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Abstract


Until recently, published rates of bedrock river incision came from indirect dating of incised surfaces. A small but growing literature, however, reports bedrock lowering at geologically unsustainable rates measurable with erosion pins. We report observations of bedrock lowering from erosion pins monitored over 1 - 7 years in 10 channels that cut indurated volcanic and sedimentary rocks in Washington, Oregon, California and Taiwan. These channels have recently been stripped of sediment and their bedrock is exposed to seasonal wetting and drying that comminutes hard, intact rock into rinds (mean thicknesses: 9-16 mm) or small equant fragments that are removed by high flow. Entrainment of this material, and abrasion below baseflow, lower bedrock at rates from mm’s to cm’s per year. Cultural artifacts on adjoining strath terraces in Washington and Taiwan indicate at least several decades of lowering at current rates. By contrast, bedrock valley floors that had been recently lowered by debris flows are filling in, and all of the hundreds of erosion pins in these valleys have been buried by soil. These contrasting erosion rates are consistent with episodic debris flows as the primary agent of bedrock lowering along their runout path, a process whose signature is curvature on a plot of valley area against slope in log-log space. The rapid bedrock lowering in streams following loss of sediment cover suggests that long-term bedrock incision rates of many softer sedimentary rocks are limited by the frequency of bedrock exposure. We hypothesize that conditions required to move imposed gravel size could control long-profiles, and use measured hydraulic relations and downstream fining rates to predict area-slope plots for equilibrium river profiles. Predicted concavities of ~0.7-1 agree with those measured from area-slope plots in the basins with rapid measured lowering rates. Measurements indicate that these lithologies have tensile strengths less than 3 MPa, values that may lead to exposure-limited erosion so that long-profiles are not directly adjusted to bedrock hardness or rock uplift rate. 
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Statement of the Problem

There is a long-standing belief that rivers respond to tectonism by altering their longitudinal profiles (e.g., Mackin, 1948; Hack, 1957, 1973; Seeber and Gornitz, 1983; Rhea, 1993). However, attempts to reach a quantitative prediction for river profile response to tectonism using morphologic variables alone (e.g., stream gradient index) have yet to achieve any predictive generality. Slope variation in rivers may arise from influences other than tectonism, such as downstream variations in incision process, rock resistance to erosion, discharge, width, grain-size, roughness, and the convolution of these with time as climate changes. Deconvolving these influences on slope from tectonism would be difficult using paired basin comparison alone. In the last two decades the focus has shifted to an exploration for a bedrock river incision law whose form would parameterize some of this variation, and would compactly determine river profile response to both climatic and tectonic variables. Implicit in these analyses is the notion that at some time scale, bedrock erodability and rock uplift rate influence river slope because rock is assumed to be resistant enough to remain exposed without eroding at rates far greater than the boundary-lowering rate. Given such strong rock, as rock uplift continues, river slope increases until incision rate approaches uplift rate. Two common assumptions for a bedrock river incision expression that would adjust to rock uplift rate are that 1) incision rate is a function of shear stress Howard and Kerby
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or 2) incision rate (z/(t is a function of unit stream power Seidl and Dietrich so that
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Here K0 and K1 are constants reflecting the resistance of the bedrock to erosion, n or b are exponents reflecting the physics of bedrock lowering (see Whipple et al., 2000), w is water density, Q is discharge, S is slope, w is flow width, and R is hydraulic radius. Either  or  are commonly parameterized in terms of variables that can be measured from topographic maps, like valley slope and drainage area. For bankfull conditions in the Pacific Northwest, for instance, 

Qbf = c1A1, 0.7<1<0.9 (e.g., Dunne and Leopold, p., 1978)

(3)

and

wbf = c2A2, 0.3<2<0.5 (e.g., Montgomery and Gran, 2001)

(4)

for bedrock rivers draining the south side of the Olympic Mountains, Washington. Expression (3) is the only explicit climate factor in the analysis, while width variation (4) must be imposed by measurement or assumption, for lack of a theory. Hydraulic radius can be similarly treated (e.g., Howard and Kerby, 1983), so that both expressions can be parameterized as 
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where K contains rock resistance as well as constants from hydraulic relations (3) and (4), m contains exponents from (3) and (4), and both m and n reflect the physics of the erosion process. The expression leads to the expectation that for rivers with steady-state profiles where rock uplift rate U is balanced by channel incision -(z/(t, 
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or,

log S = log (U/K)1/n - m/n log A





(6b)
For rivers cutting uniform rock at a constant rate all along their profiles, equation (6) predicts that a graph of channel slope against area will be a straight line in log-log space (e.g., Fig. 1) with a slope of -m/n and an intercept that depends upon rock uplift rate and K. The slope on a graph of log A vs. log S is commonly called concavity (θ), to distinguish it from parameters m and n that are strictly associated with the incision law. If (3), (4), and K accurately parameterize climatic and lithologic variations, rock uplift increases should be observable as higher intercept values on a plot of drainage area against slope. For instance, Figure 1a shows a plot of a valley cutting volcaniclastic rocks in Oregon and a river cutting sedimentary rocks in Washington. Expression (6b) predicts that the profile of the Oregon river is steeper at a given drainage area to compensate for more erosion-resistant rock (smaller K), or a higher rock uplift rate U. For basins in the same lithology, a higher intercept is usually interpreted as evidence for a higher rock uplift rate. Similar analyses, based on rapid extraction of longitudinal profiles from coarse (( 30-m) DEM’s (Snyder and et al., 2000; Kirby and Whipple, 2000; Lave and Crague, 2000) are now common. 

However, area-slope data for the steep reaches of most non-glacial valleys have a tendency to appear curved when they are examined with less noisy data. For instance, data extracted from the source contour map for the Sharp’s Creek 30-m DEM are curved above ~ 3-10% valley slope (Fig. 1b). In such steep reaches elsewhere, field mapping indicates pervasive erosion by debris flows, and detailed analysis of topography indicates that log-log linear relations begin near where debris flows deposit and strath terraces, if present, begin (Stock and Dietrich, in review). On the basis of such field mapping and detailed analysis of topography, Stock and Dietrich (in review) have argued that debris flows, rather than just fluvial processes, dominate valley bedrock incision above 3-10%, leading to a curved plot of area against slope. A remaining ambiguity is whether the curved signature arises solely from the action of debris flows, or a combination of fluvial and debris flow processes interacting with weathering. We attempted to test these alternate hypotheses by installing erosion pins in valleys in Oregon with this curved area-slope signature soon after they had their bedrock lowered by debris flows. We reasoned that if fluvial processes were actively lowering these valleys, we would observe bedrock erosion around pins. On the other hand, burial by hillslope materials would be consistent with debris flows as primary agent both of sediment transport and bedrock lowering, with a signature that is curved in area-slope space. Given that most of the surrounding valleys that have not had recent debris flows have very little bedrock exposed, we expected to see rapid deposition. 

If concavity and intercepts for the remaining linear portions of Figure 1b are to be interpreted in terms of expression (6b), river slopes ought to be balanced to both rock uplift rate and lithologic resistance so that when the bedrock is exposed, incision rates do not greatly exceed rock uplift rates. However, if exposed bedrock lowers at far greater rates, it would be difficult to rationalize the use of equation (6). Little attention has been paid to the range of rock strengths for which one might expect to see a signature in long-profiles of rock uplift or the river incision parameters in expression (6). For instance, an alternative explanation for the different intercepts in Figure 1 is that the slope of the Oregon river is high because it is adjusted to carry a coarser imposed bedload. When exposed, its volcaniclastic bedrock could erode at rates that far exceed any long-term rock uplift rate. If so, the implications are substantial because much of earth’s surface has similarly weak rocks. For instance, Figure 2 illustrates that sedimentary and volcanic rocks that have not been buried deeply cover much of the U.S. By most measures, their mechanical strength is substantially lower than that of the isolated outcrops of crystalline metamorphic and igneous rock. It is not obvious that the longitudinal profiles of these contrasting lithologies are controlled by rock properties alone. However, a simple test of whether bedrock properties or grain size help control the slope on the rivers in Figure 1 would be to compare short-term exposed bedrock lowering rates to long-term lowering rates from sediment yield, strath terraces, or mineral cooling data. If short-term rates far exceed long-term rates, it is unlikely that local bedrock resistance plays the role suggested by equation (6). 

In this paper we investigate the lowering rate of exposed bedrock in Western North America and Taiwan using erosion pins installed in 10 rivers, and in 3 steepland valleys eroded by recent debris flows, and monitored over the last half-decade. We use tensile strength and slake durability tests to characterize the mechanical properties of rocks lowering at a given rate. We investigate the contrast in lowering rates between valleys carved predominately by debris flows, and those cut by rivers. For rivers whose bedrock lowering rates far exceed rock uplift rates, we develop a simple explanation for longitudinal profiles that uses hydraulic geometry with estimates of threshold motion to estimate under what conditions the riverbed would be exposed. Such an expression is not new (e.g., Howard et al., 1994; Sinha and Parker, 1996), but we use it in a new way to predict the slope and intercepts of area-slope plots based on field measurements, and compare these values to estimates from detailed map analysis. We then define a value of rock strength below which one might expect to develop exposure-limited river long-profiles. 

