
AN ABSTRACT OF THE THESIS OF

David Alan Laird for the degree of Master of Science

in Soil Science presented on August 21, 1981

Title: Sediment Characteristics in Storm Runoff from an

Agricultural Watershed

Abstract approved: Redacted for Privacy
/Dr. M. E. Harward

The physical characteristics of sediment generated by storm runoff

were studied on a small Western Oregon agricultural watershed. The

parameters studied were the sediment clay mineralogy, dispersed particle

size distribution, aggregate size distribution, organic matter content,

and sediment concentrations.

Runoff and suspended sediment concentrations were monitored at

the outlet of a 6.0 ha watershed using an H-flume equipped with a

flow meter and an automatic sampler. Bulk sediment samples were col-

lected periodically for physical analyses.

Suspended sediment consisted of silts, clays and micro-aggregates

of these silts and clays. A small amount of fiberous organic debris

was also traveling in suspension. Bedload materials consisted of

coherent soil aggregates and discrete grains of sand.

Seasonal changes in soil surface conditions had little effect on

the physical characteristics of the sediment. As much variability in

sediment size distribution and clay mineralogy was observed within a

single storm event as was observed over an entire season.

The clay mineralogy of bedload sediments varied between material



which had characteristics similar to the surface soils (A -horizon) of
p

the lower watershed and materials which were similar to subsurface

soil materials (A
3
-horizon).

An investigation of the clay mineralogy of suspended sediments

revealed that periodically the sediments were enriched with well

organized kaolinite, smectite and vermiculite and depleted of chlor-

itic intergrades. This selective clay mineral enrichment occurred

during low energy hydrologic conditions. During high energy hydro-

logic conditions suspended sediment clay mineralogy was similar to

that of the watershed surface soils.

A systematic decrease in the mean size of suspended sediments was

observed through the duration of runoff events. The slope of the ris-

ing limb and not the absolute discharge was observed to exert the

dominant influence on suspended sediment size distribution.

A suspended sediment concentration to discharge hysteresis was

observed. Suspended sediment concentration values were consistently

higher for rising limbs of hydrographs than at equal discharge on

falling limbs. The suspended sediment concentration hysteresis was

examined relative to the sediment size distribution. The clay con-

centrations were found to vary lineraly with discharge, and the

hysteresis was pronounced in the silt and sand fractions.

A hypothesis was developed to explain the observed phenomenon.

It is suggested that the rate of channel scour is directly linked to

the slope of the hydrograph on rising limbs.
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SEDIMENT CHARACTERISTICS IN STORM RUNOFF
FROM AN AGRICULTURAL WATERSHED

1. INTRODUCTION

History books are filled with stories of once great civilizations

which died on battlefields, but only after internal decay left them

vulnerable. Agricultural success leads to the growth of civilizations

and its failure leads to their destruction. This fundamental axiom of

history is a warning to the modern world. Slowly through time,

erosion and sedimentation rob the land of its fertility and a people of

their vitality. It is, therefore, not only appropriate but absolutely

essential that the problems of erosion and sedimentation be vigorously

pursued by the scientific community.

The growing public awareness of erosion and sedimentation pro-

blems has not been motivated by the long term ramifications from loss

of the resource, but rather by the short term concerns of water quality.

Public Law 92-500, an amendment to the Federal Water Pollutant Control

Act, mandates through section 208 that nonpoint source pollution

(namely agri- and silivicultural) be addressed.

With both a social need and a legal mandate, the scientific com-

munity in cooperation with governmental agencies has put new emphasis

on erosion related questions. One such question is how to quantify

soil loss.

The "Universal Soil Loss Equation" (USLE) has served for years

as the backbone of most empirically derived models used to quantify

erosion on agricultural lands. The USLE is based on test plot data
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collected throughout the South, Southeast, and Midwest United States

(Wischmeier and Smith, 1965). The only erosive agent used in the ori-

ginal derivation of the USLE was the rainfall (R) factor. The maximum

6 hour rainfall that can be expected to occur every two years is the

dominate parameter used in the development of the 'R' factor. Runoff

is not used as an erosive agent mainly because of the difficulty in

developing runoff predictive equations. However, implicit within the

USLE is the assumption that once soil, cover, slope and management

aspects have been considered, runoff will be proportional to a rainfall

intensity-duration factor. East of the Rocky Mountains where short

duration, high intensity, convective storms contribute most of the

annual rainfall this is a reasonable assumption. In the Pacific North-

west, long duration, low intensity, frontal-orographic storms provide

most of the annual rainfall and here the assumption appears to be in-

valid. Prolonged rainfall combined with restrictive layers can pro-

duce saturated soils, at which point the runoff factor becomes

significantly more important. Thus, antecedent soil moisture has been

recognized as a major factor influencing erosion in the Pacific North-

west (Lowery, 1980).

A tri-state (Oregon, Washington and Idaho) research project was

initiated to consider Solutions to Economic and Environmental Problems

(STEEP) relating to erosion. As part of this effort the Department of

Soil Science at Oregon State University initiated a major research

program on erosion and sediment transport in the high winter rainfall

zone of the Northwest United States. This thesis is a contribution to

that project.
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A study watershed has been established in the low foothills of

the Coast Range in southern Polk County, Oregon, known as Elkins Road.

Runoff and erosion have been monitored at the Elkins Road watershed

for five years. It has been observed that as the rainy season pro-

ceeds, a rill gully system is progressively incised into the soils.

On one of the upper subwatersheds (E4F2), the main channel has been

observed to cut a gully as deep as 35 cm. It was hypothesized by F.

W. Simmons (Personal communications) that down cutting would eventually

begin to erode material from the upper B-soil horizon and that the

physical characteristics of the sediment would reflect this B-horizon

provenance.

It was the original intent of this study to provide a physical

characterization of the sediment actually found in transport and to

test those characteristics for seasonal changes that might reflect the

changing watershed surface conditions. However, with acquisition of

the first years data, it became quite apparent that there was as much

variability within a single event as there was over the entire sea-

son. Furthermore, there were strong indications that systematic

changes in the physical properties of the sediment were occurring as

runoff events proceeded. Thus, during the second year of this study,

emphasis was placed on documenting these intra-hydrograph changes and

trying to interpret their cause and effect relationships.

An understanding of the physical characteristics of material in

transport is vital when addressing water quality or sedimentation

questions. However, this research has considered the processes which

resulted in the physical properties of the sediment. By luck only,
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the sub-watershed chosen for study was large enough to allow clear

definition of sediment transport processes, yet small enough to avert

the confounding effects of multiple source areas and varying delivery

times. The result has been the recognition that interrelationships do

exist between different sediment physical properties.

No definitive answers have been reached with regards to the pro-

cesses responsible for the observed phenomenon. Yet, from several

independent aspects, evidence was obtained which implies that scour

rates are significantly higher for a given discharge on the rising limb

of a hydrograph as opposed to its falling limb. A hypothesis is pre-

sented which provides one possible explanation. It is hoped that

future research will address the questions raised by this study, and

that definitive answers will further enhance our understanding of the

erosion process. Ultimately, the goal of all erosion research is to

define better management practices which may be used to protect the

world's most valuable natural resources, its soil. Recommendations on

alternative practices first require an understanding of the factors

and processes involved.

OBJECTIVES

The specific objectives were:

1) To characterize the physical properties of sediment generated in

storm runoff from an agricultural watershed.
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2) To determine if seasonal changes in soil surface conditions

affect sediment physical characteristics.

3) To determine if changing flow conditions within a runoff event

affect sediment physical characteristics.



2. LITERATURE REVIEW

2.1 SIZE DISTRIBUTION

6

Size distribution is probably the most commonly analyzed physical

parameter of sediment. Sedimentary Petrologists have dominated the

literature on size distribution in their quest to decipher the deposi-

tional environments, processes, and provenances of sediments. In

recent years, the development of sophisticated statistical indices and

the accumulation of vast quantities of data have helped to define

textural responses to sedimentary processes. Despite this wealth of

information virtually no one has attempted to use sediment size distri-

bution to analyze the erosion process.

