small block thickness-to-length ratios, consistent with laboratory obser-
independent of bedload flux, again unless crack propagation induced byations (Reinius, 1986) and inferences from field relations between large
pacts of large saltating grains (3 above) is the dominant mechanism. Inrthi& slabs and the holes from which they were extracted (see Fig. 1b
case, we might_ expect a relationship between bedloaddluar(d block Wende, 1996; Dollenmayer et al., 1997). The recent treatment by Hancoc
loosening ratel(). In all other cases we expect no strong, direct depest-al. (1998), which intended to derive a minimum threshold for block en-
dence of block loosening rate on sediment flux. Because severaltr@nment, neglected side-wall frictional effects and thus did not acknowl-
searchers have argued for an important relationship between bedloaddtige the importance of block shape (h#.andh/w).
and erosion rate (for abrasive wear, Foley, 1980; Sklar and Dietrichlt is well known that mean dynamic pressures scale with mean shea
1998), we derive an estimate of the maximum possible contributionstfess (e.g., Graf, 1977). Assuming that the magnitude of instantaneou
bedload sediment flux to block loosening rate by using a relationship poessure fluctuations also scale with mean shear stress, we can infer th
transport-limited bedload flux and assuming a direct dependence of blbidck initial block extraction rate=() scales with mean shear stress beyond
loosening rate on bedload flux. a critical value ):
Transport-limited bedload flux is reasonably well described by the
Meyer-Peter-Mueller transport equation (Meyer-Peter and Mueller, 1948), EOT, T, )
which can be written in general terms as

: ®)

LO QP O (Tb —Tc)3p/2

u+fo

In cases where the downstream neighbor has already been removed, €

gsO (Tb—rc)3’2, (4) trainment of joint blocks is facilitated in several ways: (1) a large pressure

drop develops at the downstream end of the block; (2) the block is now free

wheret, is the critical shear stress to entrain coarse bedload. Assumirtg slide out of the pocket (Hancock et al., 1998); (3) frictional forces asso-
simple power-law relation between bedload flux and block loosening rat@ted with block rotation and the displacement of granular material wedgec
we may write into cracks are somewhat alleviated; and (4) drag forces on the block in
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crease rapidly as the block is lifted and tilted off the bed (Fig. 4). Note thedy due to suspended particles in the fluid and a “capture efficiency,” which
both the induced pressure drop and the drag forces on a tilted block déseribes the relative decoupling of particles from the flow required for par-
scale with mean basal shear stregs ( ticles to impact the rock surface. Capture efficiency is determined by
Thus, although a satisfying mechanistic description of erosion by pluskreamline curvature, fluid density, fluid viscosity, and particle mass. The
ing proves difficult to obtain because of the complex suite of processes ldvafest particles have considerable inertia and must strike obstructions on
are operative, a simplified analysis indicates that the rate of erosiorths/upstream side. Intermediate size particles follow gently curved stream-
plucking should be only linear to weakly nonlinear in shear stress beyoflides upstream of obstructions, but impact on the lee side of obstructions

critical threshold (equations 5 and 7). where shedding vortices produce sharply curved streamlines. The smallest
particles follow streamlines faithfully and never impact the rock surface
Abrasion by Suspended Load (Fig. 5). The greater density and viscosity of water and their effect on cap-

ture efficiency are responsible for the most significant difference between
Unjointed, cohesive rock types are eroded principally by incremenfialvial and eolian erosion: whereas eolian abrasion is focused on upstream
wear processes, probably dominated by abrasion by sediment grains tsades of obstructions where sand and granule-sized particles impact, fluvial
ported in the flow. Foley (1980) and recently Sklar and Dietrich (1998) pedsrasion is focused on the lee of obstructions or negative steps (knickpoints)
sented quantitative formulations of abrasion wear erosion for the casaraf in potholes where suspended sand and granules spun in vortices ener-
abrasion by saltating bedload particles. Here, we outline the mechaniagetitally impact the rock surface (Figs. 2 and 6).
abrasion erosion by suspended-load particles. Later, in the Discussion sec-
tion, we address the issue of whether, and under what circumstances Gasgtation
pended load may play the dominant role in erosion of massive, relatively
unjointed rocks. Cavitation-induced erosion of dam spillways, tunnels, and turbines is well
Erosion by abrasion has been studied in both fluvial (Alexander, 1988pwn in the engineering literature and can be responsible for extremely
Foley, 1980; Sklar and Dietrich, 1997, 1998; Slingerland et al., 1997) alagid rates of incision into concrete flow structures (see Fig. 1 in Arndt,
eolian environments (Sharp, 1964; Whitney, 1978; Suzuki and Takaha$BB1). Since the pioneering work by Barnes (1956), the possible role of
1981; Greeley and Iversen, 1985; Anderson, 1986). In principle, eolian aaditation in the erosion of bedrock channels has been considered sporadi-
fluvial abrasion are fundamentally the same, with greater fluid density aradly in the literature (Baker, 1974; Ball, 1976; Wohl, 1992; O’'Connor, 1993)
viscosity in the fluvial case being the only significant differences. We fddut remains elusive. In fact, considerations of cavitation erosion in the geo-
low the analysis of eolian abrasion wear given by Anderson (1986) in mgical literature, including a recent paper by the authors (Hancock et al.,
discussion of abrasion by suspended sediment. 1998), have thus far been limited to direct applications of the work of Barnes
Following work by Scattergood and Routbort (1983), Greeley and Iverg&856), despite the fact that cavitation inception and cavitation damage have
(1985), and Suzuki and Takahashi (1981), Anderson (1986) showed, wihern the focus of much attention in the field of hydraulic engineering. Much
threshold impact velocity and threshold patrticle size are small, that the efdhe body of knowledge of the cavitation phenomenon has been developed