Evidence for rapid erosion of rock

Previous authors have measured bedrock lowering rates of mm’s to cm’s per year that appear to far exceed long-term rock uplift rates (Shakoor and Rodgers, 1992; Stock and Montgomery; 1996; Righter, 1997; Tinkler and Parrish, 1998; Dollenmayer and Whipple, 1997). In many cases, these high rates appear to result from a combination of non-equilibrium conditions and weak rock. Harder crystalline rocks, like gneiss, appear to lower at rates more consistent with long-term rock uplift rates (see Hancock et al., 1998). 

A feature reported in common with high lowering rates in non-crystalline rocks is seasonal comminution of some lithologies when exposed to wetting and drying. For instance, Tinkler and Parrish (1998) describe the case of an urbanized channel whose recently exposed sedimentary rock appears to weather seasonally via wetting and drying, and lowers at cm’s per year. Field observations of pervasively fractured river cobbles (Mugridge and Young, 1983) and landslide surfaces (Fujiwara, 1970) also indicate a very rapid weathering process that could erode bedrock. An extensive geotechnical literature describes both field and laboratory evidence for the comminution of rock, often following cycles of wetting and drying (e.g.,Taylor and Smith, 1986; Taylor and Cripps, 1987; Dick and Shakoor, 1992; Santi and Shakoor, 1997). Rocks containing expandable clays (especially smectites) or zeolites are most commonly observed to fracture rapidly during wetting/drying, so most workers explain the phenomenon as a result of 1) air breakage in voids or 2) swelling of minerals. In the first process, suction pressures of air voids in the interior create large tensional stresses that break mineral bonds leading to cracks. In the second, contraction of the rock during the drying phase creates similar tensional stresses that break mineral bonds. Expansion during rehydration then leads to comminution. Measurements showing that rock cohesion decreases with repeated wetting and drying (Kusumi et al., 1998) are consistent with this hypothesis. The volumetric percentage of clay is a reasonable parameter controlling the magnitude of swelling (e.g., Dick and Shakoor, 1992; Moon and Beattie, 1995), and cementation and local sedimentary or igneous structures are thought to influence the response as well. Permeability and fluid viscosity may control the extent of the affected region. Laboratory experiments designed to simulate natural exposure to rain/sun record the breakdown of basalts (Haskins and Bell, 1995), and sedimentary rocks (Mugridge and Young, 1983; Yamaguchi et al., 1988; Day, 1994; Moon and Beattie, 1995; Miscevic, 1998) over 1-20 cycles of wetting and drying. These tests alternate wetting of the sample (often in a vacuum, or for a period such that sample weight reaches steady state) with drying in an oven. 

Field sites

We have observed pervasive seasonal fracturing of mudstones, siltstones and sandstones exposed to wetting and drying above baseflow (Fig. 3) while conducting previous studies of the West Fork Satsop River in Washington (Montgomery et al., 1996), and at Coos Bay, Oregon (Fig. 2; Montgomery et al., 1997). In sandstones and coarser-grained volcanic rocks elsewhere, we have also observed weathering features like those in Figure 4, skins of rock that are 10’s of cm’s in planform dimension, and commonly one to several cm’s thick. Thin-sections of these features indicate that unlike weathering rinds, their matrix materials (CaCO3 or silica) are intact, and secondary porosity is limited to planes that mimic the local free surface, but are not bedding. To avoid confusion with the large literature on true weathering rinds, we call the features in Figure 4 folia (plural of folio, Latin for leaf). These features indicate rocks that weather rapidly may also lower rapidly because of the conversion of intact rock to entrainable particles. We sought sites in the Satsop, and elsewhere (Fig. 2) on an opportunistic basis, to install erosion pins to ascertain whether or not these features were seasonally formed, and to document lowering rates. Sites include not only gravel-bedded rivers, but also bedrock valley floors that had been swept clean of material by recent (<1 year old) debris flows in the Oregon Coast Range. Together, the study reaches span a range of drainage areas and reach slopes (Table 1) in Taiwan and Western North America. With the exception of debris flow valleys, all channels transport gravel and cut sedimentary or volcanic rocks in active tectonic settings. At each site, we observed features similar to those shown in Figure 3 or Figure 4 which led us to the expectation of bedrock lowering rates high enough to record over several years. For each pin installation site we also selected surrounding basins in the same bedrock to look for characteristic valley long-profiles as shown by area-slope plots.

Olympic Mountains, Washington

The first sites we visited (reported on before by Stock and Montgomery, 1996) are on the southern margin of the Olympic Mountains where the Satsop River exits the steeplands of the Eocene Crescent basalts into lowlands of Eocene through Miocene marine sedimentary rocks that unconformably overlie the basalt. Sand- and siltstone of an unnamed Eocene marine unit are the oldest of these marine sedimentary rocks, and crop out in a narrow (< 2 km wide) belt coincident with the abrupt mountain front. They are overlain by late Eocene and Oligocene marine sand- and siltstone of the Lincoln Creek Formation (Tabor and Cady, 1978), and further downstream by Late Miocene sandstones and siltstones of the Montesano formation. Scattered outcrops of sand- and siltstone of the Miocene Astoria Formation are also present. A fission-track study by Brandon and et al. (1998) indicates Neogene exhumation rates less than 1 mm/a in the meta-sedimentary core of the Olympics that diminish outwards to less than 0.3 mm/a towards the flanking basalt and sedimentary rocks. No active structures or faults are known in the lowland regions of the West Fork, although recent glacial drift covers much of the region.  Pleistocene valley glaciers sourced in the Olympics left outwash terraces in the Satsop basin, whose channels have both bedrock- and alluvium-floored reaches (Montgomery and et al., 1996).  Rainfall at the NOAA weather station nearest to the West Fork of the Satsop has an average value of 2660 mm/a, although gauging stations on the mainstem Satsop River recorded the 70-year flood of record during the extreme winter rainfalls of 1996-1997.  Old-growth Douglas fir and cedar forest covered the land prior to historic clear-cutting in the first half of the century. Montgomery and et al. (1996) argued that many channels in the basin were alluvial prior to removal of logjams and large wood during logging. Regression of annual peak discharge against drainage area in nearby gauging stations indicates values in expression (3) of 1 = 0.9 and c1 = 7.1 m3/s, and field data (Montgomery and Gran, 2001) indicates that 2  is 0.47 and c2 is 0.007 meters in expression (4).

We chose three bedrock reaches of the West Fork Satsop River, and one on a tributary called Black Creek to monitor bedrock lowering.  The upstream site on the West Fork Satsop River  is several hundred meters downstream of Eocene Crescent basalts in a mixed alluvial and bedrock reach cut in poorly-cemented, thin-bedded sand- and siltstones of the unnamed Eocene unit (Fig. 3) that strikes across the stream and dip to the south. A narrow bedrock bench above the channel thalweg is exposed on both banks during base flow and a v-shaped low-flow channel cut ~1 m deep into it.  We found cut wood fragments in deposits of a strath surface 1.2 m above the bench, indicating historic abandonment of a ~ 100 m wide surface now covered by 1 m or more of alluvium and remnant log-jams. These deposits indicate that this reach was alluvial, at least during early post-contact years, and probably until logging in the 1940’s-1950’s. Approximately 2 km downstream on the Lower West Fork Satsop, we chose two sites near each other with exposed siltstone and mudstone of the Lincoln Creek Formation, also dipping to the south. Upstream and downstream of these sites are alluvial reaches with straths of varying elevation. The low flow channel is ~ 0.7 m deep here.  The last site in this region is part of the extensive bedrock channel of Black Creek, cut in poorly-cemented Late Miocene sandstones of the Montesano Formation (Tabor and Cady, 1978) which dip eastward at shallow angles. It has little alluvial cover now except for forced alluvial reaches impounded by a few remaining logjams (Montgomery and et al., 1996). Low flow is less than 10 cm deep, although we found trim-lines from a dam-break flood of ~1 m depth in 1996-1997. 

For profile analysis, we selected nearby basins with mapped bedrock exposure including the Middle Fork Satsop, and the West Fork Satsop mainstem, and 4 of its tributaries: Black Creek, an unnamed confluence at W. F. Satsop River Mile 10, and Canyon. The profiles of the Middle and West Fork Satsop, and Canyon, head in basalt before crossing sand- and siltstones of the unnamed Eocene sedimentary rocks at the mountain front, and Lincoln Creek and Montesano Formations downstream.  Black Creek and the Mile10 confluence cut sandstones and silstones of the Montesano Formation.