Friedman (1961, 1967) has clearly demonstrated the ability of

statistical parameters of size frequency distribution to distinguish

between beach, river and dune sands. These statistical methods ulti-

mately exploit our understanding of the dynamics of depositional pro-

cesses. Fine materials are winnowed from beach sands by the pounding

surf. Aeolian deposits are inevitably highly sorted, while fluvial

deposits reflect the fluctuating energy levels of rivers in their

heterogeneous sediment assemblages. Folk and Ward (1957), in their

classic analysis of a bar in the Brazos River in Texas, recognized

that non-normal skewness and kurotsis identified bimodal character-

istics of sediments even when such characteristics were not evident on

frequency curves.

Passega (1964) reviewed one of the more powerful tools of textural

analysis, CM patterns. Two parameters, the one percentile (C) and the
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median diameter (M) of the grain size distribution, are plotted against

each other. When a population of samples are represented on the same

figure, a characteristic pattern develops. It is even possible among

fluvial sediments to distinguish modes of transport, e.g. traction,

saltation or suspension. Visher (1969) provides a classification

system for genetic interpretation of sand textures based on the recog-

nition of individually log-normal sub-populations which reflect the

mode of transport and deposition. Pettijohn (1949) attributed defi-

ciencies in coarse sand, fine granule, and coarse silt sizes to pro-

venance and stream transport hydraulics.

In any statistical evaluation of sediment texture, caution must

always be exercised, for there is an exception to every rule. Beach

sands close to sediment source areas are often not completely winnowed

of fines and may be confused with fluvial deposits. Yet, textural

analysis has proved an effective tool in the analysis of sedimentary

deposits.

In the literature there are only a few size distribution in-

vestigations of freshly eroded materials. Doty and Carter (1965)

analyzed sediment collected from small (1/4 to 1/45 acre) plots and

found the mean size of eroded sediment to increase with increasing

sediment concentrations up to 20,000 ppm. Above 20,000 ppm the

sediment size distribution was nearly constant and reflected the

particle size distribution of soils in the plots. Swanson et al.

(1965) found statistically different size distributions for eroded

sediment and soils in the erosion plots, but they were unable to

detect significant changes in the size distribution of sediments as
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the simulated storms proceeded.

R. A. Young (1980) reviewed the literature dealing with eroded

sediment characteristics and concluded that "Soil-particle detachment

and transport largely depends on particle-size distribution, density,

and degree of aggregation of the matrix soil." Young argues that silt

size particles are selectively eroded because larger aggregates require

high energy to dislodge while clays have cohesive properties which are

difficult to overcome.

These and other authors who have considered the texture of freshly

eroded sediments have worked with materials collected from small ero-

sion plots rather than natural watersheds. Secondly, in this prior

work there has been little attempt to differentiate between suspended

and bedload materials and no attempt to use the results to interpret

processes.

2.2 SUSPENDED SEDIMENT CONCENTRATIONS VS DISCHARGE

In most fluvial systems, suspended sediment concentrations (SSC)

bear only a slight relationship to discharge. Human activity or a

single catastrophic event such as a landslide may have a dramatic

impact on SSC. Fredricksen (1965, 1970) noted 34 times the expected

sediment yield on a patch cut watershed after a series of landslides

which resulted from midslope road construction. Even with no such

catastrophic events, the relationship between SSC and discharge is

extraordinarily complex. Surface conditions, variable channel forms,

delivery times, and the ratio of base flow to direct storm runoff, all

contribute to the short term variability in SSC. However, most of the
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difficulty in relating SSC to discharge arises from the 'double condi-

tion of sediment transport'. The conditions are: 1) Materials must

be 'available' for detachment and 2) The fluvial system must have the

'capability' to both detach and transport those materials. Either one

of these two parameters can independently limit SSC. As a result

empirically derived equations for predicting SSC are at best site

specific and often fail as surface conditions change with time.

Dale F. Ritter (1978) considered the relationship between sus-

pended sediment concentrations and discharge to be a power function of

the form L=PQ-5, where: P and j are constants, L is the SSC, and Q is

discharge. Paustain and Beschta (1979) noted that "the hydrograph

slope (dQ/dt) is positively correlated with SSC which shows that

hydrograph characteristics can have an important affect on SSC values

in small streams".

In examining SSC to discharge relationships, one pattern does

emerge. Suspended sediment concentration values are consistently

higher on rising limbs than at equal discharge on falling limbs.

Leopold and Maddock (1953) observed this on the San Juan River near

Bluff, Utah in 1941. Paustain and Beschta (1979) noted the same

phenomenon. They attributed this SSC to discharge hysteresis to

"flushing" of streambed fines which are replaced during low flow situ-

ations. They contend that soil creep, dry ravel, and bank failures

contribute significant amounts to loose, readily erodable material to

the lower bank positions during low flow periods. As the stream level

rises these materials are flushed from the system causing abnormally

high suspended sediment concentrations on rising limbs.
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Milhous and Klingeman (1973) concluded that in gravel bottomed

streams, the armor layer and the gravel below it could alternately act

as a source and a sink for suspended sediment. On rising limbs, gen-

eral mobilization of streambed gravel would produce a flush of sus-

pended sediment from smaller material trapped among the gravel. On

falling limbs once the moving gravel settled into the bed, it would

act as a sediment sink to filter out and retain suspended material.

2.3 SEDIMENT TRANSPORT FORMULAS

Bedload material transport rates are generally considered to be

a function of discharge. This is based on the assumption that the

availability of bedload materials is not a limiting factor.

The Meyer-Peter and Muller (1948) bedload transport formula sets

the total available boundary shear stress equal to the sum of the

boundary shear stress which is dissipated against the boundary at rest

and that which is used to move sediment. This equality is then solved

for the bedload transport rate per unit width (3," , based on the sub-

merged weight)

243

9s" L.2)(il Rs 0.047 0.25 I 6p
( 7

"0./

where p
5
= the hydraulic radius of a representative cross section

of the channel,

= the specific weight of water,

T = the slope of the energy grade line,

= the submerged specific weight of the sediment,
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Kr = a roughness coefficient based on particle size,

K = a roughness coefficient related to form and bed form,

9 = the acceleration of gravity, and

dm = a weighted effective size of the bed material.

The transport rate is then integrated over a representative cross sec-

tion of the channel to obtain the total bedload transport rate for a

given discharge G," ,
based on submerged weight).

Gs" =
9g"

The derivation of the simplified Einstein (1950) bedload transport

function involves the development of two parameters, W a stability

function and a bedload transport intensity function

Uc Rt

where 9, = the dry bedload transport rate per unit width per unit

time,

= the specific weight of the solids,

(fi;
= the specific weight of the fluid,

? = the acceleration of gravity,

D35 = a representative grain diameter (such that 35% of the bed

particles are smaller),

Se = the stream energy gradient, and

R = the hydraulic radius.

represents the ratio of the velocity the bedload would have if it

were moving as a solid layer of thickness 0 /D ), to the
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presents the ratio of the submerged weight per unit area ( (Y,-4D )

to the lift (or shear) forces per unit area (&R Se ). An inverse re-

lationship exists between these two functions which may be used to

approach bedload transport questions. This method is valid only when

there is a very limited suspended load and when the bed material is

composed of coarse sand or larger particles.

Bagnold (1960, 1966) introduced the concept of stream power to

the study of sediment transport. He considers the rate of sediment

transport to be related to the available stream power per unit bed

area. Yang (1972, 1974) uses the time rate -of potential energy ex-

penditure per unit weight of water to determine total sediment concen-

tration, in what is known as the unit stream power approach to sediment

transport.

These sediment transport formulas were developed on large fluvial

systems where steady uniform flow may be presumed for short increments

of time, and where the bed material is composed of non-cohesive gravels.

On small agricultural watersheds such as Elkins Road, the discharge

during a major storm event can change from zero to several hundred

1/sec in a matter of minutes. Furthermore, the bed material is com-

posed of soil, the cohesive properties of which must be overcome if

aggregates of that soil are to be detached and transported as bedload.

Hence, the use of these formulas in an agricultural setting is in-

appropriate.
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2.4 EROSIVE POWER IN FLUVIAL SYSTEMS

Historically, studies of the erosive power of a stream have con-

sidered competence (the maximum size particle that can be moved).

Such studies relate the volume or weight of the largest particles

moved to either the critical bed velocity or the critical shear stress

(1:0MSe ). Clearly, Rubey's (1938) recognition that competence in-

creases with the sixth power of the bed velocity has a sound theoreti-

cal base. Most studies rely on calculated values of boundary shear

stress when considering stream erosive power. The specific weight of

water ( = the density of water times the acceleration of gravity),

the hydraulic radius (R = cross sectional area/wetted perimeter) and

the slope of the energy grade line (Se = the slope of the water sur-

face for steady uniform flow) are considerably easier to measure than

bed velocities.

