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ABSTRACT

Since the 1991 eruption of Mount Pinatubo, the specific sediment yields from watersheds
draining its slopes have been the highest ever recorded. In spite of this overwhelming sediment
load, rivers inundated by pyroclastic-flow deposits delivered almost half of the initial deposits to
downslope alluvial and/or debris fans by 1996. Although most of this transport occurred by
hyperconcentrated flows and debris flows (lahars), very high sediment transport rates also char-
acterize low flow. Measured flow velocities and depths, channel properties, and the size of both
mobile and stable clasts in the Sacobia and Pasig-Potrero Rivers indicate median bed-surface
grain sizes of 2 to 8 mm, grain-size-independent dimensionless critical shear stressgs$ ¢f 0.016
to 0.041 and Manning’sn values of 0.017 to 0.024, values well below those previously reported
for steep mountain channels. The dramatic bed-surface fining, bed mobility, and selective trans-
portin these extremely sediment-rich channels indicate that changes in grain siz&,values, and
bed roughness can increase transport capacity in response to high sediment supply. Our obser-
vations also suggest viewing the apparently contradictory concepts of an equal threshold of bed
mobility and grain-size—dependent selective transport as end-member concepts that apply to
channels with low (or intermittent) and high (or continuous) sediment supply, respectively.

INTRODUCTION show that these factors combine to enhance beohallerD) would decrease;, which by inspec-

River-channel morphology reflects both themobility and are a mechanism of channel adjustion of equation 1 should lead to increased sedi-
transport capacity of the flow and the volume anthent to extreme sediment loads. ment transport. Similarly, equation 1 shows that
size of the sediment supply (Schumm, 1971). an increase in'—through, for example, de-
Recent research has shown that decreased sdHEORY: EQUAL MOBILITY AND creased bed roughness—should also increase
ment loading leads to bed-surface coarsenir@ELECTIVE TRANSPORT sediment transport.

(Andrews and Parker, 1987; Dietrich et al., 1989), Bedload transport rates are generally consid- For hydraulically rough flowr*. is generally

which decreases sediment-transport rates. Itéed to be a nonlinear function of the differenceetween 0.030 and 0.073 (Buffington and Mont-
less clear what the effect of increased sedimebéetween the effective basal shear streésgnd  gomery, 1997), although it is recognized to vary
load is on sediment-transport rates, in part, béhe critical shear stresg,, required to initiate as a function of grain protrusion and exposure

cause most of the relevant data come from flunteansport: (Fenton and Abbot, 1977), friction angle (Buff-

experiments or from natural channels with rela- ington et al., 1992), bed packing (Church, 1978),
tively low sediment supply. In addition, the bed Qs=k(T' =)™, (1) Dbed relief, sediment fabric (Laronne and Carson,
morphology of mountain channels has been hy- 1976; Brayshaw, 1985; Brayshaw et al., 1983),

pothesized to reflect relative sediment supplyvhereQqis the sediment fluxs is an empirical and the definition of incipient motion (Buffington
although few direct observations are available tconstant, andl is an empirically derived exponentand Montgomery, 1997). Combining equation 2
test such predictions (Montgomery and Buffinggenerally greater than 1 (Gomez and Churchyith an expression for basal shear strespgH
ton, 1997). Nonetheless, understanding the r&989). A force balance for the moments actingin8, whereH is flow depth and is the channel
sponse of bed mobility and morphology to higlabout a downstream contact point for sphericalope) yields
sediment loads is important for predicting sedigrains of diameteD shows that the critical shear
ment routing through mountain drainage basinstresst,, required to mobilize a stream bed is pro- .= [p/(ps—p)] [Hc/D] sin 6, 3)
affected by land use or catastrophic disturbancportional to bottD and the friction angleg of

Channels draining the slopes of Mount Pinathe bed material and inversely proportional tevhereH, is the critical flow depth required to
tubo, Philippines, provide an unusual opportunitgrain protrusionR). In part because and@dis- mobilize grains. Equation 3 indicates thatifis
to study channel response to extreme sedimeributions are difficult to quantify in natural chan-the same for all grain sizes, then the critical flow
loading. High-flow events in the form of laharsnels, researchers introduced an empiritato  depth is a linear function of grain size:
dominate the overall sediment yield at Pinatub@ccount for these factors whergis generally

but continuous transport of very high sedimentodeled by the Shields (1936) equation H.=D ./ p/(ps—p)] Sin6}. 4
loads also occurs at low flow. Here we report on