Washington Cascades

The West Fork Teanaway River heads in glaciated Eocene sandstones of the Swauk Formation near the crest of the Washington Cascades (Tabor et al., 2000) and flows through a narrow belt of middle Eocene volcanic rocks of basaltic, andesitic and rhyolitic composition (Teanaway Formation). High-relief steeplands cut into these lithologies stop abruptly at the boundary with the overlying Eocene micaceous sandstones and siltstones of the Roslyn Formation, which underlie a wide, low relief valley. Upwarping of Miocene Columbia River basalt flows to the east indicate rock uplift in this region, and a 1 Ma intracanyon andesite on the Tieton river to the south has been incised at an average rate of ~ 0.1 mm/a at its upstream end (Donald Swanson, unpub. data). This rate is approximately twice that of preliminary estimates of 0.05 mm/a for regional long-term exhumation rates east of the Cascade crest (Ehlers et al., 2001).

Roslyn Formation sandstones are nearly continuously exposed in the lower ~3 kilometers of the West Fork Teanaway River, and in patches in the ~9 kilometers upstream. These medium- to fine-grained, white, micaceous, lithofeldspathic sandstones have weathering features like those of Figures 3-4. Above baseflow, much of the bedrock surface consists of weathered flakes ~0.01-0.1 m thick, some of which expand upward and form “tents” during the dry season. In the study area, the river has incised 1-2 m into a low relief bedrock surface, and has parabolic channel cross-section with little gravel. Gravel in these reaches was abundant enough during 1936 field surveys by the Federal Bureau of Fisheries that ~65% of the streambed in the lower 11 km of the Teanaway was judged spawnable (McIntosh, 1995). Historical accounts (SUCH AS? Brian, Dave help) indicate that the watershed was logged early in the 20th century, initially with log drives down the channel, and later by railroad. Descriptions and a photograph of the adjacent Middle Fork at the beginning of the 20th century (Russell, 1905) indicate abundant wood in the channel, common for Pacific Northwest rivers prior to logging and stream cleaning (e.g. Sedell and Luchessa, 1981; Collins et al., 2002). Disappearance of alluvium along much of the West Fork Teanaway occurred sometime in this century, perhaps as a result of these activities.
We installed three cross-sections of erosion pins from kilometer 2.0 (measured from the confluence with the Middle Fork) to kilometer 2.6. Within the low-flow stage, beds often have ~0.1-1.0 m wide flutes. The basin is typically snow covered in winter, and experiences a spring snowmelt peak in May. Summer low flows are in August and September. Discharge at the West Fork site for low flow months averages ~ 0.1-0.25 m3/s.

Oregon Cascades 

Sharps Creek dissects Oligocene-Miocene (25-35 Ma) volcanic and volcaniclastic rocks (Sherrod and Smith, 2000) in foothills of the Western Oregon Cascades near Eugene. Reservoir sedimentation surveys of downstream Dorena Lake, and a nearby reservoir indicate lowering rates of 0.03 and 0.05 mm/a respectively (assuming bulk density values of 70 lbs/ft3) over a period of 5-10 years. Sharp’s Creek traverses indurated dacite pyroclastic flows and lahar deposits in its headwaters, and its last several hundred meters cut basalt flows. Strata in the region tilt shallowly eastwards, and northwest trending high-angle faults have been active during the Neogene. A tributary called Walker Creek (Fig. 6c) cuts lahars in its lower reaches, and rhyolite ash flows and dacites in its upper reaches.  Lahars are strongly indurated with rounded and angular lithic fragments in a cemented, clay-rich matrix. However, where exposed, we found folia and tented folia (Fig. 4b) that indicate the potential for rapid bedrock erosion during sub-aerial exposure. A portion of this basin was roaded and clearcut, and a road-related landslide during the winter of 1996/1997 damned the mainstem. A subsequent dam-break flood reached depths of 5 m and left ~ 650 m of bedrock thalweg exposed over 1300 m from the dam to the downstream-most bedrock exposure. Starting at this location, we spaced 4 cross-sections at ~ 325 m intervals along the flood path. The lower three cross-sections sites are in indurated lahar, and the uppermost cross-section is in an indurated rhyolite ashflow, which has strong secondary silica cement. Cut banks and a few preserved mid-channel deposits along Walker Creek are composed of matrix-supported diamictons, which are likely old debris flow deposits, since glaciation did not reach these lower elevations. We chose profiles from Walker Creek and its mainstem Sharp’s Creek to examine area-slope data. Regional regression of annual peak discharge against drainage area (Dunne and Leopold, 1978) indicate values in expression (3) of 1 = 0.7 and c1 = 1.9 m3/s.

Oregon Coast Range

Landslides during the intense rainfall of the 1996/1997 El Niño storms triggered debris flows throughout the Oregon Coast Range, many of which swept sediment from valley floors to expose carbonate-cemented sandstones and siltstones of the Eocene Tyee Formation. Erosion rates in the central Oregon Coast Range are thought to be between 0.1 and 0.2 mm/a on the basis of strath terrace ages (Personious, 1995), sediment yield (Reneau and Dietrich, 1991) and cosmogenic radionuclides from Sullivan Creek (Heimsath et al., 2001), shown in Figure 5. We used ground reconnaissance to locate debris flow sites in Marlow and Sullivan Creek basins near Coos Bay, and walked debris flow runouts (dotted lines in Fig. 5) to map the occurrence and style of bedrock lowering from debris flows (Stock and Dietrich, in prep.). We observed folia and tented folia (Fig. 4a) along these runouts. Although difficult to quantify systematically, we found that debris flows had removed bedrock as 1) grooves and lineations at the scale of the component rock grains and as 2) fracture-bounded blocks one to several cm’s thick, corresponding to folia. These features continued along the mainstem Sullivan runout portions. We installed two cross-sections of erosion pins on Sullivan Creek, where we found older debris flow deposits indicating past runouts across erosion pin sections. Also plotted on Fig. 5 are locations of 20 cross-sections of 221 erosion pins placed at 0.25 m spacing over upper 350 m of bedrock exposed and eroded by a 1997 debris flow in Kate Creek. Dot intervals represent approximate spacing of the cross-sections. An additional 142 pins were installed along 195 and 240 meters of two debris flow runouts in nearby Marlow Creek, at similar spacing.

Northern California Coast Range

Eel River in the northern California Coast Range cuts Cretaceous marine sandstones of the Franciscan Formation. Projection of marine terrace rock uplift rates from Merrits and Vincent (1989) inland yields approximate rock uplift rates of 0.5 mm/a, although modeling by Lock and et al. (2001) indicates substantial spatial and temporal variation in this region.  Headwaters reaches of this fork of the Eel contain a low gradient trough and several sources of fine-grained sediment. The gradient steepens several km upstream of a former USGS gauging station and substantial amounts of gravel remain in point-bars from the 1964 flood of record. We chose a reach at the location of the old USGS gauge (Fig. 6d) that is bedrock, with a 2.3 m high strath terrace on its left bank. Records for this station indicate bankfull discharges of x m3/s, [help bill, need q records…] although none that large have occurred since pin installation in 1997.

Western Foothills, Taiwan

In September 1999, the Chelong-Pu thrust fault ruptured along ~ 200 km of eastern Taiwan during the Chi-Chi earthquake (e.g., Kao and Chen, 2000; Rubin et al., 2001). Co-seismic displacement was largest in the north end of the fault at Tachia River, and declined to less than a meter south of Nantou (e.g., Rubin et al., 2001). A narrow (< 1km wide) belt of Chinshui shale crops out along much of the Chelong-Pu fault (Ho and Chen, 2000) where it composes waterfalls along some rivers crossing the 1999 rupture. The western foothills rise to the east of the Chelong-Pu Fault, an out-of-sequence thrust (Kao and Chen, 2000), and in this region are composed of eastward dipping monoclines of sandstone, siltstone and shale of the Plio-Pleistocene Cholan Formation, and further eastward the Toukoshan Formation, a Pleistocene equivalent with similar lithologies. These units are in thrust contact with older Miocene sandstone, siltstone and shale further east, which comprise the rest of the western foothills. The boundary of these foothills with the high-relief (e.g., > 1 km) region of the Central Range coincides with Eocene to Oligocene meta-sediments including shale, slate, argillite, phyllite, arkoses and quartzites which make up much of the Central range. Strath terraces occur in most of the larger rivers draining the western foothills and are widely interpreted to be of tectonic or climatic origin (e.g., Hsieh and Kneupfer, 1997; Sung et al., 1997; Sung et al., 1995; Chen and Liu, 1991). Exhumation rates from apatite fission-track thermochronology referenced in Liu and et al. (2001) indicate rates of ~ 1 mm/a over the last several million years in the western foothills. Measurements of suspended load in the Tachia River indicate lowering rates from 0.12 mm/a in the Central Range portion of the catchment to 0.10 mm/a near the coast (Li, 1976). Rates from nearby catchments draining the Central or Western Foothills range up to 1.1 mm/a. Typhoons can drop up to several meters of water per day in the western foothill and have recurrence intervals of several years.