A boundary shear stress approach to stream erosive power provides

a partial explanation of the SSC hysteresis phenomenon. If we con-

sider two points of equal discharge, one on the rising limb and one on

the falling limb of a symmetrical hydrograph, then the hydraulic radius

at these two points will be approximately equal. Holding the specific

weight of the water constant, we are left with only one variable, the

slope of the energy grade line. The energy level equals the sum of

the kinetic energy, the pressure energy and the potential energy. The

kinetic energy of flowing water equals the mass of that water times

the square of its velocity. Pressure energy increases with depth and

potential energy decreases with depth; combined these two may be
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represented by the depth of flow. Under steady uniform flow, the

energy grade line and the water surface must be parallel. However,

during a rapidly rising hydrograph the two must be divergent as both

the stage and the velocity are increasing. The slope of the energy

grade line is clearly dependent on the slope of the discharge curve.

When comparing points of equal discharge on the rising and falling

limbs of a symmetrical hydrograph, the slopes of the energy grade line

must differ by a factor equal to twice the slope of the channel reach

(20c, Figure 1). On agricultural lands where slopes can be 10% or

more, this factor could become quite significant. Also, falling limbs

are invariably less precipitous than rising limbs and this will further

accentuate the differences in the slopes of the energy grade lines.

This analysis of shear stress predicts that the slope of the dis-

charge curve (dQ /dt) is critical in controlling the frictional expendi-

ture of energy along the channel bottom. Since we know that the

boundary shear velocity is directly related to the boundary shear

stress, the shear velocity must also be in part controlled by the

slope of the discharge curve. If availability of fine material is not

a limiting factor, SSC values should reflect the average boundary

shear stress, which has been shown to be significantly different

between rising and falling limbs of even a symmetrical hydrograph.

Thus, the SSC to discharge hysteresis phenomenon is predicted by a

critical shear stress approach to stream erosive power.



Falling limb

Se 7- /3'4.

Slope of the channel reach

Figure 1: The affect of channel slope on the slope of
the energy grade line.
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2.5 EROSIVE POWER ON AGRICULTURAL LAND

In an agricultural setting, the approach to erosive power and to

sediment detachment and transport has been quite different from the

approach used on fluvial systems. The Universal Soil Loss Equation

(USLE) (Wischmeier and Smith, 1965) is widely used to predict average

annual soil losses. In the USLE, the energy considered available for

detachment is based entirely on the rainfall factor (R). Williams

(1972) modified the USLE to predict sediment yield at a watershed out-

let on a storm by storm basis. He obtained good results by modifying

,p/3the R factor to an empirically derived term (°` (Q
) which is

based on flow characteristics

where cc,/3 = coefficients,

Ar = drainage area (acres),

Q = runoff volume (ac-ft), and

ip = peak flow rate (cfs).

Although empirically derived, by including ctp , the Williams flow term

implicitly recognizes that the hydrograph slope (dQ/dt) is an

important controlling factor in sediment concentrations.

2.6 SEDIMENT CLAY MINERALOGY

Sediment related problems such as water quality, diminished

reservoir capacity or channel aggregation ultimately involve deter-

mination of the source of the sediment. Other questions such as de-

lineating geographic areas of high erosion potential, and developing

a better understanding of the erosion process itself, can also be
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addressed by sediment provenance investigations.

Clay mineralogical analysis in recent years has developed as a

powerful tool in sediment source attribution. Youngberg et al. (1971),

Shawhney and Frink (1978), and Klages and Hsieh (1975) have compared

clay mineralogy of sediments to the clay mineralogy of watershed soils

to infer sediment source.

X-ray diffraction (XRD) is the most commonly used technique in

the analysis of clay mineralogy. X-ray diffraction patterns reflect

a multiplicity of influences. The d-spacing, or the repeat distance

along the c-crystalographic axis, is represented by the position of

the XRD peaks. Peak morphology reflects the size of the material, how

well organized the clays are, the presence of X-ray absorbing materials,

the degree of orientation and the amount of material present. These

factors make the interpretation of XRD peak intensities difficult.

However, when sample preparation methodology is standardized, differ-

ences in peak intensities and positions reflect properties of the

clays, and may be used to identify those materials.

Harward and Youngberg (1977) used XRD peak intensity ratios cal-

culated from magnesium saturated air-dry samples to compare flood plain

sediment samples from different depths. They found 10A/14A and 7A/14A

peak intensity ratios useful in differentiating their sediment samples.

Neiheisel and Weaver (1967) measured the areas under 17A, 10A and 7A

peaks of ethylene glycol treated slides to calculate the relative per-

centages of montmorillonite, mica and kaolinite. They used ratios of

kaolinite (7A) to montmorillonite (17A) in inferring sediment source.

Johns et al. (1954) reviewed XRD methodology and some of the problems
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associated with quantitative evaluations of clay mineralogy using XRD.

They suggest a method for quantitatively differentiating chlorite,

montmorillonite and kaolinite. On untreated samples the second order

kaolinite, fourth order montmorillonite, and fourth order chlorite

peaks all fall around 3.5 A. By comparing changes in this 3.5 A peak

relative to the 3.3 A third order mica peak after a series of heat and

chemical treatments which selectively remove the influence of the three

possible contributing components they are able to ascribe relative per-

centages to each. Wall and Wilding (1976) and Rhoton et al. (1979)

both used modified versions of the Johns et al. (1954) method in

quantifying relative percentages of clay mineral components in sedi-

ments.

The question of possible preferential clay mineral erosion must

be considered before sediment source can be inferred on the basis of

sediment clay mineralogy. Rhoton et al. (1979) found high concentra-

tions of vermiculite and quartz in the soils of five watersheds in

Ohio relative to the sediments coming off those watersheds. They found

more clay in the sediments than the watershed soils and attributed the

mineralogical differences to preferential transport of fine clays

which were enriched with expansibles and illite. Lund et al. (1972)

observed only small differences between the mineralogical composition

of soil clays in thirteen watersheds and the clay mineralogy of the

sediments coming off those watersheds. However, they consistently

found the sediments to be enriched with montmorillonite and depleted

of quartz. Three possible explanations were suggested for these

differences: 1) More montmorillonite might be associated with the
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fine clay fraction which was selectively enriched during the erosion

process. 2) Deep gully erosion on strongly sloping lands might be the

dominant sediment source, since B-horizon material eroded by these

gullies has a high montmorillonite content. 3) Montmorillonite is

more easily dispersed than other clays hence more readily eroded.

Wall and Wilding (1976) found a strong similarity between sediment

clays and the clays of surficial soil materials which contrasted mark-

edly with the clays found in the soil C-horizon and on this basis they

inferred a surficial origin of the sediments. They noted little sea-

sonal or down stream variability in the clay mineralogy of the sediments

they investigated. By contrast Harward and Youngberg (1977) observed

that the clay mineralogy of sediments collected in Redwood Creek more

closely resembled the clays found in soil B- and C-horizons. Slope

failures and stream bank scour were suggested as the major source of

these sediments.

Preferential clay mineral erosion is potentially a confounding

problem in the use of mineral suites to trace sediment origin, although

the differences reported between watershed soil clay mineralogy and

sediment clay mineralogy are generally slight. Difficulties occur in

systems with homogeneous clay mineral assemblages and in large fluvial

systems where there are numerous possible sediment sources. Under

such systems it is virtually impossible to distinguish the influence

of any one particular source on sediment clay mineralogy. By contrast

in small fluvial systems, where there are only two or three possible

sediment sources with markedly differing clay mineralogy, sediment

source attribution by clay mineralogy is very effective.
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3.1 LOCATION
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The study watershed is located 3.2 km southwest of Monmouth in

Polk County (Figure 2), on the western margin of the Willamette Valley,

in the high winter rainfall zone of western Oregon. It is along

Elkins Road 1 km west of highway 99 W. in R.5 W., T.9 S. For the pur-

poses of maintaining continuity, the study was conducted entirely

within a 6.0 ha subwatershed known as E4F2. E4F2 is one of four sub-

watersheds nested within the main 285 ha Elkins Road watershed (Figure

3). This location serves as the main study location of the greater

erosion project by the Oregon State University Department of Soil

Science.