sion rate due to impact abrasi@ ¢an be approximated as since the time of Barnes'’s work (see reviews by Hammitt, 1980; Arndt, 1981;
Arndt and Maines, 1994). Here we briefly review recent advances in the un-

- _ S0 derstanding of cavitation in turbulent shear flows with the aim of constrain-

a™ Tr ' C) ing the plausibility or implausibility of cavitation erosion as a mechanism for

enhancing erosion of flutes and potholes in natural channels.
whereS, is the susceptibility of the substrate to abragipris the normal  Cavitation is the formation of vapor and air bubbles in water, which oc-
flux of kinetic energy to a rock surface per unit time, grid the rock den- curs when local fluid pressure drops below the vapor pressure of dissolved
sity. The flux of kinetic energy due to suspended grains of sizer@tetf®e  air (e.g., Arndt, 1981). Cavitation damage occurs when bubbles are ad-
fluid (Anderson, 1986) is vected into regions of higher pressure and caused to implode in the vicinity
of the water-rock interface. The onset of cavitation is usefully cast in terms
1 3 of the cavitation inception indem), which is defined as the ratio of the dif-
Ohe = 2 PGV, 9 ference between hydrostatic pressyxg &nd vapor pressure,j to the
free-stream dynamic pressure, as follows:
wherepsis sediment density, (is the volumetric concentration of sedi-

ment of size, andU is the fluid velocity. Because suspended sediment con- _P-P,
centration (G,) scales with fluid velocity squared (Anderson, 1986) in a 0= 1 Uz’ (11)
transport-limited setting, the kinetic energy flux, and thus abrasion rate, 2p o

scales with flow velocity to the fifth power. Given that standard hydraulic
resistance relations show that mean bed shear stress scales with velobigyer is fluid density andJo is the free-stream velocity. In principle,

squared (Graf, 1977), we may write cavitation should occur whenever the cavitation inception index falls be-
low unity (as assumed by Barnes, 1956). However, the critical cavitation
QD O uso TE’Z. (10)  inception indexd,) is importantly influenced by flow and environmental