In an effort to document the response of these knickpoints over the year following the earthquake (Sklar and et al., in preparation), we surveyed river-crossing scarps in the northern sections that included four sites where the rupture exposed bedrock of the Chinshui shale (named Tachia, Tali, Tsao-Hu and Chang-Ping on 1:50,000 geologic maps). Sites were selected in January 2000 for their range of drainage areas and minimal modification by post-earthquake engineering. At the northern edge of co-seismic rupture, we installed pins at Tachia River, which drains the Central Range of Taiwan, including all of the lithologies summarized above. In the other southern basins, Chinshui shale at the rupture is followed several hundred meters upstream by Cholan Formation, and by Toukoshan Formation. The smaller basins south of Tachia are cut back into a monocline of eastward dipping Cholan and Toukoshan units that form the eastern foothills here. The Chang-Ping basin, near the city of Nantou, also has outcrops of older Miocene sandstone and shale in its headwaters. 

During our initial visit in January 2000, we noticed that siltstones and mudstones of the Chinshui shale seem to weather rapidly above baseflow, generating a 6-12 cm deep zone of strongly fractured rock.

We found that in the southern basins, strath terraces are inset within modern levee walls that bound one or both banks of the channel. At Tsao-Hu, hydraulic structures have collapsed over the strath, indicating strath formation after the channel was modified by engineers. At Tsao-Hu, we installed pins in a dipping bedrock ramp created by co-seismic folding that formed the only exposed bedrock in the reach. At the other three sites we installed erosion pins many meters upstream of the fault scarp. We surveyed strath terraces and examined fill on them for historical artifacts. Baseflow in Tali, Tsao-Hu and Chang-Ping is confined to the channel thalweg, exposing wide bedrock banks surfaces to wetting and drying. Thalweg flow was too deep in all four rivers to install erosion pins.

Methods

At each study site we chose a reach of uniform bedrock where we observed folia (Fig. 4) or pervasive weathering features (Fig. 3). At sites with folia, we measured the thicknesses of 100 samples by counting within a cross-section that included both wet and dry bedrock. At a few sites, we found less than 100 samples near the cross-section during our first visit (e.g., Walker Creek). We then installed a cross-section of erosion pins to monitor short-term production rates of both folia and pervasive weathering features. We selected cross-sections with bedrock exposed from below baseflow to well above it in order to examine the influence of wet/dry cycles on production rate. Our aim was to demonstrate that the weathering features that we observed in Figures 3 or 4 form over short time scales. At each cross-section we spaced erosion pins at equal intervals, from 0.25 m for narrow channels to 1 m for wide channels (see Table 1 for details). At a few sites (Satsop and Tachia in Taiwan) coverage ends where base flow depth exceeds the length of the drill-bit at 10 cm. At the Olympic and Teanaway sites, we also installed additional erosion pins on cross-sections a meter upstream and downstream off the main line with 1 m spacing to estimate spatial variations in lowering rate. 

In Taiwan and Lower West Fork Satsop, shales were already weathered enough to emplace long nails into the bedrock using a sledgehammer. Elsewhere, we pre-drilled holes using a Bosch rotary-impact drill and installed erosion pins of slightly larger diameter using a sledgehammer. At sites with pervasive weathering features (Taiwan, Satsop, Black Creek), we used long nails from 12.5- to 16-cm as erosion pins because we anticipated large amounts of lowering. At sites with folia, we used 6-cm long hollow wall anchors with drive points because they have brackets that expand to grip the hole upon emplacement for a more secure fit. We drove all erosion pins so that their heads were flush with the local surface; the micro-topography of this surface limits measurement precision to ± 1 mm.  To evaluate whether installation of the erosion pins affected the measured local erosion rate: 1) at upper West Fork Satsop, we left half of the cross-section as holes of known depth in order to evaluate the influence of driving nails into the rock; and 2) we surveyed points between the nails to evaluate the influence of drilling on lowering. We also surveyed the elevation of the top of each erosion pin and referenced it to benchmarks driven into bedrock on the bank.

At each cross-section, we measured slope using tape and hand-level, and drainage area from contour maps. We estimated channel width using recent flow line indicators, and measured valley width as the distance between steep valley walls. At U.S. sites we estimated baseflow using average velocity and cross-section area of inundation at the time of our visits (usually during dry summer months). We attempted to estimate the size distribution of bedload that crossed our sites when we returned to measure erosion pin sections by choosing active bar tops for Wolman method point counts. In channels with any armoring, this would tend to overestimate the coarse fraction of bedload. We also collected carbon samples for 14C dates from detrital charcoal in basal fluvial deposits on strath terraces near Olympics sites.

To construct area-slope plots, we measured area and slope by hand from contoured 1:24,000 (U.S.) or 1:50,000 (Taiwan) scale topographic maps using techniques described in Stock and Dietrich (in review). Using threshold curvature techniques described fully in Stock and Dietrich (submitted), we separate log-log linear data from curved data and regress the linear portions. For sites with laser altimetry in Sullivan Creek, we extracted the valley network using threshold drainage areas of 1000 m2, based on field observations of hollow location. We used a maximum fall algorithm for slope with a central difference of three grid cells, extracted the profile data, and averaged it to 10 m to smooth the effects of cliffs in thick-bedded sandstones. 

To estimate rock mechanical properties associated with rapid lowering rates, we took rock samples from all of the field sites except Teanaway, and maintained field moisture conditions by keeping them wet, or submerged. For West Fork Satsop, Sullivan Creek and South Fork Eel we successfully removed large blocks of the rock exposed at the cross-sections. We cut these into 20 cm diameter discs for abrasion mill tests of rock resistance to bedload following the methodology of Sklar and Dietrich (2001). For other sites, we either could not carry a large enough sample out (Black Creek), or samples proved to be too fractured to cut into large discs (Walker Creek and the Taiwan sites). Since Sklar and Dietrich (2001) have demonstrated that tensile strength is a relevant measure of rock resistance to bedload erosion, we measured the tensile strength of the remaining samples using Brazilian tension splitting test (e.g., Vutukuri et al., 1974). To estimate the resistance of the rock to weathering by periodic wetting and drying, we submerged samples in water overnight, and dried them at 40˚ C in an oven during the day. Following the methodology outlined in ASTM (1997), we weighed the fraction of the original block that had weathered off during each cycle as a measure of the rate of breakdown. We chose a lower oven temperature than that recommended in ASTM (60-70˚ C) in order to simulate environmental conditions at sites. Abrasion mill tests on Sullivan Tyee, West Fork, Eel, Leonard?
Results


Erosion pins

Erosion pin results verify the seasonal production of transportable material from intact parent rock by weathering, and reveal lowering by abrasion in rivers. Comminution of intact rock to fragments that are removed by entrainment during peak flows resulted in bedrock lowering of mm’s to cm’s per year in rivers we monitored in the Western U.S. and Taiwan (Fig. 7; Table 2). As Figure 7 illustrates, bedrock lowering is not confined to pin sites, as it would be if installation strongly influenced lowering rate. Hand-level resurveys at West Fork Satsop, for instance, also indicate the same magnitude of lowering away from pins. By contrast, steep valleys scoured by debris flows before pin installation had numerous folia, but no lowering occurred in any of the 363 erosion pin sites at Kate Creek, or Marlow tributaries between 1997 and 2001 (Fig. 8; Table 2). Repeat photography at cross-sections indicated gradual infilling (Fig. 8b) over scoured bedrock by hillslope sediment and vegetation, with no new folia production, or transport.

Spatial distribution of fluvial lowering rates shown in Figures 9-10 illustrates the contrast between sites with bedrock that weathers pervasively versus those with patchy folia production, and the presence or absence of abrasion below baseflow.  Erosion pins in the U.S. and Taiwan record yearly bedrock lowering rates up to many cm/a, consistent with seasonal production and removal of several folia depths (Table 2). Above baseflow, lowering is continuous across the section and occurs by entrainment of weathered product during seasonal high-flows. Below baseflow, peak flows (and dam break floods in the case of Black Creek) lead to abrasion in the thalweg. Abrasion rates are commonly lower than entrainment rates, as shown by dip in lowering rates in the thalweg of Black Creek, West Fork Satsop and South Fork Eel. Both are 1-3 orders of magnitude greater than long-term erosion rate estimates (Table 2).

For instance, South Fork Eel (Fig. 9) had relatively continuous lowering at several mm’s per year across the erosion pin section, with an abrupt drop at baseflow boundary. Below water level, the bedrock surface is smooth and devoid of open fractures, and erosion pins are polished as if by abrasion. Incision rates below waterline are lower than above it, reflecting transition to abrasion without weathering in the thalweg. 