3 .2 SOILS AND LAND USE

The overall project was designed to monitor runoff and erosion

from agricultural land under typical Willamette Valley management

practices. All management decisions were made and implemented by the

farm operator. The flumes and other monitoring equipment were in-

stalled in the fall after planting and removed before harvest. The

E4F2 watershed was planted to wheat both years of the thesis study.

During the second year (1980-81) a narrow strip of rye grass was

planted along the main channel, otherwise the watershed was managed

the same both years.

The soils and their geomorphic relationships on the watershed

have been discussed by Brown et al. (1980). Glasmann et al. (1980)
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22

EXPERIMENTAL
WATERSHEDS

tit
i0.5 ha

2.4 ha

11411011111'

0 ha

i285 ha 1.4 ha
14

1000 m

Figure 3: Plan view of the Elkins Road Watershed.



23

and Glasmann and Kling (1980) have considered the origin of the soil

materials of this region. All of E4F2 is below 122 m and hence all of

the surface horizons of the soils have developed in Willamette silts.

These lacustrine silts were laid down during the Missoula flood

(Balster and Parsons, 1968; Allison, 1953), and provide essentially a

uniform surface parent material over the entire subwatershed.

Three soil series are mapped in the E4F2 subwatershed. Two

slope phases of Willakenzie (fine-silty, mixed, mesic, Ultic Haplo-

xeralfs) make up the majority of the subwatershed soils. Two slope

phases of a Helmick variant (fine, mixed, mesic, Aquic Xerochrepts)

are mapped dominantly along the north facing slope. A Waldo variant

(fine, mixed, mesic Fluventic Haplaquolls) is the third soil and is

found only in the channel near the subwatershed outlet.

3.3 FIELD EQUIPMENT DESIGN AND SETUP

Discharge from the 6.0 ha (E4F2) subwatershed was monitored with

an H-flume. A 45.7 cm (1.5 ft) H-flume was used in 1979-80, and a

61.0 cm (2.0 ft) H-flume was used in 1980-81. The flumes were de-

signed as described by the Agricultural Research Service Field

Manual (1962). The flumes were installed at the watershed outlet

with three 1.22 m by 2.44 m plywood boards serving as wings to channel

all flow through the flume. The boards were buried to approximately

60 cm running diagonally up hill from the flume entrance.

An Instrumentation Specialties Co. (ISCO) model 1700 flow meter

was used to measure depth of flow in the flume. The flow meter auto-

matically converted depth of flow to volume per unit time which was



24

printed on tape by an ISCO model 1710 printer. Runoff samples were

collected on a flow proportional basis by an ISCO model 1680 waste-

water sampler which was integrated into the flow meter printer system.

During events for which more detailed record of runoff was desired,

samples were collected at the head of the flume and the stage was

recorded at appropriate time intervals by hand.

Precipitation amounts and intensities were measured by Meteoro-

logy Research Inc. model 304 tipping bucket raingages, which have a

resolution of 0.25 mm. Four of these raingages were set up at differ-

ent locations to test variability and to insure a continuous record

in case of malfunction in one.

3.4 SAMPLE COLLECTION

Two types of bulk suspended sediment samples were collected. To

test the seasonal hypothesis, time integrated samples were used. Sets

of 500 ml runoff samples collected by the ISCO wastewater sampler were

combined. These combined samples represented time intervals ranging

from a few hours to several days depending on how many samples were

taken, and whether or not there was enough sediment for analysis.

Point bulk suspended sediment samples were used to test for intra-

hydrograph variations. Grab samples of runoff were collected in

18.9 1 (5.0 gal.) buckets. These samples represented a single point

in time on the runoff hydrograph. Care was taken to collect water from

only the top 10 cm of flow, to avoid incorporating bedload materials

with the samples. The point bulk suspended sediment samples were

collected at the head of the flume.
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Bedload materials were sampled from the material which collected

in the bottom of the flume, either during a runoff event or immediate-

ly after. One liter plastic freezer containers were used, and

material was simply scooped up. Care was taken to disturb these sam-

ples as little as possible.

Soil samples were collected along the main channel and at numerous

locations around the watershed. Surface (0-10 cm) soil samples were

taken of the undisturbed soil immediately adjacent to the main channel

and from adjacent walls of the gully at a depth corresponding to the

average depth of down cutting along that stretch of the channel. Soil

samples were also collected of surficial (0-10 cm) materials at

various locations around the watershed. These sample locations were

chosen to represent all geomorphic and soil map delineations within

the watershed (Brown et al., 1980) (Figure 4).

A basket and screen sampling device was designed to collect both

fiberous organic matter traveling in suspension and soil aggregates

moving as bedload material. A metal screen supporting a fiberglass

mesh with 1 mm square holes, served to strain all coarse materials

from the water. The basket was inserted at the head of the flume for

short periods of time and the discharge monitored. After removal,

the screen and basket were cleaned of all fiberous organic matter and

soil aggregates which were then dried and weighed. The volume of

water which passed through the basket and its associated suspended

sediment load were calculated from the discharge rate. It should be

noted that some ponding occurred as a result of the basket and from

the flume itself. As a result, bedload concentrations are assumed
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Figure 4: Contour map of the E4F2 subwatershed showing
soil sample locations.
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to be artificially low. Furthermore, it was not possible to operate

the basket during high flow when the majority of bedload materials are

moved.

3.5 SAMPLE ANALYSES

Samples for suspended sediment concentration (SSC) were collected,

labeled, and stored at 4°C. The samples were generally analyzed within

a week of collection. These runoff samples were vigorously shaken

until all material was completely suspended, then a known volume was

transferred to tared drying pans. The samples were evaporated at

105°C, cooled in a desiccator and then reweighed to determine total

solids from which parts per million (ppm) was calculated. Suspended

sediment concentration values determined this way include dissolved

salts; however, since EC values rarely exceeded 100 umohs/cm the

effect is minimal.

Bulk suspended sediment samples were allowed to settle at room

temperature in the five gallon containers in which they were originally

collected. After settling the water was siphoned off and frozen,

which caused flocculation of the remaining colloidal material. After

thawing, the remaining material settled readily and the water was

siphoned off again and discarded. The two sediment fractions were

combined and stored at 4°C until analyzed for particle size distribu-

tion.

The dispersed particle size distribution of both bedload and

suspended sediment samples was examined for comparison on a seasonal

and intra-hydrograph basis. Surface soil samples were also analyzed
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for comparison with the sediment. The method used to determine the

dispersed particle size distribution of bedload sediment, suspended

sediment and soil samples was the same in all cases. The samples were

dried and screened to remove material greater than 2 mm. Approximate-

ly 10 grams of the less than 2 mm fraction was treated with 30% hydro-

gen peroxide for the removal of organic matter. (With a few of the

suspended sediment samples as little as 5 grams was used because of

the small quantity of material originally collected.) The samples

were dispersed for 24 hours in a 5%-solution of sodium pyrophosphate,

then air jetted for five minutes at 25 PSI. The greater than 0.047 mm

(300 mesh) fraction was removed by wet sieving and washed into an

evaporation dish for subsequent drying and weighing. The silt and

clay fractions were suspended in distilled water and diluted to

1130 ml in bouyoucos cylinders. The samples were allowed to equili-

brate to room temperature over night. The Day (1965) pipette method

was then used to determine the percent coarse silt (0.047-0.020 mm),

the percent fine silt (0.020-0.002 mm), and the percent clay (less

than 0.002 mm) of each sample. The results are reported as percent-

ages on an ovendried, organic matter free basis.

Suspended sediment in fluvial systems settles at a rate control-

led by the turbulent forces of flow and by the shape, density, and

size of the particles. Most techniques currently used for size dis-

tribution analysis determine the dispersed size distribution. To

fully understand the behavior of sediments in suspension it is

necessary to know the relationship between the dispersed and the

original aggregated size distribution of that sediment. A method was
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developed during this study which approximates the original aggregated

size distribution of suspended sediment. Sediment which had been

stored under saturated conditions was passed through a 300 mesh sieve

to separate the sand fraction, then resuspended by mechanical agita-

tion in the same water in which it had been originally collected. A

25 ml subsample was taken immediately after resuspension to determine

total silt plus clay content, which was then added to the sand weight

to obtain total sample weight. After 24 hours of temperature equili-

bration and a second resuspension, a pipette method was used to

determine the size distribution of the material. At appropriate time

intervals as prescribed by Stokes law, 25 ml subsamples were taken in

order to determine the percent coarse silt, fine silt, and clay.