conditions (Arndt, 1981). Of particular interest to the problem of river in-
Note that at high flood stages in bedrock channels suspended sedimentigion into bedrock are observed dependencieg, oh flow Reynolds
centration may be supply limited, so equation 10 represents an upper bowmaber, the concentration of fine suspended sediment, and the degree of
on the sensitivity of abrasion erosion to shear stress. flow aeration, including both the concentration of air bubbles and the dis-
Anderson’s (1986) treatment also provides insight into the spatial dissidived air content.
bution of erosion by suspended-load abrasion. The actual flux of kinetic enFurbulent shear flows exhibit instabilities that result in the formation of
ergy delivered to the rock surface is a function of both the flux of kinetic diwth spanwise and streamwise vortices, particularly in shear layers devel-
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oped downstream of obstructions or negative steps (e.g., O'Hern, 1990y eddcity excess required for cavitation as a function of flow depth (Fig. 7b).
high flow Reynolds numbers (3aL(F), cavitation is observed to occur atFor convenience, the local velocity excess in Figure 7b is defined as the re
values of the cavitation indeg)as high as 3.6 and commonly in the ranggo of local velocity to the critical cross-sectionally averaged velocity
of 2-3 (Arndt, 1981; O Hern, 1990). O Hern (1990), Arndt and Maings, /U ). Using equation 12J _can be calculated readily for any flow of in-
(1994), and others have demonstrated that cavitation bubbles devigogst, and the local velocity required to induce cavitatiphdan be de-
preferentially in streamwise vortices of the type associated with erosiadeamined from Figure 7b.
flutes (see Fig. 2 in O’Hern, 1990) because local pressures in the cores Bhe calculations given by Baker (1974) and O’Connor (1993) differ from
vortices can drop well below mean dynamic pressures considered in theale® in that they follow Barnes (1956) in assunipg 1 and a local ve-
inition of the cavitation index (equation 11). For example, in studies of rapidity excess\,/U ) of 1.5-2.4. Similarly, Hancock et al. (1998) consid-
erosion of dam spillways, cavitation damage is often clearly associated witd cavitation “possible” at= 1 andJ,/U_= 3, and cavitation “likely” at
the formation of horseshoe vortices around flow obstructions (see Fig. &rin1 andJ,/U_= 2. Our calculations indicate that, fdy/U_= 2, cavitation
Arndt and Maines, 1994). is possible for flow depths greater than 2 m and likely for flow depths
O’Hern (1990) reports instantaneous pressure fluctuations on the ogterter than 4 m. For comparison, annual peak flows on the Indus Rive
of £300% of the mean dynamic pressure, consistent with the observatioaveirage 15 m deep with peak velocities of approximately 10 m/s througt
cavitation inception ai = 2—3 in his study. Further, cavitation inception dethe study reach. From Figure 7b, at 15 m flow depth, a velocity excess o
pends not only on the requisite drop in dynamic pressure but also onltBds required for the likely onset of cavitation. From equation 12, annual
presence of a sufficient concentration of bubble nucleation sites of appesk flows in the Indus have cross-sectional velocities that approach criti
priate size (Arndt, 1981). Nucleation points are usually either small air bakt (U = 0.8J ). Thus, so long as local velocities around flow obstructions
bles or fine suspended sediment particles. The concentration of smakbedeed the mean velocity by more than 70%, cavitation may well be in-
bubbles increases with dissolved air content, and O’Hern (1990) demaunced down the cores of vortices during annual peak flows on the Indu:
strated a strong positive correlation betwegand dissolved air content, River, contrary to the conclusions drawn by Hancock et al. (1998).
which varied between 3 and 15 ppm (saturation) in his experiments. Thu§avitation erosion must be considered a plausible candidate in the erc
owing to the natural aeration of waters in turbulent open channel flow, gien of flutes and potholes, which we conservatively attribute to abrasion by
presence of significant concentrations of fine sediment particles, and thesdepended particles given the lack of any definitive evidence that cavitation
velopment of powerful vortices shed from irregularities in bedrock chaneluced erosion is occurring. Although cavitation damage leaves distinctive
nels, cavitation is in fact considerably more likely to occur than surmisedditted textures on eroded metallic surfaces (e.g., turbine blades; Arndt
Barnes (1956). 1981), there is no known distinctive signature of cavitation-damaged rock
There is, however, a dual role of flow aeration that must be considemdfaces. In addition, if cavitation is indeed contributing to flute and pothole
as pointed out by Barnes (1956) and recently by Hancock et al. (1998). Eirssion, it certainly acts in concert with active abrasion, which may eradi-
and foremost, venting of pressures through communication with the floate any sign of cavitation damage. However, it is possible that the high terr
surface in areas of frothing white water in shallow flows is likely to strongbgeratures and impact pressures associated with the implosion of cavitatic
inhibit cavitation. Second, although the presence of air bubbles may indogisbles (Arndt, 1981) may leave a distinctive chemical/physical signature
cavitation at values af greater than unity, the air actually cushions the cobn stressed mineral crystals. This may prove a fruitful area of research in fu
lapse of cavitation bubbles, thus inhibiting vigorous cavitation erosidare studies of cavitation erosion in natural systems.
Thus, in settings where cavitation might not otherwise occur, flow aerationif active as an erosion process, the rate of cavitation er(%(ma(y be
(air bubbles) can induce cavitation and produce some cavitation damelaracterized as highly nonlinear in flow velocity and depth, requiring a
However, in settings where vigorous cavitation is already occurring, agtaeshold velocitylJ ) that increases with depth (Fig. 7) and increasing
tion can substantially reduce the amount of cavitation damage. This lati@idly as cavitation proceeds from initial inception to increasingly full de-
effect has been demonstrated experimentally (Arndt et al., 1993) andvespment (Arndt, 1981):
been employed as a mitigation strategy in engineering structures at high risk
of severe cavitation erosion. g0 (U —anv)q ot (13)
Following Baker (1974) and O’Connor (1993), we find it useful to con-
sider the conditions for cavitation erosion in terms of the cross-sectionallyereU , is a function of flow depth, fine sediment concentration, atmos-
averaged critical flow velocity ). Itis commonly observed that critical orpheric pressure, dissolved air content, and flow Reynolds number, and val
near-critical flows (Froude number = 1) are often attained during high flouss ofq up to 7 have been reported (Murai et al., 1997). In addition, it is
in steep bedrock channels (Tinkler, 1996; Tinkler and Wohl, 1996). Critickar that the rate of cavitation-induced wear depends on the type of cavite
flows are defined by a Froude number of unity, such that critical velociign (sheet vs. vortex core), cavity size, cavity pressure differential, and the

(U, is given by frequency of cavity formation and collapse. However, despite a vast anc
rapidly growing literature, at present we are unable to provide a more robus
U,=,ud, (12) scaling of cavitation wear than that given in equation 13.

whereg denotes gravitational acceleration artbw depth. We calculate DISCUSSION

the flow velocities necessary for the inception of cavitation in vortex cores

relative to critical flow conditions as a function of flow depth. Based on tRelative Roles of Suspended and Bed-Load in Abrasion Wear

