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Abstract. Sediment yield data, based on dissolved and suspended river loads, and 
measurements of geomorphic processes at sites in temperate alpine environments are critically 
compared. Measurements of rates of operation of slope processes, where integrated over a 
drainage basin, are 1 to 2 orders of magnitude smaller than sediment yield. The relationship 
between sediment yield and primary denudation is discussed and ways of estimating sediment 
yield are seen to suffer from a blurring of this distinction. The estimation of sediment yield in 
temperate alpine environments is discussed in terms of glacierization, lithology, sediment 
availability and mean runoff. 

Estimation de la production de sédiments dans les environnements alpins tempérés 

Résumé. Les données de production de sédiments, fondées sur les transports solides en suspen­
sion et les dissolutions, et les mesures de processus géomorphologiques sur le terrain sont com­
parées de façon critique dans des environnements tempérés alpins. L'intensité de l'érosion sur les 
versants est 1 à 2 fois plus faible que la production des sédiments. La relation entre production de 
sediments et denudation primaire est discutée; il est indiqué que les méthodes d'estimation qui ne 
font pas cette distinction sont insuffisantes. L'estimation de la production de sédiments est dis­
cutée en termes de glaciérisation, lithologie, disponibilité en sédiments et débit moyen. 

INTRODUCTION 

Sediment yield is defined as 'the total sediment outflow from a watershed or a drainage 
basin, measurable at a cross section of reference and in a specified period of time'. 
(Vanoni, 1975). A wide variety of units have been used; here Fischer's (1969) 
recommendation to use Bubnoff* units (B) will be followed. In continental and 
lowland rivers, sediment yield values are dominantly the result of bed and bank erosion 
in unconsolidated materials and provide an index of the rate of redistribution of such 
sediments (Strakhov, 1967). In glacierized mountain basins, sediment yield values are 
greatly influenced by the regime and sediment content of local glaciers (Church and 
Ryder, 1972). In unglacierized mountain basins it could be anticipated that sediment 
yields would bear a more direct relationship to primary dénudationf of the landmass 
bedrock. 

In attempting to understand sediment yield data in any given environment, the 
following three questions require an answer: 

(1) How closely do the sediment yield data correspond to field measurements of 
individual processes? 

(2) What is the relationship between sediment yield and primary denudation 
rates? (Meade, 1969). 

* 1 Bubnoff is equivalent to 1 m3 km"2 year " ' or 1 mm of ground loss per 1000 years. Assuming 
a specific gravity of bedrock of 2.65 then 1 Bubnoff is also equivalent to 2.65 tonnes km" 2 year " ' 
or 7.69 short tons mi"2 year " ' . 

f Primary denudation means the progressive exposure of deeper rock structures by weathering and 
erosion (Fairbridge, 1968). 
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(3) What is the best way to estimate sediment yield in a temperate alpine 
environment? 

Before answering these questions it is important to define a hydrological 
environment within which the variety of sediment producing processes is limited but 
which at tire same time, has more than local interest. In this paper it •was decided to 
use the temperate alpine environment as it occupies a significant areal extent estimated 
at about 2 X 106km2. 

THE TEMPERATE ALPINE ENVIRONMENT 

A variety of definitions of temperate alpine environments are available (Tricart, 1969; 
Washburn, 1973) but for the present purposes that quoted by Barry and Ives ( 1974) is 
adequate. That definition includes all regions above the timberline bo th between the 
Arctic Circle and the Tropic of Cancer, and between the Antarctic Circle and the Tropic 
of Capricorn. Relevant published data from the temperate alpine environment have 
been used; four North American case studies within this zone were selected to illustrate 
the sediment yield characteristics of primarily granitic basins. From each of these four 
regions within the temperate alpine environment, one or more basins close to the 
timberline were selected for analysis (Table 1). 

SEDIMENT YIELD 

Sediment yield and process measurements 
Early estimates emphasized the variability of sediment yield in unglacierized alpine 
environments. They varied from Strakhov (1967), who estimated 20 t o >100 B, 
through Corbel (1964), 92-385 B, to Fournier's(1960) estimate of 4 5 - 1 0 0 0 B. 
Fournier used only clastic sediment but Strakhov and Corbel included dissolved and 
suspended sediment. Young (1974) has summarized the best available evidence and 
concluded that an average figure of the order of 500 B is representative of mountainous 
relief regions of the world. However, Caine ( 1974) has noted the discrepancy between 
published sediment yield rates and the results of field measurement of the rate of 
operation of individual geomorphic processes. Dahl (1967), for example, has shown 
that bedrock weathering in northern Norway accounts for an equivalent of 1 — 1.3B 
and Rapp (1960) showed that the sum of individual geomorphic processes amounted 
to no more than 20 B in northern Sweden. Three alternative explanations of the 1 to 2 
orders of magnitude discrepancy are: 

(1) down-cutting by rivers, 
(2) bank erosion, 
(3) the sediment yield and/or the process measurements are wrong. 