Corrections were made for the solute content of the water in all

cases. How accurately this method determines the aggregated size

distribution of the sediment when it was originally collected is not

known. Biological exudates and sesquioxide gels could cement pre-

viously dispersed clays while the samples were in storage. Secondly,

the mechanical resuspension process would tend to preferentially

disrupt larger aggregates. Thus it is anticipated that this procedure

will tend to exaggerate the fine silt size range. This methodology

is untested and the numbers obtained should be considered approximate

values only.

Bedload aggregate size distribution was determined using a

modified version of the wet sieve technique suggested by Kemper and

Chepil (1965). It was necessary to collect, store and sieve bedload

aggregates under moist conditions because drying and subsequent
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remoistening could cause aggregate slaking. Samples were drained of

all free water prior to subsampling. The subsamples were analyzed for

moisture content which was used to calculate the oven dried weight of

the original samples. The remainder of the samples, while still moist,

were placed gently on top of a nest of submerged sieves. The sieves

used had openings of: 16 mm, 4 mm, 2 mm, 0.991 mm, 0.5 mm, and

0.053 mm. The nest of sieves was rocked with a horizontal displace-

ment of 20 cm at 45 strokes per minute for five minutes. The sieves

were then gently removed, drained and the material on each sieve was

dried and weighed. The mean weight diameter (MWD) was calculated by

MWD = 5Z; NM

where is the average size of aggregates for a given size class ( )

and W; is the oven dried weight of that size class.

The clay mineralogy of suspended and bedload sediment was

analyzed for comparison on a seasonal and intra-hydrograph basis.

Selected soil samples were also analyzed for comparison with the

sediment. Less than 0.5 mm air dried samples were air jetted for

three minutes at 25 PSI in distilled' water. The samples were then

passed through a 0.053 mm sieve to separate the sand fraction which

was discarded. The silts (0.053-0.002 mm) and clays (less than

0.002 mm) were separated by repeated centrifugation in accordance

with Stokes law. The aliquot containing the clay was settled by

further centrifugation and divided into two fractions. One fraction

was resuspended three times in 1 N MgC12 and then washed three times
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in distilled water. The other half of the clay fraction was resus-

pended three times in 1 N KC1 and then also washed three times in

distilled water. Two slides of the Mg saturated fraction and one of

the K saturated fraction were prepared in accordance with the paste

method suggested by Theisen and Harward (1962). The characterization

treatments for clay mineral identification are shown in Table 1. The

samples were analyzed using a Norelco X-ray diffractometer with copper

K-alpha radiation at 35 KV and 25 ma. All samples were analyzed

between 2 and 14° 20, which covers the range for basal reflections of

phyllosilicates. The intensity scale was kept constant with a range

setting of 500 to facilitate peak intensity comparison.

The organic matter content of soil and sediment samples was

determined to test for possible seasonal trends in organic matter

content and to facilitate sediment characterization. The Walkley-

Black (1934) titration method was used. Dried and weighed samples

which passed a 0.5 mm sieve were oxidized with potassium dichromate

and then back titrated with ferrous ammonium sulfate in the presence

of 0-phenanthroline indicator.

High dissolved salt concentrations cause flocculation of

colloidal materials and could affect the micro-aggregate size distri-

bution of suspended sediments. Suspended sediment concentrations

were determined by evaporation, a technique which includes dissolved

salts in SSC values. Dissolved salt concentrations are proportional

to electrical conductivity. A Markson portable conductivity meter,

model 10, with a model 1100 cell were used to monitor electrical

conductivity of runoff samples.
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TABLE 1. The characterization treatments used for clay mineral
identification.

Sautration Ion
& Slide Number

Treatment

AbbreviationsSalvation Heat,C
% Relative
Humidity

Mg 1 54 Mg 54

Mg 1 Etholene - 54 Mg EG
Glycol

Mg 2 Glycerol 54 Mg Gly

K 3 - 105 0 K 105

K 3 - 105 54 K 54

K 3 - 300 0 K 300

K 3 - 550 0 K 550
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4. RESULTS AND DISCUSSION

4.1 SEDIMENT CHARACTERISTICS

4.11 Introduction

The mode of transport defines the two basic forms of sediment.

Bedload material moves either in continuous contact with the channel

bottom (traction) or is periodically dislodged but travels only short

distances in suspension before settling to the bottom again (salta-

tion). Suspended material is the second basic form of sediment, and

is composed of silt and clay size materials. Slow settling velocities

combined with rapid mixing during turbulent flow prevents settling of

these fine materials.

4.12 Bedload Sediment

Bedload sediment was found to consist of coherent soil aggre-

gates and discrete grains of sand. The aggregates ranged from 20 mm

to less than 0.053 mm in diameter. In the very fine size ranges (less

than 0.053 mm) there is undoubtedly a continuous exchange between sus-

pended and bedload materials, and thus the distinction here is based

arbitrarily on the type of sample taken. The mean weight diameter

(MWD) of the bedload aggregates ranged from 2.3 to 6.1 mm and varied

with peak discharge, reflecting the increasing energy required to

detach and transport the aggregates as their size increases (Figure 5).

The organic matter content associated with the bedload aggregates

averaged 3.33%, ranging from 3.97 to 2.68%. This compares with an
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average surface soil organic matter content of 3.51%, which is not

significantly different. The dispersed particle size distribution of

the bedload materials was also similar to that of the watershed soils

(Table 2). The dispersed particle size distribution of aggregate size

separates was determined for a bedload sample collected during a

storm event on 1/12/80 (Table 3). The sand content increases with

decreasing aggregate size to 40% in the 0.500-0.053 mm aggregate size

range reflecting an enrichment of discrete sand grains. The percent

sand drops below 3% for the less than 0.053 mm bedload aggregates.

Otherwise, the individual aggregate size ranges closely reflect the

dispersed particle size distribution of the watershed soils. Clearly

the bedload aggregates are detached pieces of soil which by virtue of

their intrinsic strength have remained intact during transport.

The relative proportions of bedload materials to suspended sedi-

ment was measured at two times on each of two runoff periods (Table 4).

In all cases the bedload materials were measured at less than 1 per-

cent of the total sediment load. However, it should be remembered

that the bedload basket was not operated under high discharge con-

ditions. Furthermore, it was observed that under certain conditions

large quantities of bedload materials were moved. On numerous

occasions the flumes became clogged with bedload materials in a

matter of minutes. On 12/02/80 between 1100 and 1200 hours a sin-

gularly spectacular event occurred at E4F3 which illustrates the

potential magnitude of the bedload component. The discharge averaged

0 1/sec between 1050 and 1100 but increased to an average of 85 1/sec

between 1100 and 1110 hours. This represents the fastest rise of any
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TABLE 2. The average dispersed particle size distribution of bed-
load materials and watershed soils.

Bedload Materials
(n=19)

Watershed Soils
(n=6)

% Sand 29 29

% Coarse Silt 11 13

% Fine Silt 34 36

% Clay 25 22

TABLE 3. The dispersed particle size distribution of bedload
aggregate size separates for material collected during
the 1/12/80 storm event.

Aggregate Size

>4mm 4-2mm 2-0.883mm
0.883-
0.5mm

0.5 -

0.053mm <0.053mm

% Sand 29 26 30 34 40 3

% Coarse Silt 11 14 12 11 11 15

% Fine Silt 34 35 33 32 28 50

% Clay 25 24 24 23 21 32

TABLE 4. The relative proportion of bedload to suspended sediment.

Date Time Discharge Bedload Suspended BL./Sus. Sed.
(1/sec) (ppm) Sediment (ppm)

11/21/80 1425 11 2.0 600 0.003

11/21/80 1515 26 4.5 1200 0.004

12/24/80 1547 71 3.3 4500 0.001

12/24/80 1605 79 0.8 5200 0.000
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hydrograph observed during the two years of the study. At the high

flow, the SSC was measured at 11,700 ppm, which was the highest con-

centration measured during the study. After this storm, a large

delta composed of bedload materials had formed above the flume

(Photo 1). Thus, it is clear that the bedload component, although

generally small, can represent significant amounts of eroded material

under certain conditions.