findings of Arndt (1981) and O Hern (1990), we arbitrarily set the condi-

tion for possible cavitation as= 4 and that for likely cavitation a&s= 2 Several researchers have argued that erosion rates in bedrock chann
(Fig. 7). For flow depths in excess of 10 m, cavitation is possible at loshbuld scale with sediment flux rates (Foley, 1980; Sklar and Dietrich,
velocities equal to the cross-sectional average velocity for critical fld®97, 1998; Slingerland et al., 1997). The importance of sediment flux is
(Fig. 7a). Because local free-stream velocity over and around protulserroborated by our observations and analyses of both plucking and abrz
ances may greatly exceed the cross-sectional average, we also calculaseotherosion mechanisms. However, it seems unlikely that any one of the
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models proposed to date is applicable to the full range of field settings sardsion in flutes and potholes, as has been argued by some previous inves-
ied here. Indeed, in all the river systems we have investigated, pluckitigators (Baker, 1974; Wohl, 1992; O’'Connor, 1993). If cavitation indeed
dominated reaches where bedload flux may play a critical role commamdygurs in natural systems, the likely onset of cavitation within vortices dur-
alternate with abrasion-dominated reaches where the importance of bedf@atigh-velocity flow may help explain the apparent dominance of fluting
flux is less clear. Both morphological field evidence and process-rate @atd potholing over abrasion wear by large, vigorously saltating particles.
(presented in Hancock et al., 1998) argue that abrasion by suspended-lo@bus we conclude that impacts due to large saltating clasts probably con-
particles is dominant in a wide range of field settings (Table 1) in reaclkrésite importantly to the “plucking” process (as observed by Snyder et al.,
where widely spaced joints and fractures inhibit erosion by plucking, pa600), but are ineffective on massive, unjointed rocks. A likely exception is
ticularly in the larger, more powerful river systems we have studied. Cempected in rock types that are weak at the grain scale, such that abrasion
versely, in the small coastal streams (drainage area < 20skidlied by wear by saltating particles will outpace the loosening and extraction of joint
Snyder et al. (2000), erosion by bedload-driven plucking and bedload abtaeks. Although an argument about whether “bashing” of the bed by bed-
sion appear to be the dominant processes. load particles should be considered as part of the “plucking” or “abrasion”
The interpretation that bedload abrasion is less important in the lagg@cess may seem purely semantic, the issue is, in fact, important. This fol-
river systems studied here is supported by several lines of evidence. @ovs because erosion rates due to plucking (whether driven by bedload im-
centration of erosion on downstream sides of obstacles is indicativgadts or not) and abrasive wear scale quite differently with channel gradient
abrasion by suspended-load particles (sand in the systems studied hact)vater discharge as demonstrated in the preceding section. Such differ-
and is documented both by the spatial distribution of flutes and pothaeses in scaling have important implications for the rates and styles of land-
(Figs. 2 and 6) and by process-rate measurements. Whereas we havescage evolution.
umented surface lowering rates of up to 4 mm iyr the cores of large
flutes and potholes on the Indus River, both erosion-hole monitoring @niéractions Between Processes
cosmogenic radionuclide dating of upstream-facing surfaces have recorded
negligible lowering rates (Hancock et al., 1998). Some upstream-facing he predominant mechanisms of bedrock channel incision, plucking, and
surfaces are in fact lightly varnished, while the downstream side shdluging/potholing—associated with abrasion by suspended sediment and
signs of rapid erosion (Fig. 6a). In addition, tight coupling between fluigessibly cavitation—interact both locally and at the reach scale. Local in-
flow patterns and fine-scale morphology of erosion forms (Figs. 2 andéactions play a direct role in the lowering of the bed over the short term.
rule out an important component of abrasion by coarse bedload onJdiat spacing and the openness of individual joints is highly variable in most
abrasion-dominated surfaces we have examined in the field. Finally,nek units. Efficient plucking of joint blocks from zones of more locally
find a dearth of crescentic fractures, percussion marks, and other sigrisaofured rock produces the rough bed and bank microtopography required
significant damage associated with impacts by large bedload particlestd\iaitiate the flow separation and vortex formation that drives the abrasion
do not argue that this type of impact damage does not occur, only thaptleeess (Fig. 5). In turn, abrasion and pothole formation can wear away
preponderance of morphological evidence on the bed and banks ofthssive rock units until the walls between adjacent potholes become thin
powerful rivers we have studied indicates that this process is secondagntiugh to be fractured and carried away by plucking (Fig. 2).
vigorous fluting and potholing. At the reach scale, this interaction of plucking and abrasional processes
A criticism of our evidence that abrasion wear is dominantly accomappears to be responsible for the formation of discontinuous strath terraces
plished by suspended sediment in these systems may be raised: owitigatcare commonly preserved along bedrock channels (see Fig. 3b and
limitations of accessibility, many of the bedrock surfaces we have examilféahl, 1992, 1993). Reach-scale (tens of meters) variations in joint spacing
are generally above the bed and away from the thalweg, where most caasep a spatial variation in process dominance. Well-jointed plucked
bedload transport probably occurs. However, we have observed the s@aehes erode more rapidly than adjacent massive reaches that must be
erosional forms and patterns on every bedrock surface cut in unjointed reckded by slower abrasional processes. Whereas the downstream ends of
that we have examined, including many that do lie directly on the charmelssive rock ribs tend to form prominent knickpoints (1-10 m high), ero-
bed (see Fig. 8). Moreover, there are a number of factors that together si@y of upstream jointed reaches is limited by the local base level of the
enhance abrasion by suspended load and retard abrasion by bedload, adawitt eroding rock rib (Figs. 3 and 9). Upstream jointed sections tend to
lined below. become buried in eroded joint blocks that cannot be transported away on the
As argued by Sklar and Dietrich (1997, 1998), much of the kinetic energguced channel gradient. Massive rock ribs are slowly beveled into a wide
associated with vigorous bedload transport can be dissipated in collisgreth until the downstream knickpoint develops to such a point that suffi-
between one saltating grain and another, and between saltating grains ai@htfocusing of turbulent energy into vortices shed from the topographic
basal carpet of sliding and rolling clasts. In addition, in most fluvial systestiep induce concentrated, intense abrasion and pothole formation. Once be-
bedload sediment accounts for no more than 5%-10% of the total sedirgant this process progressively cuts a narrow inner gorge through the
flux. Although one might argue that much of the suspended sediment fhexeled rock rib, producing a discontinuous strath of the type seen in ex-
passes through the system without much interaction with the charperiments (Shepherd and Schumm, 1974) and in the field (Baker, 1974;
boundaries, channel reaches where joint block plucking is inhibited tyyiehl, 1992, 1993; O’Connor, 1993). Discontinuous straths produced in this
cally develop significant and stable topographic irregularities, which generanner naturally converge with the channel bed in the upstream direction.
ate intense vortices that bring the suspended load into contact with the b&®drock rivers in the western Sierra Nevada are replete with examples of
(Fig. 5). These vortices in fact focus abrasion damage on specific areadtefnating stretches of mixed bedrock-alluvial conditions (presumably
the bed, resulting in the initial development of flutes and potholes. Omceded by plucking) and short, beveled straths cut by narrow inner gorges
flutes and potholes begin to form, a strong positive feedback develops(beg., Fig. 3). These straths indicate that both plucking and abrasional
cause the developing microtopography of the erosional form enhancespaodesses are important in these rivers, and that the three-dimensional dis-
stabilizes the vortex structure, further strengthening the localized attackibiition of intact rock ribs may limit both bedrock channel lowering rate
abrasion by suspended particles. Finally, it is plausible that the inceptioarad equilibrium slope, as illustrated schematically in Figure 9. How to ac-
cavitation bubbles down the cores of vortices contributes to the focusingafnt for this sort of spatial variability and interaction of processes in reach-
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scale erosion laws useful for modeling landscape evolution is an importamraged slope.
and unanswered question.
CONCLUSIONS
Shear-Stress Erosion Law and Implications for Landscape Evolution
Dynamics Field investigation of the morphology and distribution of erosional forms
on the bed and banks of bedrock channels in a wide variety of geologic, cli