Lowering rates approach 100 mm/a over 7 years of pin measurements at West Fork Satsop, >100 mm/a at Lower West Fork Satsop site #1 for a year, and >50 mm/a at Lower West Fork Satsop site #2 for 2 years. A number of pins from West Fork Satsop were entirely removed, so we can only constrain minimum lowering rates of 12 cm to 16 cm, depending on pin length. Median rates from 2 years at West Fork Satsop are 41 and >130 cm/yr, and 19 to 40 mm/yr at Black Creek.  One year median lowering from lower sites #1 and #2 on the Satsop are 137 mm and >160 mm, respectively.  At West Fork Satsop, these rates represent lowering of a platform above the thalweg, while Black Creek data represent thalweg lowering.  There is an increase in incision rate at both sites in 1996-1997, coincident with high discharges that year. During the first year of monitoring, there is a decrease in lowering below waterline visible at both West Fork Satsop and Black Creek.  Median lowering on Black Creek is 4 times greater in the zone above base flow (16 mm) than below it (4 mm).  At West Fork Satsop, lowering rates also decline sharply from 70 to less than 1 mm below waterline.  These trends do not appear in the second year of monitoring following much larger discharges.  Revisits to West Fork Satsop and Black Creek during winter high-flows in 2001 indicated that high rates of lowering continue. Data for West Fork Satsop pins are shown in Figure 9, although flow was too deep to examine whether bedrock had remnant holes, or had lowered entirely past the original pin. Flood marks at this site indicated recent flows of ~ 1 m depth across the platform with the pins, with some quantity of bedload transport across it indicated by isolated new cobbles. At Black Creek, flow was too deep to measure lowering, although we could tell that several cm’s of erosion had occurred between 1997 and 2001, with some pins entirely missing.

Similar large rates occur at Taiwan sites (Table 2; Fig. 11), where both rebar benchmarks and all erosion pins were removed in one year at all of the sites except Tachia, indicating lowering rates in excess of 125 mm/a. At Tachia, one erosion pin survived, allowing us to reconstruct a cross-section (Fig. 11a) that indicates over 1 m of lowering in places. At Tsao-Hu and Chang-Ping the 1999 fault scarp was eliminated as a discrete feature over the course of a year, so it is unclear whether lowering rates at these sites were influenced by scarp retreat or not. At Tali, the scarp remains, and lowering around pins was not a result of scarp retreat. 

By contrast, localized production of folia in Walker and Sullivan Creeks leads to patchy removal (Figs. 9-10) with most high rates concentrated above baseflow. Sullivan cross-section 2 lies entirely below baseflow, and has no folia or lowering (Table 2). Sullivan cross-section 1 and Walker cross-sections 1-3 had a few sporadic folia and associated lowering in areas of shallow baseflow. Pins below baseflow were algae-covered and unabraded. In Walker Creek, resurveys indicate that no substantial deposition occurred along the path of the dam break flood since 1997, and a few plate-like folia less than a meter downstream from source areas also indicate only minor sediment transport. Sites without folia did not lower, and were either entirely below baseflow (Sullivan #2) or in strongly cemented rocks like the silicified ash-flow of Walker #4. 

Folia

The magnitude of lowering in Figures 9-10 is consistent with one to several mean folia depths (Fig. 12). The central tendencies of folia thicknesses lie between 9 and 15 mm for sandstones and volcaniclastic lithologies that we measured. Larger values for Taiwan shales record formation of thick weathering zones rather than discrete folia. Most of the distributions are log-normal (like the lowering rates from Black Creek ) as measured by normal quantile tests. Our recorded lowering rates are compatible with average folia thickness at Black Creek for the first year, and net scour represents several folia in the second year. The seasonal production of these features is pervasive in some localities because of the combination of exposure to wetting/drying and weak rock (Satsop, Black, Eel, Taiwan), while patchy in et al. (Walker, Sullivan). The number of folia increased with time at Walker Creek, as shown by larger number of folia measured at re-occupation in 2001. Repeat photography also illustrates the conversion of large sections of formerly intact rock to folia.

Strath terraces

Cultural artifacts deposited on strath terraces in Washington and Taiwan indicate historic abandonment. Cut wood extracted from gravel overlying the 1.2 m-high strath terrace at West Fork Satsop site (Fig. 9) indicates that it was abandoned historically. The floodplain surface consists of a mosaic of low elevation channelways now overgrown with 40-50 year old alder and higher surfaces upon which cedar and fir grow and where old growth stumps occur.  We found cut wood within the alluvium on the strath, confirming that the terrace surface was a historically active depositional surface.  This implies an average lowering rate of 1.2m/40-50 a, or 24 to 30 mm/a. Alluvium on 0.4 and 5 m high strath terraces near Black Creek site 4 contains detrital charcoal dated to 1290 (+/- 100) and 7400 +/- 50 YBP respectively.  Implied lowering rates from these strath terraces of 0.3-0.7 mm/a are consistent with apatite fission track exhumation rates from Brandon and et al. (1998). At Teanaway, we have also identified inset terraces with trees aged 50-70 years. (Brian, Dave)
In Taiwan, similarly high lowering rates are recorded by incision below the level of historic engineering structures. Figures 11b and c show cross-sections and long-profiles for a reach downstream of a local sabo dam, where bedrock has been incised meters since levee construction several decades ago (oral comm., local residents). Engineering structures footed on 1-3 m high strath terraces at Tali, Tsao-Hu and Chang-Ping are also consistent with rapid bedrock incision grater than cm/a since leveeing of these channels. Modern ceramic fragments in a fill overlying a 1.3-m high strath in the Chang-Ping River in Taiwan also indicate sustained bedrock lowering rates of >26 mm/a, assuming post-1949 emplacement.

Rock strength

Table 1 shows tensile strengths and slake durability’s for selected sites. Tensile strengths for poorly-cemented rocks (i.e. Satsop, Black Creek, Taiwan rivers) were less than 0.3 MPa. Values for rocks with more cemented or indurated matrixes ranged from 2-5 MPa, consistent with measurements of tensile strength for similar lithologies elsewhere (e.g., Goodman, 1980). In Table 1, we illustrate the rate of breakdown by showing the number of cycles required for loss of 50% of sample weight. Slaking tests resulted in rapid breakdown of low tensile strength samples. For instance, upon immersion after the first drying, samples from Satsop River and Black Creek lost more than 50% of their mass in the first 5 minutes. These samples swelled rapidly as water infiltrated matrix, resulting in degassing and mm-scale compressional features along their surface. As they expanded, samples comminuted into mm-sized aggregations of grains that detached from core and fell at its side. By contrast, samples with tensile strengths greater than 1 MPa showed little degassing, and were intact after 10 cycles of wetting and drying. These results are broadly consistent with order-of-magnitude differences in lowering rate recorded in the field. Figure 13 illustrates that rocks with rapid slaking and low tensile strengths are also characterized by very rapid lowering rates in the field. 

Area-slope analysis


Figures 14-15 show plots of drainage area against slope for valleys where we have measured rapid lowering rates (arrows indicate erosion pin cross-sections), and tributaries in similar lithologies. With the exception of the Tali River, linear portions of data in Washington, Oregon, California and Taiwan have similar concavities (-0.75 to –1.0) and intercepts from 0.08 to 0.70. These values show no obvious relation to estimates of long-term erosion rate as suggested by equation (6). For instance, the largest intercept 0.70 corresponds to the Teanaway, whose approximate exhumation rate of 0.05 mm/a is not substantially larger than any of the other sites. The high intercept of Sharps Creek (0.32) compared to South Fork Eel does not correspond to a higher long-term erosion rate for these rocks of similar tensile strength (Table 1).


Reaches in cut in sand- and siltstones of the Satsop (Fig. 14) that weather pervasively (e.g., Fig. 3) plot as lines with similar slopes (0.84 +/-0.07 vs. 0.78 +/-0.15) and intercepts (0.16 +/-0.07 vs. 0.10 +/- 0.09) in log-log space with little scatter. Centering the data would substantially decrease the uncertainties of the intercepts. Open symbols represent upstream reaches cut in basalt, and have larger scatter, and steepened segments just upstream of the lithologic contact with sedimentary rock. Concavity appears to be lower in this segment because of the many large slopes focused at the lithologic boundary. Black Creek, a small sandstone tributary of the West Fork, has similar steepened reaches at its junction with the mainstem. In contrast, a downstream tributary near river Mile10 joins at the same slope as the mainstem. The non-linear trend of the smaller tributaries (e.g., Black Creek) precludes any stream-power regression.

The Teanaway River (Fig. 14) has a substantially larger concavity and intercept compared to other rivers here, but lacks a well-defined upper debris flow signature, perhaps because of the influence of glacial processes. It also lacks a knickpoint at its upstream lithologic boundary with volcanic rocks, such as is present on Satsop rivers. Projection of its concavity from sandstone reaches upstream into basalt reaches tends to slightly overestimate the general trend of the basalt data, unlike extension of the Satsop sandstone river concavities.

The headwaters of Sharp’s Creek and Walker Creek (Fig. 14) are cut in volcaniclastic sediments, and show curvature typical of debris flow-cut valleys. The linear, fluvial portion of the data has a slope of 0.76 (+/- 0.06), indistinguishable from Middle fork and Canyon reaches of the Satsop. The intercept of 0.32 (+/-0.10) is roughly two to three times that of the Satsop values. The four erosion pin sections on Walker Creek are located in the region of curvature characterizing debris-flow cut valleys; consistent with the presence of debris flow deposits in cut banks.