4.13 Suspended Sediment

Suspended sediment is that material which has been dispersed. It

consists of discrete clay and silt size particles and micro-aggre-

gates of these particles. In one sample, the sand content reached

6 percent although it was generally less than 2 percent and seemed to

vary randomly. It is likely that this sand component was traveling

by saltation and became incorporated with the suspended sediment

samples. Another component of the suspended materials was fiberous

organic debris. These were generally partially decomposed wheat

shards, a residue of the previous years crop.

At the time of suspended sediment sample collection, the material

is partially aggregated. The sediment will settle at a rate control-

led by this aggregated size distribution and not the mechanically and

chemically dispersed size distribution which is measured by most tex-

tural analysis techniques. Thus, it is necessary to understand the

relationship between the dispersed and aggregated size distribution of

the suspended sediment when interpreting the hydraulic behavior of

that sediment.
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Photograph 1: Large delta created by bedload materials
deposited during the 12/02/80 runoff event at E4F3.
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Methodology was tested here which was hoped would approximate

the original aggregated size distribution. Seven suspended sediment

samples were analyzed for both their aggregated and dispersed particle

size distributions (Table 5). The percent sand measured in the aggre-

gated samples was the same when the samples were remeasured after

dispersion. The average difference between the dispersed and aggre-

gated samples in the coarse silt size range was only 1.6 percent.

Therefore, the only major difference between aggregated and dispersed

suspended sediment was in the relative proportions of clays to fine

silts. It was found that 30 to 50 percent of the clays were traveling

as aggregates in the fine silt size range.

The non-fiberous organic matter content of the suspended sediment

averaged 5.02 percent and ranged from 6.06 to 4.44 percent. This re-

presents an enrichment of 2 to 3 percent over the organic matter con-

tent of the watershed soils. The percent organic matter was compared

to the percent clay and also examined on a seasonal basis but no

significant trends were noted. It is possible that small pieces of

fiberous organic matter were incorporated in these samples and were

controlling the measured percent organic matter. Otherwise a rela-

tionship between the percent organic matter and the percent clay

would be anticipated.

Twice on 11/21/80 the fiberous organic matter was strained from

the discharge in an attempt to ascertain the relative magnitude of

this component of suspended materials. Under steady flow conditions

with the discharge at 11 1/sec., the fiberous organic matter was about

0.3% of the suspended load. Later, with the discharge at 26 1/sec.
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TABLE 5. Comparison between aggregated and dispersed size distri-
bution of suspended sediments.

Sample Number

89 90 92 93 94 95 96

Aggregated 0.1 1.1 0.3 0.3 0.3 3.1 1.7
% Sand

Dispersed 0.1 1.9 0.3 0.3 0.3 3.3 1.8

Aggregated 1.3 9.4 2.6 1.0 8.0 8.9 9.3
% Coarse Silt

Dispersed 1.4 7.2 1.7 1.5 1.2 8.4 7.8

Aggregated 54.6 67.3 62.4 61.8 66.0 62.9 67.8
% Fine Silt

Dispersed 27.0 45.1 40.4 37.5 39.2 45.4 51.2

Aggregated 43.9 21.4 34.7 37.0 25.8 25.1 21.3
% Clay

Dispersed 71.5 45.9 57.6 60.7 59.3 42.9 39.2



41

and rising rapidly, the fiberous organic matter was measured at

12 ppm compared to a SSC of 1200 ppm or 1.0% of the suspended

materials. It is likely that the relative percentage of fiberous

organic matter declined as the season progressed, as it was subject

both to decomposition and removal from the channel zone.

4.14 Summary of Sediment Characteristics

Silt size micro-aggregates of clay and discrete silt and clay

particles traveling in suspension comprise the vast majority of sedi-

ments being moved at E4F2. Coherent soil aggregates which move as

bedload materials and fiberous organic debris moving in suspension

were both measured at less than one percent of the total sediment

load. The non-fiberous organic matter content of suspended sediment

averaged 5.02% which represents an enrichment of about 2% over the

average organic matter content of the watershed soils. Among the bed-

load materials, both the organic matter content and the dispersed

size distribution were the same as the watershed soils.

4.2 BEDLOAD CLAY MINERALOGY

Bedload aggregates are displaced pieces of soil which because of

their internal strength have not dispersed after detachment. Scour

is the most probable mechanism of aggregate detachment. The large

size of most bedload aggregates (2-20 mm) would require a concentrated

energy source not inherent to raindrop impact. Secondly, the rela-

tionship between peak flow and MWD (Figure 5) indicates that the flow

regime is controlling aggregate detachment and transport. Thirdly,
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the existence of a well deVeloped rill gully system clearly indicates

that scour is a major agent in sediment detachment. Thus, the soil

aggregates which comprise the bedload sediment are assumed to ori-

ginate in the main gully or the large lateral rills in the lower

channel zone.

Three general sources of bedload aggregates may be defined:

1) Aggregates detached by scour in the rills on the slopes above the

main channel. 2) Aggregates produced by lateral cutting of the walls

of the main channel. 3) Aggregates produced by down-cutting along the

bottom of the main channel. The first two of these sources will pro-

duce aggregates composed of A -horizon materials, while the third will

result in aggregates composed of A
3
- or upper B-horizon materials.

Clays separated from soil samples collected in the main channel

2 and 20 meters upstream from the flume (E4F2) were examined using

X-ray diffraction (XRD) (Figures 6 & 7). Two samples were collected

at each location, the first being of surface material (A -horizon,

0-10 cm) and the second from the bottom of the main gully (A3-horizon,

25-35 cm). The clay mineralogical interpretations of these samples

are the same in all cases. The patterns show a weak asymmetrical

7.1 A peak which disappears after a two hour heat treatment at

550°C. This peak represents a form of disordered kaolinite. The

patterns for Mg saturated samples held at 54% relative humidity also

have a very weak peak around 10.0 A which is often no more than a

shoulder. This represents a mica component, though it is minimal and

clearly disordered. The third component of the clays is a disordered

form of chloritic intergrade. This is evident by a 14.2 A peak
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Figure 6: -X-ray diffraction patterns of clays separated
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which expands slightly under glycolatin and progressively collapses

towards 10 A with increasing heat treatments.

Although the mineralogical interpretations are similar, there are

enough differences to separate A from A3 horizon materials. The

A3 horizon samples exhibit 7.1 A kaolinite peaks which are more in-

tense than the 7.1 A peaks associated with the A horizon samples.

The chloritic intergrades collapse more readily under heat treatment

on the samples taken from the A
3
-horizon than those from the A -

P

horizon.

X-ray diffraction patterns of clay fractions in bedload materials

collected on ten different dates during the 79-80 rainy season were

analyzed. Figure 8 compares a full set of characterization treat-

ments for samples taken on 11/22/79 and 12/05/79 and illustrates the

extremes in the nature of the XRD patterns obtained. The qualitative

mineralogical interpretations are the same for these samples as for

the A - and A
3
-horizons of the soil along the main channel (discussed

previously). The XRD patterns for the bedload aggregate samples taken

on Oct. 20, Oct. 25, Dec. 05, Jan. 01, and Jan. 14 are almost identi-

cal to the patterns produced by samples taken from the soil A
P

horizon. Bedload samples taken on Nov. 22, Dec. 17, Dec. 21, Jan. 09,

and Feb. 02 produced XRD patterns similar to A3-horizon materials.

The differences in these 10 bedload samples can be illustrated

with a single treatment (K+105°C + air dry) (Figure 9). This treat-

ment was chosen because it illustrates the degree of collapse of the

chloritic intergrade component. The first two storm events of the

79-80 rainy season which occurred on Oct. 20 and 25 produced bedload
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materials with clay XRD patterns similar to those associated with the

A -horizon. This is consistent with the fact that the gully system

was not fully developed at that time. However, after the middle of

November, by which time the gully was firmly entrenched, the bedload

clays alternate in similarity to A - and A3 horizon materials.

Apparently the flow conditions associated with any given storm con-

trol the dominant mode of bedload aggregate production.

4.3 SUSPENDED SEDIMENT CLAY MINERALOGY

Suspended sediment represents dispersed soil materials. Unlike

bedload materials, it may be detached by either scour or raindrop

impact and thus may originate from anywhere within the watershed. In

all likelihood, any given suspended sediment sample represents an

integration of materials from all areas of the watershed but is

dominated by materials detached from the channel zone and the steep

side slopes immediately above the channel. The soils of the steep side

slopes on the northern side of the E4F2 channel show considerable signs

of past erosion, with much of the original Al horizon missing (Photo 2).