Since its introduction some 15 years ago (Howard and Kerby, 1983), tiiatic, and tectonic settings indicates that plucking, bashing by bedload
shear-stress (or stream-power) erosion law (equation 1) has been useabeasion by suspended load, and possibly cavitation all contribute impor
tensively in landscape evolution modeling studies (e.g., Seidl and Dietriemtly to river incision into bedrock. Which erosion process is rate limiting
1992; Anderson, 1994; Howard, 1994; Howard et al., 1994; Rosenbloona given place at a given time is dictated largely by the joint or fracture
and Anderson, 1994; Seidl et al., 1994; Humphrey and Heller, 19@nsity in the rock. The marked efficiency of the plucking process ensure:
Moglen and Bras, 1995a, 1995b; Tucker and Slingerland, 1996, 1997)thiat wherever rocks are pervasively jointed at a submeter scale, pluckin
most such modeling studies to date the slope expandras been assumedwill be the dominant erosion process. Both field observations and theoreti
to be either 2/3 (the so-called “shear-stress” erosion rule) or 1 (the so-cal@gredictions suggest that the critical joint spacing for the transition from
“stream-power” erosion rule). Although these choices were appropriatgasional to plucking processes increases with channel gradient and ban
given the level of knowledge of the operative processes of erosion afftiiledischarge (Table 1). Impacts by saltating bedload, wedging of small
time, Whipple and Tucker (1999) recently showed that the behavior of lapdbbles into existing cracks, and flexing of the bed due to pressure fluctus
scape evolution models is critically dependent on the choice of this paiaas act in concert to fracture rock and open preexisting joint and/or bed:
meter (especially so given the argument thattimgatio falls into a narrow ding planes. Rapid pressure fluctuations in turbulent flow apparently play &
range near 0.5). Our analysis indicates that erosion by plucking is most kegi-role in the initial extraction and entrainment of large joint blocks. The
sistent with values af near unity. Erosion by suspended-load (sand) abi@emmon occurrence of mixed bedrock-alluvial channels, particularly in
sion is more nonlinear, consistent witkr 5/3. In addition, cavitation ero- reaches with pervasively fractured rock, suggest that plucking may be suc
sion, if active, exhibits a high initiation threshold and scales with shear efficient erosion mechanism that channel floors become armored witt
stress to a high power, suggesting valuesasfthigh as 7/3. Erosion by bed-arge joint blocks and tend toward a transport-limited rather than detach
load abrasion (or plucking where rock fracture driven by bedload impactnisnt-limited condition.
rate limiting) is probably best described by the Sklar and Dietrich (1998Where rocks are massive or joint sets are so widely spaced that pluckin
model. Importantly, our extensive, if qualitative, field observations indicateinhibited given the prevailing channel slope and discharge conditions
that the dominant erosion process, and thus the effective value of the crisiocale combination of abrasion by bedload, abrasion by suspended load, at
exponent, is strongly dependent on the characteristic joint spacing of ttevitation is responsible for bed lowering. Under these conditions, channe
substrate rock units (Table 1). bed and banks are marked by smoothly polished rock surfaces sculpted t