In the Oregon Coast Range, curved data for Kate Creek (Fig. 15) correspond to the runout path of the debris flow shown in Figure 8. These reaches are now being buried by colluvium and vegetation, although they were eroded during the 1996/97 debris flow. Debris flow runouts for Marlow Creek were too short to obtain area-slope plots from USGS 7.5’ data. The triangle shaped plot for Sullivan Creek data contrasts with the linear plots of other rivers in Figures 14-15, and is unrelated to lithologic change. Bedrock is widely exposed along the uppermost 6 data points, but upstream of the peak, reaches are pool-riffles and beaver ponds. If this knickpoint is excluded, a power law regression between lowermost and uppermost 2 data points would yield a concavity of 0.60, a more value closer to those for many Oregon Coast Range rivers (Stock and Dietrich, in review). 

Figure 15 shows the area-slope plot for the South Fork Eel River upstream of the major confluence at Fox creek. Headwater reaches above 3-10% show the gentle curvature of debris flow incision, but a well-defined linear section persists downstream of 1 km2  until the first widespread bedrock exposures occur where slope begins to steepen and depart the power law trend. Regression of the linear section yields a concavity of –0.75 (+/- 0.08), statistically indistinguishable from those measured from Olympic and Oregon cascades rivers.  

Area-slope plots for Taiwan basins cut in sedimentary rocks (Fig. 15) show similar log-log linear relations in their lower reaches where they cut through Cholan shale. However, Tali, Tsao-Hu and Cang-Ping rivers have prominent knickpoints associated with mapped outcrops of conglomerates of the Toukoshan Formation upstream of Chinshui shale. These lithologic variations lead to substantial scatter in their upper reaches. Where profiles continue across the Chelong-Pu rupture (e.g., Tsao-Hu), the log-log linear trend in the shales, however, remains visible. 

Discussion
Lack of lowering accompanied by burial of hundreds of erosion pins in Kate Creek and Marlow Creek debris flow valleys indicates that fluvial processes are not currently capable of cutting rock or transporting hillslope deposits away. Although it could be argued that future large discharges might yet lower bedrock, deep colluvium filling of adjacent valley floors suggests that debris flows are the only process capable of exposing bedrock in these valleys. During field work throughout the Western U.S., we have rarely seen bedrock exposed in the valley floors of soil-mantled steeplands. We interpret the rapid burial of erosion pins, and the widespread rarity of bedrock exposure, as evidence that debris flows are commonly the only process capable of exposing and lowering the rock in these steep, narrow valleys. Hence we argue that the curved area-slope plot of Kate Creek reflects a new kind of erosion law associated with bedrock lowering by debris flows (Stock and Dietrich, in prep.), rather than a combination of debris flow and fluvial bedrock lowering.

Debris flows have also passed erosion pin sites on Walker and Sullivan Creeks in the past. The sites at Walker Creek lie just above the power law fluvial region, and bedload transport occurs on both streams (Table 1). However, sporadic lowering rates in Sullivan and Walker Creek reflect a combination of minimal rind formation beneath baseflow, and the lack of discharges large enough to entrain material. In both cross-sections, there are abundant rinds above baseflow, but these have not been mobilized by minor flows. Again, it could be argued that the lack of in these places is because no large events have happened, but both are also being infilled with coarser sediment with consequent reduction in bedrock exposure. It remains to be seen whether subsequent flows will lower bedrock extensively, or whether cover will be established so quickly that bedrock is weathered but uneroded. It is possible that debris flows are the agent of bedrock exposure here, but rivers are agent of removal following exposure. In this case, the lowermost section of curvature here would be a combination of fluvial and debris flow processes, with debris flows exposing bedrock to weathering, and rivers entraining weathered products. Alternately, debris flows may provide both exposure, and lowering during the subsequent debris flow.

In the remaining valleys, power law fits to area-slope data and fluvial features are consistent with river incision. Yet bedrock erosion in most of the larger rivers in our study must be infrequent because short-term point lowering rates from erosion pins far exceed long-term lowering rates from geologic evidence. For instance, mean lowering rates of cm/a for both Taiwan and Washington sites (Table 2; Fig. 16) are one to three orders of magnitude larger than the long-term rates estimated from fission-track or strath terrace data. Rocks with higher tensile strengths like those of the Eel have rates that are closer to long-term rates, although the mean lowering rate here is still more than twice the long-term rate. A remaining question is why such rapidly lowering bedrock is currently exposed.

Circumstantial evidence for anthropogenic influence

Cultural artifacts in the Satsop and Taiwan rivers sites are consistent with several decades of bedrock lowering at rates consistent with those that we have measured with erosion pins. For instance, cut wood extracted from the gravel fill overlying the West Fork Satsop strath terrace indicates historic formation of the 1.2 m high terrace (Fig. 9). Since logging began here in the 1940’s (oral comm., N. Phil Peterson, Simpson Timber Co.), this feature indicates sustained bedrock lowering rates >20 mm/a, depending on when incision began.  Our measured rates of incision from erosion pins (>44 mm/a) are sufficient to have converted the historical flood plain into an abandoned strath terrace capped by floodplain gravels since the floodplain was logged. In Taiwan, removal of 125 mm erosion pins in 1 year indicates very rapid lowering is possible. Likewise, meters of bedrock incision below the footing of recent levee walls (Fig. 11c, d) indicate rates of 10’s of cm’s per year may be sustained for several decades. 

At Teanaway, we hypothesize that loss of wood jams caused the export of gravel from reaches that are not replenished in the lower river where sand in the readily-weathered Roslyn Formation is the dominant grain size from tributaries. The loss of gravel in turn would have exposed the bed to weathering and rapid erosion. The depth of bedrock incision evident in the field is consistent with the time frame implied by the hypothesis, in light of the rates of erosion we are measuring with erosion pins. (Brian and DAVE, ADD…).
There is a strong correlation of lowering rate with exposure above baseflow in sites where bedload is small and no large flows have occurred since exposure, including Sullivan and Walker Creeks. Folia production occurs sporadically along these cross-sections, leading to local large magnitude lowering in a few places, and no lowering elsewhere. At both locations, lowering by abrasion below the thalweg is absent, consistent with low sediment flux through the cross-section and low peak discharges since exposure. Both sites also occur in reaches that have been scoured by debris flows in the recent past. 

By contrast, there has been high flow and active bedload transport that could lower pins by plucking or abrasion below baseflow in Taiwan, Washington and California rivers. In these cases, the rapid response times of these rocks to both wet/dry weathering and bedload abrasion correspond to tensile strengths and slake durability’s in Table 2 that are several orders of magnitude weaker than crystalline rocks (Sklar and Dietrich, 2001). This is also consistent with numerical calculations indicating that resistance to erosion should vary over several orders of magnitude in real rivers (Stock and Montgomery, 1999). On the other hand, steepened basalt reaches above the rapidly incising sedimentary rocks in the Satsop basins indicate that basalt incision rates cannot keep pace, so that rocks of this strength are not exposure-limited over Holocene timescales. 

Simplified hydraulic model to predict tendency for fluvial area-slope relation

The lowering rates of the sedimentary and volcaniclastic lithologies in the rivers above are so rapid that over the long-term, lowering rate in these rivers is plausibly limited by the exposure of bedrock, not by the direct adjustment of river slope to an imposed rock uplift rate as predicted by equation (6). A simple hypothesis is that in channels cutting such bedrock, slope approaches a value that is low enough that the rock bed of the river is rarely exposed to erosion for a given hydraulic geometry, peak discharge and grain size. Thus slope ought to adjust to imposed grainsize, not vice versa. We propose the term exposure-limited for erosion in such rivers to emphasize the role of cover on long-term erosion rate, and the influence of grainsize on slope. The term differs from transport-limited because it implies that the river is cutting into bedrock over the long-term so that there is no long-term deposition, and width may be imposed by bedrock valley walls, not free-formed banks. To test the implications of rapid lowering rates that we observed using erosion pins, we formulate a simple expression to predict the area-slope plot for the case of exposure-limited erosion. Although this simple treatment does not account for sediment load effects (Sklar and Dietrich, submitted), it yields useful predictions by expressing a threshold entrainment criteria along the river profile in terms of area and slope parameters, which can be compared to those extracted from data in Figures 12-13. The intent is to demonstrate how we might expect hydraulic geometry and grain size to influence area-slope plots like that of Fig. 1, not necessarily to predict them. A weakness of our approach is that we do not explicitly treat sediment supply (Sklar and Dietrich, submitted).