channel response to these low flows and, in par- T.=T*:(ps—p) 9 D, 2 On a natural stream bed composed of grains of
ticular, the mobility of grains over the bed sur- various sizes, small clasts will tend to be sheltered

face. Our observations document that the chamherepg andp are the density of sediment andby large grains, which are more exposed to the
nels have a very low bed roughness and that largater, respectively, argiis gravitational acceler- flow, a phenomenon known as the hiding effect.
clasts are selectively transported with low dimeration. From inspection of equation 2, it is appar€onsequenthp in equation 2 is often considered

sionless critical shear stresg{) values. We ent that a uniform fining of the bed surface (i.eto be the median grain size in streams with rough,
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gravel beds composed of mixed grain sizes. In T /T s50= (D;/Ds) 7%, (5) 200 m elevation (Major et al., 1996). The 1991
such channels, Parker et al. (1982) hypothesized eruption of Mount Pinatubo delivered 5 to 6km
that, to a first approximation, low friction angleswhereD., is the median grain size and the subef pyroclastic flow deposits and ~0.5 krof
for large clasts and high friction angles for smalkscript i denotes a grain size of interest. The equaéphra-fall deposits to the flanks of the volcano
clasts lead to an approximately equal threshold afiobility view of initial motion holds that because(Newhall and Pungonbayan, 1996; Scott et al.,
mobility for different grain sizes. This concept isof the hiding effect, grains of different size will be-1996). These deposits covered 29% and 33% of
supported by observations from gravel-bed chacome mobile at about the same flow stage (Fig. 1he drainage basins of the Pasig-Potrero and
nels (Andrews, 1983; Andrews and Erman, 1986; Conversely, observations of some stream be@acobia Rivers, respectively, and buried the main
Wilcock and Southard, 1988) and theoreticaihdicate that smaller clasts are more readily mahannels under as much as 200 m of deposits
analyses (Wiberg and Smith, 1987). bilized from the bed surface and are preferentialfNewhall and Pungonbayan, 1996; Major et al.,
Parker et al. (1982) argued that a thresholshobile at low flow (Baker and Ritter, 1975; Ash-1996). Over the next 6 yr, about one-half of this
mobility of the bed surface is maintained by avorth and Ferguson, 1989; Ferguson et al., 1996haterial was transported and deposited on down-
grain size dependence tdt,, in which larger resulting in selective transport. On the basis aftream lahar fans (Janda et al., 1996), maintain-
clasts have lower values and finer clasts hawediment-transport data from a variety of channelgg extraordinarily high sediment loads in these
higher values. Andrews and Parker (1987) reworkers have reported an exponent different fromivers. Extensive deposition on these fans re-
viewed data from natural channels with relatively-1 in equation 5, a range of —0.6 to —0.9 indicatingulted in ongoing burial of entire towns (Newhall
low sediment supply and concluded that an aphat different size fractions become mobile at difand Pungonbayan, 1996; Major et al., 1996).
propriate hiding factor is given by ferent flow stages (Komar, 1987; Ferguson et aEstimated annual sediment yields from the Pasig-
1989; Kuhnle, 1992; Wathen et al., 1995). AddindPotrero and Sacobia Rivers exceed previous
4 Threshold Transport & complexity to the conditions of equal mobility andrecord-breaking values from the rivers draining
éé}/ purely selective transport, Wilcock (1997) arguedlount St. Helens by an order of magnitude
) 4@“}’ that in many channels, a partial mobility occurs ifDinehart et al., 1981; Umbal, 1997).
N which only some of the grains of a given size are
S mobile at a particular flow depth. At present ther®IETHODS
4 is no consensus as to the particular conditions A striking characteristic of the Sacobia and
’ under which threshold mobility, selective transPasig-Potrero Rivers at present is the procession
JRe port, and partial mobility occur. of rocks that roll down river even during shallow
. flows. These rocks range in size from gravel to
’, STUDY AREA cobbles at low flow and are up to boulder size at
JRe Mount Pinatubo lies about 100 km northweshigher flows. Many of the rolling rocks protrude
» of Manila in central Luzon, Philippines (Fig. 2).through the flow, and most travel intermittently.
Critical Flow Depth (He) The flanks of the volcano are composed oAt four representative reaches near the heads of
steeply dissected terrain with hillslope angles th#the alluvial fans, we measured the intermediate
Figure 1. Relationship between grain size (D) range up to >45° at elevations above 1000 m, giexis of 621 clasts that were stable (i.e., not mov-
and critical flow depth (- H;) for equally mobile ing way to broad, coalescing alluvial fans belovwng), rolling, or sliding down the channel. We
and selective transport initiation. also measured the local flow depth to the nearest
centimeter at the sampling point for each clast.
Our measurements spanned the full range of flow
depths across each reach. At each study reach, we
also surveyed a longitudinal bed-surface profile
with a stadia rod, tape, and hand level; estimated
surface-flow velocity by timing the passage of
floating objects; and conducted a pebble count
(Wolman, 1954) (Table 1). The average slope of
each reach was determined from a least-squares