Whipple and Tucker (1999) emphasize that the relationship between #ues and potholes associated with swirling vortex flows shed off topo-
sion rate and slope (exponaerih equation 1) importantly influences (1) thegraphic irregularities of all scales—an observation that holds true for the full
sensitivity of equilibrium channel slope (and thus equilibrium range creange of cohesive, unjointed rock types we have investigated (from gneis
elevation) to uplift rate, rock mass quality, and precipitation; (2) the pattéormoderately welded tuff). The strongest vortices are shed in zones of flov
of transient response to a change in rock uplift rate or climate; (3) #aparation on the downstream side of bed protuberances (or small knick
timescale of response to such a change; and (4) the sensitivity of erosiorpmites). These vortices drive localized abrasional processes, possibly in
to extreme hydrologic events. Thus, the above findings that the domir@dnding wear due to cavitation damage (Barnes, 1956; Arndt, 1981). As are
process is a sensitive function of lithology (mostly dependent on jointingsait, almost all observable abrasion wear occurs on the downstream side
fracture density), and that the rates of erosion by plucking, abrasion, #iod obstructions (or negative steps). This spatial distribution of abrasion
cavitation each scale differently with the mean bed shear stress imply wesr rules out any significant contribution by saltating bedload particles,
the rates and styles of landscape evolution may differ significantly in bathich must impact the upstream side of any obstructions in the flow
space and time. As inferred by Stock (1996) and Stock and Montgoni(&iig. 5). The greater flux of suspended sediment, the localization and con
(1999), there may be, in addition to the type of short-term variationscientration of erosive action by stabilized vortices, strong damping of bed-
process dominance implied in Figure 9, dramatic changes in the dynardas abrasion by clast-clast collisions (Sklar and Dietrich, 1997, 1998), anc
of landscape evolution during an orogenic cycle as weak, fractured spdssibly a contribution due to cavitation damage are put forward as plausi
mentary cover rocks are stripped away and the resistant and more malskvexplanations for the observed spatial pattern of abrasion wear and tf
crystalline core of the range is exposed. implied dominance of suspended-load abrasion. Bedload abrasion may &

Besides grappling with this range of plausible erosion-law exponemt®re important in less powerful river systems (Sklar and Dietrich, 1998;
handling the scaling jump from local flow conditions (velocity, shear streSsyder et al., 2000) and may contribute importantly to the plucking process
vorticity) to reach-averaged conditions useful to large-scale landscape ev&caling analyses of the various erosion processes indicate that erosion |
lution modeling looms as a significant challenge. Field observations ghacking and erosion by combined abrasional and cavitation processes a
analysis of the processes involved both attest to the sensitivity of abragmrerned by markedly different physics and cannot be described by a sir
rate to local flow conditions. The generation of intense vortices that playes universal bedrock channel erosion law. The different scalings betweer
the central role in erosion by abrasional processes is entirely dependestasion rate and mean bed shear stress (or stream power) have far-reach
local topographic irregularities and convective accelerations that are exgl@isequences in terms of the rates and styles of landscape evolution (e.
itly not considered in the shear stress or stream power erosion law. Inddediard et al., 1994; Whipple and Tucker, 1999). However, several key is-
Dick et al. (1997) and Hancock et al. (1998) have documented short-tstras remain to be resolved before the findings presented here can be cor
erosion rates that are highly correlative with local slope and yet show alndesttly translated in terms of long-term and large-scale dynamics of bedrocl
no correlation to reach-averaged slope. Relations must be sought betwkannel systems. First and foremost, most rock units exhibit much hetero
the frequency and size of topographic irregularities (local drops) and reagneity in terms of joint spacing and rock mass quality over scales of tens t
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hundreds of meters. The parameters that determine whether the rate i
limiting at which the occasional massive rock rib can be worn throughscock, G. S., Anderson, R. S., and Whipple, K. X., 1998, Beyond power: Bedrock river inci-

abrasional processes have yet to be elucidated. Directly related to this is théion process and forrin Tinkler, K., and Wohl, E. E., eds., Rivers over rock: Fluvial
unresolved issue of how to apbrobriately scale abrasional processes . l;})Srocesses in bedrock channels: Washington, D.C., American Geophysical Union, p. 35-60.
pprop y p ’ MH\?I , N., Stark, C. P., and Allen, P. A., 1997, Sediment flux from a mountain belt derived by

are sensitive to local flow conditions that drive vortex generation, in terms of landslide mapping: Geology, v. 25, p. 231-234.

reach-averaged quantities useful for large-scale modeling. One potentﬁéﬂWﬂé‘iééérDéhlsgéd‘:) O e imited mode of drainage basin evoluion: Water Resotrces
useful avenue of research will be field studies designed to constraindfurd, A. D., 1996, Gradient control in mixed alluvial-bedrock rivar€ort Collins, Colorado

long-term relationship between reach-averaged slope and erosion rate (e.gState University, Bedrock Channels Conference.