Shield’s criterion predicts that at the threshold of motion for a grain size D,

(r-w)gD*c = 










where r and w are rock and water density, g is gravitational constant, is fluid shear stress, and *cr  is a dimensionless number characterizing resistance to motion. If is approximated by wgRS where R is hydraulic radius and S is slope, (7) is



S = [(r-w)gD*c]/ wgR






(8)

If the variation in hydraulic radius and grain size with drainage area are known, the relation can be used to predict river profile under the condition of threshold motion. For the purposes of predicting an area-slope relation, we make the following assumptions:

· R = hbf where hbf is bankfull depth

· Uav = (R2/3S1/2)/n

· hb= Qbf/Uavwb where Qbf is bankfull discharge and wb is bankfull width

· *c is a constant between 0.02 (Andrews, 1983) and 0.045 (Buffington and Montgomery, 1997)

We choose bankfull conditions because gravel transport begins in many channels at or near this condition (e.g., Buffington and Montgomery, 1999), and they are widely parameterized in terms of drainage area, while relations for more extreme events are often poorly characterized. We acknowledge that more extreme events probably are the relevant ones, but they are also poorly characterized. Excluding channels influenced by debris flows, the width to depth ration is greater than 10, so R is closely approximated by flow depth. We approximate *c as a range of values, although some have suggested that Shields number might vary with slope (Shvidchenko and Pender, 2000). We assume a hydraulically rough boundary, and note that the primary resistance to flow in gravel-bedded rivers is a combination of form and grain friction (e.g., Hey, 1979; 1988). Substituting the expression for velocity into the expression for hb as a function of discharge yields the depth of flow at entrainment of a grain size D:

R = hbf = (Qbf3/5n 3/5)/S3/10 wbf3/5


`



(9)

Substituting (9) into (8) and re-arranging for S yields:

S =  [(r-w)/ w]10/7*c /n3/5]10/7 [(wbf/Qbf)3/5 D]10/7



(10)

This expression predicts that slope of an exposure-limited river profile will be a function of some relatively immobile grain size D common enough to cover substantial portions of the bed, as well as channel width and discharge. By approximating these variables as functions of drainage area, we can predict what an area-slope plot for such a river would look like. We assume that equations (3) and (4) are reasonable parameterizations for Qbf and wbf, and following Brush (1961) we parameterize grain size as

D = c3A3, -0.6<3<0.0







(11)




where 3 values come from Appalachian rivers. Substituting (3), (4) and (11) into (10) yields:

S = k1A








(12a)

where

  = 6/7 (2 -1) + (10/7) 3






(12b)

and

k1 = [(r-w)/ w]10/7  *c /n3/5]10/7  [(c2/c1)6/7c310/7]




(12c)

The expression predicts that the concavity of exposure-limited river profiles increases as discharge and grainsize change more rapidly with drainage area (1 and 3 values, respectively) and decreases as width increases more rapidly with drainage area (2 values). The intercept k1 increases as width and grainsize at a reference drainage area increase, and decreases as discharge increases at the reference area.  

An issue that we have not addressed is the relevant grain size to use in the Shields calculation. This ought to be part of the coarsest fraction, but common enough cover the bed, or at least act as a key member around which other sediment would accumulate. We know of no field studies that address this issue, although by analogy to step-pools, such a grain size fraction is likely to be D84 or larger (e.g., Grant et al., 1990). We have also neglected potentially systematic downstream variations in grain and bed-form flow resistance, because we know of no field studies that sufficiently address this issue. Including some form of grain resistance to flow has the tendency to decrease concavity in equation (12b). For instance, using the Strickler relation (n = cnD1/6), concavity in equation (12b) lowers to (9/7) 3. However this relation tends to underpredict actual roughness (e.g., Lane and Carlson, 1953), probably because it underestimates bed-form roughness, which can be large fractions of total resistance (e.g., Hey, 1988). Use of a constant critical shields stress in gravel-bedded rivers is also clearly an approximation, as recent flume studies have shown a dependency on relative flow depth (Shvidchenko and Pender, 2000). However, like the issue of resistance with grain size, we are aware of no strong field studies that document how *c changes downstream. 

Comparison to area-slope data

Commonly observed ranges of hydraulic and grainsize exponents in equations (3), (4) and (11) result in concavities from –0.2 to –1.2 from equation 12b. These values cover the range typically observed across many different rock types and climates (e.g., Stock and Dietrich, in review). Field values for expressions (3) and (4) are reported above, and preliminary estimates of downstream fining at West Fork Satsop indicate that 3 is in the range of –0.25 to –0.3. Substitution of 1 = 0.9 and 2 = 0.47 into equation (12b) predicts concavities around –0.79 to –0.86, which agree with area-slope data shown in Figure 12a-b which have slopes between –0.77 and –0.81. Figure 17 illustrates this coincidence, and predicts downstream fining exponents that would be observed for the other rivers given same hydraulic exponents. Although we did not collect width and grain-size data for Sharp’s Creek, or the Taiwanese rivers, reasonable values for parameters in (12b,c) are consistent with values extracted from area-slope data. For instance, the intercept for Sharp’s Creek is 2-3 times that of Satsop, but c1 for Satsop is nearly twice as large as Sharp’s Creek, indicating that discharge could account for different intercept value rather than lithology or rock uplift rate. For central tendency values of 1=0.7, 2=0.5 and 3 from –0.3 to –0.5, expression (12b) predicts river concavities of -0.6 to -0.9, values that appear typical for rivers cutting sedimentary rock (Seidl and Dietrich, 1992; Stock and Dietrich, in review). 

Since we do not have enough field data on the relevant coarse grain sizes to independently predict the parameters for the area-slope graphs in Figures 14-15, the examples above are meant to illustrate the tendency for downstream changes in hydraulic geometry and grain size to lead to higher concavities than those traditionally predicted from the stream power law alone. On the other hand, rivers cutting stronger, crystalline rock that might have a slope adjustment to rock uplift rate would probably have smaller downstream changes in slope, resulting in lower concavities on area-slope plots. An example of such an effect may be present on the area-slope graphs for Olympic Mountain rivers, where large knickpoints are present in harder basalt reaches just above lithologic contact with sandstones. Work by Stock and Dietrich (in review) indicates a tendency for granites and gneisses to have concavities between 0.3 and 0.6. Work by Sklar and Dietrich (submitted) addresses these issues, and the effect of sediment load and rock strength on river longitudinal profiles.

Conclusion


Extreme rates of bedrock river incision in the Western U.S. and the west coast of Taiwan indicate that in some lithologies rates of river incision may be limited by exposure rather than by stream power, as is assumed in most landscape evolution models. Field evidence further indicates that rates measured by erosion pins have been sustained at these localities for several decades or more, and that exposure of these rocks resulted from anthropogenic changes in sediment load or hydraulic geometry. Lab measurements of the mechanical properties of these rocks indicate that when exposed to wetting and drying, they comminute rapidly into transportable particles. Tensile strength and abrasion mill tests indicate that even in unweathered conditions, they would likely lower rapidly when exposed to bedload abrasion. By contrast, there has been no lowering in the same rocks exposed along valleys scoured by recent debris flows because fluvial transport rates here are insufficient to prevent burial of the valley bottom by vegetation and colluvium. 


We hypothesize that profile of these river channels is controlled by threshold slope at which some coarser grain sizes are mobile. Using Shield’s criterion and hydraulic geometry, this transport criterion results in a prediction of channel concavity that varies strongly with downstream fining rate. For reasonable values of downstream fining, predicted concavities of –0.7 to –1.0 match those measured from river channel profiles where we monitored rapid bedrock lowering. However, area-slope relations above ~ 3-10% are curved in log-log space, consistent with the signature of valley incision by debris flows proposed by Stock and Dietrich (submitted) and the lack of lowering by fluvial processes in erosion pins in these valleys.


The hypothesized role of exposure-limited erosion rates in setting river longitudinal profiles emphasizes the need to combine area-slope analysis with field measurements of process, grain-size and transport capacity. It also suggests that there is a wide range of rock strengths, predominately in non-crystalline rocks, in which lowering rates can greatly exceed potential rock uplift rates. Given the wide distribution of non-crystalline rocks at earth’s surface (Fig. 2), many calibrations of river incision laws from valley profiles may reflect the long-term control by discharge, slope and sediment supply of an alluvial cover sufficiently thin to insulate the bed from drying, impact, or other weathering processes, rather than the rate of work on the channel bed by tools. Where these conditions occur, there may be little variation in river long-profiles across rock uplift rates, and no expression of the transient bedrock river incision law on the longitudinal profile. 
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Tables

Table 1. Field data for sites where we installed erosion pins. Numbers in parentheses in site column indicate cross-sections, increasing downstream. Taiwan river names from 1:50,000 geologic maps. Slopes from reach scale measurement using hand-level or laser. Valley width estimated using the shortest distance between opposite hillslopes in the field or on a map. Channel width is distance between banks, or distance between high-flow stage indicators if banks are absent. Dmax refers to maximum flow depth along pin cross-section of high-stage flow. D50 is median gravel intermediate diameter, estimated using random walk method except for Walker Creek (sieve analysis). Folia data collected at reoccupation, except for Walker Creek where values for installation are shown first.

Table 2. Values of bedrock lowering and rock strength parameters. See text for details of testing and sampling methods. Rock strength parameters include compressive strength (Sc), swell test (St) and slake durability test (Ic). Historical lowering rates estimated from straths with cultural artifacts in their fill, local lowering rates from straths with radiocarbon samples in their fill, and regional estimates from sediment yield, cosmogenic radionuclides, or mineral cooling ages (see text).