It is reasonable to assume that most of the sediment comes from these

areas where field evidence indicates that more severe erosion has

occurred.

In order to compare the clay mineralogy of the suspended sediment

to that of the watershed soils, surface soil samples were collected at

twelve locations around the watershed (Figure 4). Figures 10 and 11

illustrate the range of clay mineralogical characteristics associated

with the surface soils of the watershed. A remarkable degree of



Photograph 2: The poor wheat stand on the northern side
of the drainage delineates an area where past erosion
has removed much of the original surface soils.
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Figure 10: X-ray diffraction patterns of clays separated
from the surface soils of the lower watershed, illustrating
the range in characteristics.
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Figure 11: X-ray diffraction patterns of clays separated
from the surface soils of the upper watershed, illustrating
the range in characteristics.
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homogeneity is apparent in the analysis of these surface soil clays.

In all cases a disordered form of kaolinite, a faint hint of mica, and

a chloritic intergrade component are recognized. Along the eroded

northern side of the drainage (south facing slope), the surface clays

produce XRD patterns (Figure 10, Sample 201) which resemble the A3-

horizon materials found along the main gully. In some of the upper

areas of the watershed the chloritic intergrade peaks are more pro-

nounced (Figure 11, Sample 208). This material requires high heat

treatments to effect a collapse, indicating that the hydroxy inter-

layers are well developed.

In comparison to the clays of the surface soils, the clays asso-

ciated with the suspended sediment exhibit significantly more varia-

bility. Figure 12 illustrates the range in clay mineralogical

characteristics of the suspended sediment. Sample 54 is indistin-

guishable from clays separated from surface soils of the lower water-

shed. Sample 71 by contrast has 7.1 A kaolinite peaks which are 4 or

5 times as intense as those associated with the clays of the watershed

surface soils. Furthermore, the 14.2 A (Mg 54% R.H.) material exhibits

properties of both smectite and vermiculite with a very low character

for chloritic intergrade. This sample (71) is thus unlike anything

found among the surface soils of the watershed. In this suspended

sediment sample there has been enrichment of well organized kaolinite,

smectite and vermiculite and the depletion of chloritic intergrades,

with respect to the watershed soils.

The magnitude of the preferential erosion observed here is slight.

The types of clay minerals which are enriched are those which are
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easily dispersed. The clays which are depleted are generally associ-

ated with sesquioxide coatings and gels which have the potential to

act as cementing agents. Preferential dispersion appears to be the

mechanism responsible for this phenomenon.

Seasonal trends in the clay mineralogical character of the sus-

pended sediment were examined (Figure 13). The clays appear to vary

between materials which are indistinguishable from the watershed sur-

face soil clays (10/24/79, 12/02/79, 12/18/79, and 01/16/80) and

material which shows clear signs of preferential clay mineral enrich-

ment (11/22/79, 12/02/79, 12/05/79, and 01/04/80). These are com-

posite samples and thus represent a time integration of suspended

sediment ranging from a few hours to several days ending with the date

listed.

It is apparent that flow characteristics are more important in

controlling sediment clay mineralogical character than the surface

conditions of the watershed. Otherwise, seasonal trends should have

been noted. This recognition led to an examination of the hydrologic

character of the storms which contributed the analyzed sediments. It

was observed that high sediment yield storms with fast rising hydro-

graphs consistently contained clays which were similar to that of

the watershed soils. The samples which showed signs of preferential

clay mineral enrichment were restricted to low sediment yield events

or were collected under low flow conditions following a major event.

Samples 48 and 72 were both collected during the 12/02/79 storm

event (Figure 14). Sample 48 was a composite of 28 subsamples

collected periodically along the rising limb and across the runoff
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peak of the major event (Between arrows 1 & 2, Figure 14). Sample 72

represents a composite of 17 subsampies collected during protracted

low intensity runoff which followed the main event (Between arrows

3 & 4, Figure 14). Sample 72 collected at low flow shows clear signs

of preferential enrichment of expansible and better organized clay

minerals, while sample 48 collected at high flow is indistinguishable

from the clays of the watershed surface soils (Figure 15).

During the 01/12/80 storm event two point bulk suspended sediment

samples were collected (Figure 16). Sample 62 taken on the rising

limb contained clays which are indistinguishable from the watershed

surface soils, while sample 56 collected in a trough following the

main peak has been enriched with the easily dispersible clays

(Figure 17).

Most of the suspended sediment samples collected during low yield

storm events showed some signs of preferential enrichment of smectites

and well organized kaolinite. All samples collected during major

events contained clays which closely resembled the clays of the sur-

face soils of the watershed. It is hypothesized that selective

dispersion combined with preferential settling of non-dispersed

materials is responsible for this phenomenon. During low energy

situations when scour is at a minimum and raindrop impact is

responsible for a greater percentage of the sediment detachment the

selective process is operative.
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4.4 SUSPENDED SEDIMENT SIZE DISTRIBUTION

During storm events on the upper slopes of the watershed, well

above the main channel, water flowing in rills was often observed to

be turbid. Scour along rill bottoms and raindrop impact are the

causes of this turbidity. Much of the surface in the channel zone is

covered by flowing water during a major storm event. The energy of

raindrop impact in this region is, therefore, largely dissipated on

the water surface. Here, scour must be the dominant mode of particle

detachment. The existence of a well developed rill gully system in

the channel zone, which is clearly a scour related phenomenon, further

supports this argument. However, the relative importance of these two

modes of particle detachment is unclear.

A particle detached by raindrop impact will be carried with the

splash. A particle thus detached might: 1) land on the soil surface

where it would then remain, 2) land in a small puddle in which it

would likely have an extended residence time, or 3) land in a small

flowing rill. In any event, material detached by raindrop impact will

be dominantly introduced to low energy hydrologic conditions, thus

this material is likely to have a protracted journey from the point

of detachment to the watershed outlet. Ample opportunity exists for

settling of the coarse fraction. Sediment detached by raindrop impact

can be expected to arrive at the watershed outlet both late in the

storm event and with a relatively fine particle size distribution.

The rate of sediment detachment by scour is directly proportional

to the energy of the flowing water, which in turn is controlled by
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the depth and velocity of the water. The values of these two para-

meters increase with distance down the rill gully system. Furthermore,

the process of scour requires that a specific volume of soil be de-

tached, which then becomes part of the sediment load. Sediment thus

produced must have a particle size distribution identical to that of

the displaced soil. After detachment the larger soil aggregates tend

to settle to the channel bottom and travel as bedload. The longer

sediment remains in suspension regardless of how it was detached, the

more the silts can be expected to settle out. Thus, the size distri-

bution of the suspended sediment is a relative index of the mean

residence time of that material in suspension.

Ten bulk suspended sediment samples were collected during an

event which took place between 1410 and 1500 hours on 02/18/81. The

dispersed size distribution of the sediment was analyzed (Table 6).

The percentage clay associated with these samples is marked at the

appropriate times in relation to the hydrograph (Figure 19). Clearly

there was a systematic increase in the content of the clay fraction

all the way through this event. The first bulk sample taken (1411

hours) had 33% clay and 66% total silt, or a ratio of clay to silt of

0.50. This compares favorably with an average clay to silt ratio of

0.47 for the six lower watershed surface soil samples analyzed

(Table 7). This implies that the sediment from this event was com-

posed of soil materials which had been freshly eroded and only the

sand had an opportunity to settle out. As the storm progressed, the

disparity between the clay to silt ratio of the watershed soils and

that of the suspended sediment dramatically increased, reflecting both
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TABLE 6. Dispersed particle size distribution of point bulk
suspended sediment samples collected at E4F2.