. : . \ward, A. D., and Kerby, G., 1983, Channel changes in badlands: Geological Society of Amer-
Stock, 1996; Snyder and Whipple, 1998; Stock and Montgomery, 1998 ica Bulletin, v. 94, p. 739-752.

Snyder et al., 2000), which could be interpreted in terms of the long-terdward, A. D., Seidl, M. A., and Dietrich, W. E., 1994, Modeling fluvial erosion on regional to
spatially averaged rate-limiting process(es). In addition, further work is continental scales: Journal of Geophysical Research, v. 99, p. 13971-13986.

. . . . Humphrey, N. F., and Heller, P. L., 1995, Natural oscillations in coupled geomorphic systems: An
need to resolve the issues of the relative contributions of bedload and SUSiemnative origin for cyclic sedimentation: Geology, v. 23, p. 499-502.

pended-load abrasion and of the relative contribution of cavitation damsigeson, J. H., and Campbell, 1., 1935, Stream fluting and stream erosion: Journal of Geology,
he fluting an holing characteristic of nded-I rasion. V- 43, p. 729-744.
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TABLE 1. FIELD SITE CHARACTERISTICS AND CRITICAL JOINT-SPACING DATA

Location Lithology Drainage Bankfull Average Joint spacing*
area discharge gradient Plucked Abraded
(km?) (m®s7™?) reaches reaches
(m) (m)
Sierra Ne vada, California
Indian Creek Granitic; metamorphic 1914 110 0.009 0.1-0.5 1-1.5
Middle Fork Stanislaus River Granitic 123 25 0.019 N.D. 2-4
North Fork Yuba River Granitic; metamorphic 647 200 0.018 0.5-1 1.5
Mokelumne River Granitic 1409 170 0.008 0.3-1.5 1.5-3.0
Spanish Creek Metamorphic 502 60 0.013 0.5-1 N.D.
South Fork American River Granitic 190 70 0.033 0.3-0.5 15
Valley of Ten Thousand Smokes, Alaska
Upper Ukak River Sandstone; welded tuff 300 >100 0.018-0.086 0.1-1 N.D.
Northwest Himala ya, Pakistan
Indus River sites Metamorphic; granitic 100 000 4000 0.01 <2 >3
Kachura Schist 0.007 N.D. >5
Baghicha Granite 0.012 N.D. 25
Mendi Granite 0.002 1-2 N.D.
Ganjif Amphibolite 0.2 N.D. >5
Subsar Gneiss 0.02 2-3 N.D.
Shengus’ Gneiss 0.02 1-2 N.D.
Burumdoir Gneiss 0.008 N.D. >5
Unnamed’ Metasedimentary N.D. 1-2 N.D.
Hanochal Schist 0.023 38 >3
Longmen Shan, China
Min Jiang Granitic; metasedimentary 1000-10 000 N.D. 0.010-0.050 <1-2 >2#
Hei Shui He Metasedimentary 1000-10 000 N.D. 0.01 <1-2 >2#

Note: N.D.—no data.

*Reported values are maximum and minimum observed joint spacings in plucking-dominated and abrasion-dominated reaches, respectively.

TIndus River sites not described in Hancock et al (1998).
SHanochal site was abrasion dominated over all, but areas with joint spacing as low as 3 m showed some signs of plucking activity.

#Rivers draining the Longmen Shan tap mostly well-jointed rocks, and abrasion-dominated sites are rare. Data are from reconnaissance transects along river

courses.
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Figure 1. Photographs of plucking-dominated reaches cut into well-
jointed rock units. (A) Yuba River cutting through jointed (0.5-1 m
spacing), high-grade metamorphic rocks of the western Sierra Nevada
(see Table 1). Exposed surfaces are smooth, slightly rounded, and pol-
ished. Occasional small flutes and potholes were noted in the field;
however, rock surfaces are predominantly exhumed joint, fracture,
and bedding planes, with only minor volume loss attributable to abra-
sion. (B) Banks aligned along fracture planes and a partially extracted
joint block testify to the efficiency of plucking along this reach of the
upper Ukak River, Alaska, which is incised into competent but well-
jointed sandstone (Table 1). (C) Imbricated joint blocks in the high-
flow channel of the Ukak River. Note that intense frost shattering has
pulverized one bedding-plane thickness of the upper surface of these
exposed blocks.
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Figure 2. Photographs of flutes, ripples, and potholes carved into massive, cohesive rocks. (A) Rhythmic fine flutes and ripplegazhinto very
hard, fine-grained, high-grade metamorphic rocks on the banks of the Indus River near Nanga Parbat, Pakistan (Ganiji site, Table Eield note-
book measures 12 x 19 cm for scale. Annual peak flows of the Indus inundate this site with some 6 m of water. Several large, cedl@stholes
have carved deep (2—4 m) potholes immediately downstream of the pictured rock surface. (B) Large coalescing potholes have cauntdulige vol-
umes of massive gneiss at this site on the Indus River (Burumdoir site, Table 1). The large potholes at the right foregrounceameually inundated
by 12—-15 m of sediment-laden water. (C) View looking straight down the axis of a small pothole (0.4 m diameter) carved on thekaof a large
pothole (4-5 m diameter) carved into coarse-grained granite on the banks of the Indus River (Baghicha site, Table 1). Standingewiatthe cen-
ter of the master pothole can be seen at top center. The “yin-yang” structure (a streamlined double pit) at the base of the ptatis typical of many
active potholes, testifies to a tight coupling between fluid flow and erosion patterns, and is inconsistent with the familiar ifgistone” hypothesis
of pothole erosion. (D) Potholes, half-potholes, and large flutes carved into unjointed, moderately welded tuff by the River Leftréoutary to the
Ukak) in Alaska’s Valley of Ten Thousand Smokes.
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Figure 3. Alteration of plucking-dominated and abrasion-dominated
reaches. (A) Boulder cascade in a mixed bedrock-alluvial stretch along
Indian Creek in California’s Sierra Nevada. Exposed bedrock is visible
in the shade, on the far bank. The predominantly metamorphic rocks
along this reach are very well jointed, and we infer that erosion is by
plucking (Table 1). This reach is arguably transport, rather than de-
tachment, limited. (B) Just upstream of the reach in A, the river has en-
countered a more coherent, massive rock rib (joint spacing 1-1.5 m,
Table 1). A short (entire length visible in photo) strath terrace has
formed where the river apparently hung up on this more resistant rock
rib. To the right in the photograph an inner channel is visible. Here,
and at several other sites along this and other Sierran rivers, the inci-
sion of the inner channel appears to have been either accomplished or
initiated by pothole erosion, which is germinated at the knickpoint at
the downstream end of the strath.
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Crack Growth