Figures

Fig. 1. Area-slope plot for West Fork Satsop River in sandstones of the peripheral Olympic Mountains, Washington, and Sharp’s Creek in volcaniclastic rocks of the Oregon Cascades. A) Data derived from USGS seamless 30-m data, and averaged in 25-point bins. Note the large scatter in raw DEM data in grey symbols. Satsop data clipped at lithologic boundary. Power law fits weighted by inverse slope, and standard errors for parameters shown. Uncertainties for West Fork Satsop intercept shown as a range. B) Data from source 7.5’ contour maps, measured by hand. Note that the different slope and intercept values. Curved debris flow region extracted using threshold curvature of 0.001 on 2nd derivative of equation shown (see Stock and Dietrich, in review).

Fig. 2. Crude distribution of mechanically strong and weak bedrock in the U.S. as illustrated by lithology and geologic age, summarized from King and Beikman (1974). The darker colors indicate post-Jurrassic volcanic and sedimentary rocks that likely include weaker lithologies. We divided sedimentary and volcanic rocks likely to have undergone strong diagenesis from those less likely to have been buried deeply using the Jurassic/Cretaceous as a boundary. This somewhat arbitrary choice includes many poorly indurated Cretaceous sandstones of the California Coast Range in a weak category, while including indurated upper Mesozoic sandstones elsewhere in strong category. Circumscribed crosses indicate field sites arranged in order from South to North as: South Fork Eel, Ca; Sullivan and Marlow Creeks, OR; Walker Creek, OR; Teanaway River, WA; Black Creek and Satsop River, WA.

Fig. 3. Pervasive fracturing of a sandstone boulder above a base-flow waterline in the West Fork Satsop River, NW Washington. Fractured rock, commonly 1-5 cm deep, is removed from exposed surfaces by seasonal high-flows, but is regenerated by desiccation during the spring and summer. Others have hypothesized that such features are generated by weathering during cycles of wetting and drying. 

Fig. 4.  Tented folia in a) micaceous sandstones in the Oregon Coast Range (Sullivan Creek), and b) clay-rich volcanic tuff in the Oregon Cascades (Walker Creek).  Both formed within several months of bedrock exposure following a prolonged period of burial by diamicton. Tented folia tend to occur preferentially above base-flow, and are arguably a result of weathering during cycles of wetting and drying. These tented folia represent x cm, and y cm of lowering respectively, and are commonly 10’s of cm’s in area. Numbers refer to erosion pin cross-sections on Sullivan. Sections on Kate are too numerous to show, but occur approximately every dot. 

Fig. 5. Hillshaded laser altimetry (~ 2 m horizontal resolution) from Oregon at Coos Bay. Dotted lines indicate 1996/1997 debris flows, as mapped in the field. Arrows in Coos Bay panel bracket knickpoint on Sullivan Creek. 

Fig. 6. Cross-sections for a) West Fork Satsop, and b) Black Creek, Olympic Mountains, Washington; C) Walker Creek (#1), Oregon Cascades and d) South Fork Eel, California Coast Range. White tape indicates cross-section of erosion pins, see Table 1 for site details.

Fig. 7. One to several years of bedrock lowering indicated by erosion pins in a) West Fork Satsop, b) Black Creek, c) Walker Creek (#1), and d) South Fork Eel River. See Table 2 for details. Note that pin protrusion above the surface indicates pervasive lowering, not localized scour or damage from installation. Lowering in the Satsop and Eel is by detachment of cm-sized weathered fragments during high-flow. Lowering at Black and Walker Creeks is by folia generation and removal during high-flow. 

Fig. 8. A) Runout path of Kate Creek debris flow (light areas of bedrock, starting at top middle) shortly after failure occurred in 1996/97. Note the widely exposed bedrock, which was lowered along much of the runout path during the debris flow (see also Fig. 5). B) Pin buried by colluvium in 2001. Most of the over two hundred erosion pins emplaced shortly after the debris flow have been buried by 2001, and indicate no bedrock erosion in the intervening years. 

Fig. 9. Yearly lowering rates from erosion pins (right abscissa) and cross-sections (left abscissa) for South Fork Eel River, CA, West Fork Satsop River, Black Creek, Olympic Mountains, Washington, and Walker Creek (#1), Oregon Cascades. See Table 1 for site details. Open symbols with arrows indicate erosion pins that have been entirely removed, including the pin hole. Open triangles on cross-section indicate pins that had no lowering around them. Measurements from different years are shown with different symbols for West Fork Satsop and Black Creek. Baseflow measured at time of pin emplacement, highflow estimated during reoccupation using stage indicators. Note the absence of pins in the Satsop thalweg, which was too deep to access with a drill. Bedrock lowering at Satsop site occurs by detachment of cm-sized weathered fragments during high-flow, and by abrasion and plucking below baseflow. Lowering at Black occurs by detachment of folia like those shown in Fig. 4. In these channels, lowering rates decrease rapidly approaching base-flow. Note that dam break flood stage lines for Walker Creek occurred before installation, while that of Black Creek occurred after pin installation. Large concavity at Black Creek cross-section is from a former concretion. Aspect ratio is the same for all cross-sections.

Fig. 10. Yearly lowering rates from erosion pins (right abscissa) and cross-sections (left abscissa) for Walker Creek (#2), Oregon Cascades, Sullivan Creek, Oregon Coast Range, and Teanaway, Washington Cascades. See Figure 9 caption for details. Bedrock lowering in Walker and Sullivan is by removal of local folia and tented folia (e.g., Fig. 4) during high-flow, and lowering magnitudes are consistent with folia depth distributions shown in Fig. 12. Lowering at Teanaway is by entrainment of pervasively weathered material (e.g., Fig. 3).

Fig. 11. Summary of recent bedrock lowering in 2 Taiwanese rivers cutting clay-rich indurated siltstones that weather by pervasive fracturing. A) Portion of a cross-section including right bank of Tachia River showing topography and pins in 2000, and resurveyed topography in 2001 indicating up to 3 m of lowering. Section was 20 m upstream from 1999 fault scarp. B) Cross-section of nearby Pei-Go indicating lowering of river and strath formation following levee construction (~6-20 years ago). C) Longitudinal profile of preceding section showing bedrock thalweg in 2001, and paired left and right bank straths. Lowering increases downstream, but is pinned upstream by a sabo dam with reinforced footings.

Fig. 12. Depth distributions for detached weathering folia measured by random walk near erosion pin cross-sections during reoccupation. Black columns are exhaustive samples of folia thickness at the time of pin emplacement, which are usually less abundant than at reoccupation. Distributions are log-normal, with few folia below several mm, and a long tail of folia thicknesses at 10’s of cm’s. Dashed lines show log-normal mean values. 

Fig. 13.  Plot of tensile strength against average lowering rate for sites in Table 2. Arrows indicate minimum lowering rates at sites where many erosion pins were entirely removed. Note that sites whose rocks have tensile strengths less than 3 MPa are eroding at rates that appear to exceed long-term rates from geologic indicators.

Fig. 14. Plot of slope against area for West Fork Satsop and Black Creek, Olympic Mountains, Washington; Middle Fork Satsop, Canyon, and Mile10, Olympics, Washington; Teanaway, Washington Cascades; and Walker and Sharp’s Creek, Oregon Cascades. Infilled diamonds indicate fluvial reaches where we have fit power laws, open symbols are different lithologies (Washington) or debris flow reaches that curve (Oregon). Arrows indicate the location of erosion pin cross-sections. 

Fig. 15. Plot of slope against area for Sullivan and Kate Creeks, Oregon Coast Range; South Fork Eel, Northern California Coast range; Tachia and Chang-Ping Rivers, Taiwan; and Tali and Tsao-Hu Rivers, Taiwan. Arrows indicate location of erosion pin cross-sections, except on Kate Creek where they are too dense (every ~20 m) to show (See Fig. 5 for approximate locations). Data from Kate Creek are from laser altimetry and cover region shown in Fig. 8. Note that we have excluded the downstream-most reaches of South Fork Eel (open squares) from regression.

Fig. 16. A comparison of maximum estimates for long-term erosion rates with short-term erosion pin rates for rivers in Taiwan (Tachia, Tali, Tsao-Hu and Chang-Ping), Washington (West Fork Satsop, Black Creek, Teanaway #2), California (South Fork Eel) and Oregon (Sullivan #1).  Short-term lowering rates on Taiwanese and Washington rivers are minimums because erosion pins were entirely removed. Except for sites in debris flow runout zones in Oregon, short-term averaged rates exceed long-term rates. In all cases, maximum observed erosion rates exceed long-term rates.

Fig. 17. Plot of river concavity predicted using equation 12b versus concavity measured from topographic maps for West Fork Satsop. Arrows show predictions for downstream fining exponent in equation (11) for other rivers assuming the hydraulic geometry exponents found at Satsop. Although these values are likely different, the predictions illustrate the need to collect grain size, width and discharge data to compare to map extracted area-slope data.
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