Grain Size (Dy)
\

A

Mt. . . Lo
Pinatubo linear regression of the surveyed longitudinal
SAN profile. A total of 22 clasts sampled for saturated-
FERNANDO density determination indicated a range of 1100
, ¢ to 2500 kg/m; the means were 1300 kgfifor
PhilippinZs 0 10 km pumice, 2100 kg/ftor lithic material, and 1500
‘ | ! | ‘ 15°00' kg/m? for all of the samples.
Figure 2. Location of study reaches on flanks of Mount Pinatubo, Philippines. RESULTS
Substantial sediment transport occurred even
TABLE 1. STUDY REACH CHARACTERISTICS at the low-flow conditions that we sampled; the
Reach Slope  Dso  Flow Flow % n Fr Re  flow was brown and opaque where deep. The
(m/m)  (mm) d?ﬂ’:;“ ve(lrgzt)y* (x10°)  channel bed in each surveyed reach was braided,
PasigPotrero 1 0.015 2 0.04 _ 0.9(0.6) 0016-0027 0024 10 24 Wihlow-amplitude bars and a relatively smooth
Sacobia 2 0017 2-4 003 1.1(07) 0018-0031 0018 13 21 bed. In areas of deeper flow, a continuous mov-
Sacobia 3 0.020 2-4  0.04 1.3(0.8) 0.021-0.036 0.020 1.3 32 ing carpet of coarse sand to gravel (composed of
Pasig-Potrero4  0.023  4-8 0.05 1.8(1.2) 0.024-0.041  0.017 1.7 60 waterlogged pumice and lithic fragments) ex-
Note: Dso = median grain size; n= Manning’s n; Fr = Froude number; Re = Reynolds number. tended across the entire wetted width. In areas of
“Measured surface velocity (average velocity). shallow flow, smaller clasts moved around indi-
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vidual stable clasts. Low-flow bedload transpo "5 sene o ' Z
rates measured with a pressure-difference se _ s | PsigPerere! 25 [ PasigrPotrerod L
pler ranged from 0.1 kgnL-stin the smallest § , | 7 1 Bl © og e
braids to 1.6 kgn1-sin larger braids. Many 2 e g 0,00 *
of the largest clasts (i.e., those >0.1 m in diarr g *f ~ ©©© 6“3 * 1 0>0806 _
ter) protruded through the flow while rolling & ©f 3 o 16 Figure 3. Plots of local
flow depth vs. grain size
through areas of deeper flow, but stopped. wh [} ] for mobile (solid symbols)
transported from deep to shallow points in tt o A and stable (open sym-
flow. In contrast, periodic surges deeper thant s s 0 18 bols) clasts sampled from
average flow swept through the study reach Flow Depth (cm) Flow Depth (cm) reaches of Pasig-Potrero
. . ® 0 River (A and B) and Saco-
and consistently destabilized many of the pre , T ) o 3 s bia River (C and D). Note
ously stable large clasts. Slight flow diversior s .g“""i“ 6 o e 25 [ Sacobiad "1 that data are all for cases
also could induce stable clasts toroll. These ¢ § '} | " cesis o4 [ -7 1 where measured grains
servations indicate that most of the larger clas g 7 8 S e -0 are greater than median
were near the condition for incipient motioneve 2 ®f © oo .7 e 1268 ,3%R" % o ] Orainsize [(D/Ds) > 1]
at the low-flow conditions that we measured. & 1 | @@/Oié % .: : ] w0t 8%‘ ¢ o 3
Comparison of the size of stable and mobi | ot g',:.: ] s E 2 ° ¢ ° ]
clasts reveals a distinct grain-size dependenc e® © C s°® D
the critical flow depth. Plots of flow deptH, vs. % s ” s o s 1 s
grain size reveal distinct fields for stable and m Flow Depth (cm) Flow Depth (cm)