It seems probable that the bulk of the discrepancy derives from bank erosion (as has 
been shown to be the case in other environments, Kirkby, 1967). 

Ultimately this discrepancy in the literature can only be resolved b y comparative 
studies in similar lithologies using a system of stratified areal sampling (Slaymaker and 
Chorley, 1964; Bovis, 1974). In this paper, the literature is stratified and only results 
from granitic temperate alpine basins are considered (Table 1). These basins show 
sediment yields that are 1 to 2 orders of magnitude lower than those quoted by Young 
(1974) and are more consistent with the published literature on individual rates of 
operation of geomorphic process. 

The data for the Lillooet and Fraser Rivers are not strictly comparable with the other 
basins in Table 1. The systems are very much larger, their geology is heterogeneous and 
extensive land use changes over the past 50 years have influenced the sediment yields 
(Slaymaker and Gilbert, 1972). But in this context they indicate that sediment yield 
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increases downstream and reaches a maximum at an intermediate scale where sediment 
availability is high and land use change has had a major impact. It is suggested that 
many of the examples summarized by Young (1974) as being representative of 
contemporary denudation rates in mountain regions are basins similar to the Lillooet 
River basin, where the monitoring station is located in the valley bottom immediately 
adjacent to the mountains and well below the timberline. 

Sediment yield and primary denudation 
There are five major sources of sediment and solutes in a temperate alpine environment: 
the atmosphere, biosphere, surface erosion, subsurface erosion and bank erosion. Of 
these, only surface and subsurface erosion cause primary denudation, but as indicated 
in the table, they appear to be the dominant components of sediment yield in a 
temperate alpine environment. 

Atmospheric solutes 
There is an altitudinal effect which has been documented by, for example, Matveyev 
(1964), but proximity to maritime air masses (Zeman, 1975), and volcanic emissions 
(Janda, 1971) are likely to be far more important. 

In any local study, stream solute load may be of a similar order of magnitude and 
the partitioning of atmospheric, biospheric and lithospheric sources becomes a complex 
problem (Zeman and Slaymaker, 1975). On a zonal scale, however, the yield from this 
source is small. 

Biospheric components 
The alpine environment has the lowest level of biological productivity in the world, 
except for deserts and open oceans (Webber, 1974). Again, the balance of opinion 
suggests that the alpine tundra ecosystem is a stable ecosystem, with only a very small 
net yield of solutes (Bazilevich and Rodin, 1971). On a zonal scale, the yield of solutes 
from the biosphere is small. 

Bed and bank erosion 
No specific data are available for these processes but upper limits are provided by the 
suspended sediment yield data. Examples given in Table 1 should be compared with 
0.05 B (Caine, 1974) for the Green Lakes, Colorado and 2 B (Slaymaker, 1972) for 
Marmot Creek, Alberta. 

Surface erosion 
Benedict (1970) provides one of the most complete studies of gelifluction rates and 
indicates a median of 2.7 cm year ~l over a median depth of 50 cm. But he does not 
estimate the contribution of this process at a basin scale. Table 2 contains estimates 
from published sources, assuming a drainage density of 1 km km"2. 

Chemical weathering and subsurface erosion 
DahTs (1967) measurements of surface granite weathering since ice retreat in northern 
Norway is one of the few studies with quantitative data on primary denudation in 
temperate alpine environments. Analysis of the solute load of streams (Zeman, 1975) 
is the most common way of estimating weathering rates. 

Primary denudation 
It seems clear that the 500 B sediment yield quoted by Young (1974) cannot be 
aggregated from either the denudation or the non-denudation sediment sources at sites 
in temperate alpine environments. 
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TABLE 2. Contribution of various forms of surface erosion to denudation 

Process Location Sediment yield [BJ 

(a) Gelifluction* 

(b) Rockfallf 

(c) Debris slides 
and mudflowsf 

(d) Surface washf 

(e) Nivationf 

Lapland' 
French Alps2 

British 
Columbia3 

Spitzbergen" 

Yukon5 

Coast 
Mountains6 

Kirghizia7 

Alberta 
Rockies8 

Colorado 
Rockies9 

1 - 5 
< 1 2 

5 - 6 
< 1 0 

8.8 - 44.36 

up to 30 
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5 

7.5 

* Data from published sources, converted to Bubnoffs by comparing basins of identical 
drainage density (1 km k m - 2 ) . 

f Site data. At least 1 order of magnitude smaller when converted to basin yield. 
1 Rudberg(1964, 1970) 
2 Pissart (1964) 
3 Slaymaker(1974) 
4 Jahn(1961) 
5 Gray (1972) 
6 0'Loughlin(1972) 
7 Iveronova (1969) 
8 Dingwall (1972) 
9 Thorn (1976) 

Estimation of sediment yield 

Foumier's equation (1960) 

log E [tonnes km"2 year ~l] = 2.65 log (p2P~l) + 0.46 H tan 4> - 1.56 (1) 

where 

E = suspended sediment yield, 
p = precipitation in month of maximum precipitation [mm], 
P_ = mean annual precipitation [mm], 
H= mean elevation of basin [m], 
0 = mean basin slope [ c] . 