Figure 4. Schematic illustration of the processes and forces contributing to erosion by plucking. Impacts by large saltatingigs produce some
direct abrasion damage but contribute most importantly to the generation of stresses that drive the crack propagation necesgarioosen joint
blocks. Hydraulic clast wedging works to further open cracks. Surface drag forces and differential pressures across the blockta lift loosened
blocks. Where the downstream neighbor of a block has previously been removed, both rotation and sliding become possible, ancetitn is
greatly facilitated.

potholing

Figure 5. Schematic illustration of the processes contributing to ero-
sion by abrasion. Bedload and the coarsest suspended-load grains are
strongly decoupled from the fluid flow and impact the upstream faces
of protuberances and obstructions (shaded region). In this zone, sur-
faces are observed to be smooth and polished, but little abrasion dam-
age appears to occur (see data in Hancock et al., 1998). Fine-scaled
flutes and ripples adorn the flanks of massive protuberances where
flow separation induces tight stream-wise vortices (see Figs. 2A and
6A). Large, often coalescing potholes characterize the lee side of ob-
structions, protuberances, and knickpoints (see Figs. 2B and 6B). The
complete obliteration of massive, very hard rocks in these potholed
zones testifies to the awesome erosive power of the intense vortices shed
in the lee of obstructions (see Fig. 2B).
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Figure 6. Spatial distribution of flutes and potholes. (A) The boulder
that inspired the illustration in Figure 5, with Anderson and Hancock
in the background (Mendi site, Table 1). Note lack of obvious damage
and subtle varnish coating on the exposed upstream side (this boulder
is completely inundated in annual peak flows). Although not obvious
from this angle, the downstream face of the boulder is adorned by a se-
ries of deep, vertical potholes. Potentially a considerable volume of the
originally rounded glacial boulder has been pulverized by potholing.
(B) View from downstream of an analogous boulder lying in the thal-
weg of the Indus River, seen at the extreme low flow of mid-spring (Bu-
rumdoir site, Table 1). A prominent deep pothole has drilled into the
downstream face, surrounded by a number of incipient potholes. At
high flow this boulder is covered by 12—-15 m of water. The upstream
face shows much less wear, but is adorned by fine-scaled flutes, as in A.
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Figure 7. Conditions for cavitation inception. All calculations for at-
mospheric pressure (sea level) and water temperature of 10 °C.
(A) Critical velocities for cavitation as a function of flow depth are cal-
culated for o= 4 (possible cavitation dashed line) and, = 2 (likely cav-
itation thin solid line). Shown for comparison is the condition for criti-
cal flow as a function of flow depth (heavy solid line). (B) Required local
velocity excessy,/U,) is shown as a function of flow depth foo_ = 4
(possible cavitation dashed line) and, = 2 (likely cavitation solid line).
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Figure 8. Joint-block plucking and pothole formation at the channel
bed. (A) Indus River at low flow. Fins of plucking-resistant rock pro-
trude between eroded joint/fracture planes. Surfaces are smooth, pol-
ished, and adorned with meter-scale potholes. (B) The bed of a dry,
high-flow channel of the Ukak River, Alaska, is comprised of exhumed
joint planes and a series of shallow (1 m), wide (3—-5 m) potholes.

Figure 9. Schematic illustration of the possible influence of scattered
resistant rock ribs on the temporal evolution of a bedrock channel. A
random distribution of massive rock ribs (gray) with characteristic
length-scaleW and spacingS is shown with an initial channel profile
(solid line) and a future profile (dashed). Active strath formation and
knickpoint migration is occurring where the channel is draped over
rock ribs. The channel lowering rate, channel slope, and whether abra-
sional or plucking processes dominate over the long term probably de-
pend onW/S the rock rib size to spacing ratio.
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