bile clasts, with a strong grain size dependence

the flow depth that separates stable and mobiteng’s n values ( = H%-67S%5-1) of 0.017 to thermorer*; values for these channels are below
clasts (Fig. 3). Moreover, in each of the stud$.024 confirm that the low-flow beds of theseor at the low end of the range of values reported
reaches the onset of initial motion is well approxehannels have very low roughness in comparisdar comparably high Reynolds number flow
imated byH. = 0.9D. Givenp, ps, and sing, to typical mountain channels with comparablg¢Buffington and Montgomery, 1997). The low

inspection of equation 4 indicates tiigtcan be slopes (Fig. 4). T*. values for these channels, however, are com-
calculated from the slope of the boundary be- parable to those reported for overriding grains
tween the data fields defined by stable anBISCUSSION (Fenton and Abbot, 1977), such as gravel moving
mobile clasts in Figure 3, by setting the slope of In our study reaches, the combination of lovover a sand bed (Ferguson et al., 1989).
the boundaryH./D) equal to roughness, dramatic bed-surface fining, and low We interpret the dramatic selective mobility at
T*. values leads to high excess shear stresses (icir study reaches to reflect that high sediment
H./D =1*.[{[ p/(ps—p)] Sin 6}. (6) Tt —1.) and, therefore, substantial bedload transupply leads to selective transport, in addition to

port even at low flow. Although it is well known enhanced bed mobility. Sustained selective trans-
Incorporating a sediment density of 1300 to 150that channel beds dynamically adjust to changg®rt without a supply of sediment from upstream
kg/m?, a fluid density of 1016 kg/frcalculated  in sediment loading, the low;and Manning's1  leads to the development of a stable armored sur-
from the average suspended-sediment concentxalues for high Reynolds number flow in the relaface (Sutherland, 1987) through progressive win-
tion at the time of our measuremeitg/D = 0.5, tively steep Pinatubo rivers document enhanced

and the reach-average slope for each reach iried mobility in these channels with extreme sed ' '
equation 3 yields*. values of 0.016 to 0.041 ment loads. The increased mobility of the streau
(Table 1). Assuming that the kinematic viscositybed, in turn, increases the transport efficiency ¢ ®
v, of the flow is 16 m?/s and that the averagethe channel, thereby providing a mechanism fc @
flow velocity is two-thirds of the estimated positive feedback between high sediment loadir o’
surface-flow velocity (Chow, 1959), calculatedand high sediment-transport rates. This enhanc 01p e ]
Reynolds numbers (RewrH/v, whereu is flow  bed mobility occurs both by decreasignd by L‘ 1
velocity) indicate fully turbulent flow character- increasing’ through lower roughness. 5, ° .... 1
istic of mountain channels (Table 1). The linear boundary between data for stabl = o “ .‘

A striking characteristic of the Sacobia andind mobile clasts for each reach in Figure € <8 °
Pasig-Patrero Rivers is their very smooth bed sulocuments a grain-size—dependent threshold f ‘2" ..$
face. The hydraulic bores that swept down thicipient motion that indicates strongly selective L&
channel at both the low-flow conditions that weransport (equivalent to an exponent of 0 in equi o®
sampled and high-flow events that we observettbn 5). Moreover, the linear nature of this thresh ) O
resemble the periodic surges or pulsating flowld shows that a constarit. reasonably charac- Pinatubo 83
described by Chow (1959) as flow instabilitiegerizes the condition for incipient mobility in the
that form in flow over steep, smooth beds aBacobia and Pasig-Potrero Rivers for grain siz 0.01 . .
supercritical flow with Froude numbers (Fr)larger than the median grain size. In contrast 0.0001  0.001 0.01 0.1
greater than 1 [Fre/(gH)%5]. Hence, these regu- predictions of the equal-mobility concept, anc
larly periodic surges and the calculated Fr of 1.the relatively thresholdlike bed mobility typically Gradient (m/m)
to 1.7 for the surveyed channels indicate formabserved in mountain-channel networks (Mont Figure 4. Plot of Manning’s  n vs.
tion of a smooth channel bed. Grant (1997) alspomery and Buffington, 1997), it appears tha reach slope for data from Saco-
found Fr= 1.0 for the Pasig-Potrero River andthese extremely sediment-laden rivers prese bia and Pasig-Potrero Rivers (this

" . . . study) and values from mountain

argued that such supercritical flow could only bexamples of strongly selective transport in whicl drainage basins reported by
sustained over long distances and time periodssinglet*. value reasonably characterizes thi Barnes (1967) and Marcus et al.
with a very smooth bed. Back-calculated Manmobility of a wide range of grain sizes. Fur- (1992).
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