This estimating equation has proved useful for 78 basins ranging in size from 2460 
to 1 060 000 km2, and derivatives of it, excluding the relief term, have been used to 
estimate zonal sediment yield. It is inappropriate in temperate alpine environments as 
it makes no allowance for precipitation in the form of snow and the scale of application 
is different. 

Schumm and Hadley 's equation (1961J 

logS [acre-ft mi"2 year ">] = 27.35/? - 1.187 (2) 
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where S = suspended sediment yield, and R = relief—length ratio. This estimating 
equation was appropriate for 59 basins ranging in size from 0.3 to 47 k m 2 . Carson and 
Kirkby (1972) have attempted to transform the relationship to areas of 3900 km2 by 
using Brune's( 1948) relationship between basin area and sediment yield. Although 
the scale of the original data is appropriate to temperate alpine basins, the relationship 
is not transferable outside the semiarid zone. 

Jansen and Painter's equation (1974) 

l o g S = - 5.073 + 0.514 log#+ 2.195 l o g P - 3.706 log V + 1.449 logG (3) 

where 

5= suspended sediment yield [tonneskm_2year-1], 
H- altitude [m], 
P = mean annual precipitation [mm], 
V= measure of vegetation cover, 
G = estimate of proneness to erosion. 

This estimating equation was derived for 26 basins in the humid microthermal 
climatic zone ranging in size from 6610 to 3 220592 km2. Although the scale of 
application is inappropriate to the temperate alpine zone, the relationship is introduced 
here because of the attempt to incorporate vegetation and lithology at a basin-wide 
scale into the relationship. 

McPherson's equation (1975) 

log TSE = 0.8797 log 6 - 0.690 logD + 0.6462 log L + 1.1035 (4) 

where 

TSE = suspended plus dissolved sediment yield [tons m i - 2 year - 1 ] , 
0 = mean land slope [°] , 
D = basin diameter [mi], 
L = main channel length [mi]. 

This estimating equation was derived from 21 basins in southern Alberta varying in 
size from 131 to 1410km2. It is useful in the present context because i t incorporates 
both suspended and dissolved components of sediment yield. Also, in the discussion, 
McPherson indicated that discharge was not used in the multiple regression analysis 
because simple regression showed that log total sediment yield was significantly 
correlated with log unit mean discharge (ft3 s~~' mi~2). The fact that mean land slope 
was an important factor probably derived from the incorporation of two very different 
physiographic units in the study, namely the High Plains and the Rocky Mountains. 

Discussion 
Published estimating equations for suspended sediment yield and for total sediment 
yield are not directly transferable beyond the basins from which the data were derived 
to the temperate alpine environment. Preferred strategy would be to: 

(a) Stratify the temperate alpine environment into glacierized and unglacierized, 
an approach clearly recognized by Corbel (1964). 

(b) Select a reasonably homogeneous lithology. 
(c) Determine the availability of sediment. This could follow Church and 

Ryder's (1972) recommendation to identify pro-glacial, para-glacial and non-glacial 
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environments or alternatively map the distribution, thickness and type of unconsoli­
dated sediments and their location relative to channels. 

(d) Determine mean annual runoff intensity [in mm] and apply a simple model 
such as that of Carson and Kirkby (1972) to estimate dissolved sediment yield. 

oxides 

where 
D = total rate of chemical removal, 
q = total flow through soil, 
x = distance downslope, 
k = solubility for a given oxide, 
p = mean oxide proportion in the profile, weighted by discharge contribution. 

This model predicts that the highest rates of chemical weathering are found in areas 
of highest effective precipitation or highest total flow. When applied t o the data for 
Sangre de Cristo, White, Cascade and Coast Mountains the predicted chemical removal 
shows consistency with the measured values (Table 1). 

(e) The denudational component of suspended sediment yield, based on site 
measurements of individual geomorphicprocesses, appears to be of similar order of 
magnitude to the predicted chemical removal. 

(f) Additional non-denudational suspended sediment yield is a function of 
sediment availability. Relaxation and lag effects in basins, as discussed by Allen (1974), 
are most difficult to predict. Runoff magnitude and frequency will be an effective 
predictor (Vanoni, 1975) if sediment availability is unlimited. 

CONCLUSION 

Standard methods of estimating sediment yield are inadequate for temperate alpine 
environments. They have in general led to overestimates of the sediment yield in 
unglacierized regions and, in some literature, it has been assumed that primary 
denudation rates are of similar orders of magnitude (>500 B). This has resulted from a 
lack of clarity in the literature on the relationship between denudation and sediment 
yield. As far as granitic unglacierized basins are concerned it is suggested that 40 B is 
the upper limit for primary denudation rates, that this would only be achieved under 
perhumid conditions (4000 mm mean annual precipitation), and that, of this total, 
similar amounts are accounted for by dissolved and suspended load. 
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