Time Discharge
(1/sec)

SSC
(ppm)

% Sand % Coarse Silt % Fine Silt % Clay

02/18/81

1411 14 3338 0.2 5.7 60.7 33.5

1413 21 3835 0.1 5.1 60.1 34.7

1417 28 5003 0.1 3.1 55.9 40.9

1421 34 5775 0.2 4.2 54.5 41.1

1424 28 4775 0.2 3.7 53.6 42.5

1433 20 2216 0.1 3.0 43.0 53.9

1438 15 1690 0.1 4.0 35.5 60.8

1443 12 1435 0.1 2.3 39.3 58.3

1448 9 920 0.0 3.1 36.9 60.0

1453 7 930 0.1 3.0 32.7 64.2

01/27/81

930 7 290 0.0 2.9 26.2 70.8

1151 7 1247 0.1 2.4 35.6 61.9

1157 9 1506 0.0 2.0 34.1 63.9

1204 12 1943 0.0 1.6 35.9 62.5

1219 14 2216 0.0 2.3 38.8 58.9

1226 20 2704 0.0 1.4 35.4 63.2

1238 19 2588 0.0 3.2 34.4 62.4

1255 13 1855 0.0 2.7 25.9 71.3

1305 9 1463 0.1 2.7 23.4 73.9

1319 7 1258 0.0 1.9 20.6 77.4

1338 5 995 0.0 2.4 20.0 77.6
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TABLE 7. Dispersed particle size distribution of surface soils
of the lower watershed (E4F2).

Sample Number % Sand % Coarse Silt % Fine Silt % Clay

40 27 13 40 20

41 25 14 37 24

42 30 10 35 24

43 31 11 33 25

44 40 11 30 18

46 22 15 40 23

Average 29 12 36 22
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increased suspended residence time and perhaps a greater proportion

of raindrop impact detached materials.

The mean residence time of sediment in suspension is a function

of the detachment rate and the settling rate integrated over the con-

tributing area of the watershed. Since the settling rate may be

assumed to be reasonably constant, the changing size distribution

implies that the rate of sediment detachment is decreasing as the

storm event proceeds.

The size distribution of suspended sediment samples taken from

numerous other events indicated that the mean sediment size consistent-

ly decreases as storm events proceed. One other pattern was also evi-

dent and can be illustrated by comparing the 02/18/81 event (Figure 18)

with the one which was similarly analyzed for the 01/27/81 event

(Figure 19 and Table 6). The time scales used in these two figures

are different and therefore the hydrograph slopes may not be visually

compared, but it is important to note that the average slope (dQ /dt)

of the rising limb of the 02/18/81 event was approximately seven times

that of the 01/27/81. Throughout the rising limb of the 01/27/81

storm event the clay content of the suspended sediment remains rela-

tively constant, ranging from 59 to 64%. During the rising limb of

the 02/18/81 event the clay content starts at 33% and increases to

41%. At comparable discharge there is a significant disparity in the

percent clay between these two events. Clearly, the rate of increase

in discharge and not the absolute discharge was controlling the size

distribution of the associate suspended sediment. To the extent

that the size distribution of suspended sediment reflects a balance



30 -

20 -
DISCHARGE,

Q
(1 /sec)

10-

0

E4F2 (6.0 ha )

900 1000

TIME

3000

-2000
SEDIMENT,

(PPrn)

I
1100 1200 1300

01- 27-81

1400

Figure 19: The January 27, 1981 runoff event at E4F2, with the percent clay
associated with the suspended sediment marked at the appropriate times.

1000

0

rn



68

between settling and the rate of detachment, these data indicate that

the detachment rate is controlled by the hydrograph slope.

4.5 SSC TO DISCHARGE HYSTERESIS

The availability of fine materials for detachment and subsequent

transport is the dominant factor limiting suspended sediment concen-

trations in most previously investigated fluvial systems. Previous

attempts to analyze the relationship between suspended sediment con-

centration (SSC) and discharge have produced rather nebulous results.

The E4F2 subwatershed is entirely confined within an agricultural

field. The rill gully system is incised into a fine textured soil.

As a result, the availability of fine materials is not a limiting

factor. The E4F2 subwatershed presented a unique opportunity to

study the relationships between SSC and discharge, for here it can

be presumed that the capability of the system to detach and transport

suspended sediment is the only limiting factor.

In examining the discharge to SSC relationships at E4F2 a number

of patterns become apparent. On the 01/12/80 hydrograph (Figure 16)

at about 0510 hours there is what may be termed a shoulder where the

discharge begins to fall off, but then by 0515 is rising again. The

SSC clearly responded to this minor abatement in the rate of rise.

During the 12/02/79 storm event (Figure 14) between 2400 and 0010

hours there was a decrease in the rate of rise compared to that

occurring either before or after this time. This was accompanied by

a sharp decrease in SSC. During the 02/18/81 event (Figure 18), which

was monitored by hand sampling in order to eliminate possible
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mechanical sampling errors, a similar phenomenon was observed. Be-

tween 1413 and 1415 the slope of the discharge curve is again slightly

less than either before or after. The SSC responded to this decrease

in slope by a dramatic shift as seen in the value of the 1414 SSC

sample. (Between 1416 and 1417 there was another decrease in the

slope of the discharge curve. Unfortunately, not enough SSC samples

were taken to see if there was a similar shift in the SSC value at

this time.) By contrast, on the falling limb between 1429 and 1432

hours at about the same discharge there was a pronounced "bench" in

the discharge curve, but there was no corresponding reaction in the

SSC curve.

On all four of these events (01/12/80, 12/02/79, 12/24/80 and

02/18/81) it should be noted that the peak SSC is coincident with the

inflection point as the discharge curve approaches its peak. Sus-

pended sediment concentration curves are normally decreasing by the

time the discharge curve actually peaks. This pattern was especially

pronounced during major events. However, during minor events dis-

charge peaks and SSC peaks were generally coincident (Figure 19).

In general a very close relationship between the slope of the

discharge curve and the slope of the SSC curve was observed on rising

limbs. On falling limbs the slope of the discharge curve appears to

have only a very minor influence on the SSC curve. These principles

are illustrated by the 12/24/80 runoff event which was closely moni-

tored on one of the other subwatersheds (E4F3, Figure 20).

The relationship between the slope of the discharge curve (dQ/dt)

and the slope of the sediment concentration curve (dSSC/dt) on rising
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limbs of hydrographs was examined (Figure 21). For this analysis,

it was necessary to consider only linear sections of rising limbs and

to evaluate the slopes over as long a time period as possible. This

was necessary because SSC sampling times were recorded to the nearest

minute only. The fact that this relationship does not hold on falling

limbs (as evidenced by the 12/24/80 E4F3 event, and the bench between

1429 and 1432 hours on the 02/18/81 E4F2 event), clearly imples that

there is a fundamental difference between the SSC to discharge regime

on rising and falling limbs of hydrographs. Abrupt changes in storm

energy (raindrop impact) are reflected by gradual changes in SSC

values at the watershed outlet, because sediment delivery times vary

depending on the starting location within the watershed. Thus, the

sensitivity of SSC to the slope of the discharge curve on rising limbs

can only reflect the rate of detachment by scour.

Another pattern which became apparent in the analysis of storm

hydrographs at E4F2 was the disparity in SSC for equal discharge

between rising and falling limbs. This hysteresis phenomenon was

observed at varying magnitudes on most hydrographs, although a few

anomalies were also observed. Some of the exceptions may have resulted

from mechanical or human timing errors, while others clearly represent

natural phenomenon which defy explanation.

The hysteresis is illustrated with the 02/18/81 and the 01/27/81

storm events (Figures 22 and 23). In comparing these two figures it

is important to keep in mind that the average slope of the rising

limb of the discharge curve (dQ/dt) for the 01/27/81 event is seven

times less than that of the 02/18/81 event. The hysteresis was
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consistently better expressed on the faster rising hydrographs, and

often was not apparent on events with protracted rising limbs.

When the hysteresis associated with these same two storm events

is analyzed on the basis of particle size components (Figures 24 and

25) the situation begins to clarify. The suspended clay concentration

to discharge relationship may be represented by one linear regression

equation (r
2
=0.88) for both events. In both cases the hysteresis is

almost entirely restricted to the coarse fraction. 'Flushing of

loose readily erodable materials from the channel zone' (Paustain and

Beschta, 1979), the hypothesis which has dominantly been used to ex-

plain the hysteresis phenomenon, is inadequate to explain these data.

It is clear that the hysteresis results from the fact that the coarse

fraction has had an increasing opportunity to settle out as the

storm progresses.
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5. SUMMARY AND CONCLUSIONS

Detached coherent soil aggregates compose the bedload fraction

of the sediment. During moderate and low intensity storm events the

bedload fraction was less than one percent of the total sediment load.

During major storm events field observations indicate that large

quantities of bedload materials were moved. However, over 90% of the

material leaving the watershed was in suspension. These suspended

materials were composed of silt, clay, and micro-aggregates plus a

small component of fiberous organic debris.

Examination of the clay mineralogy associated with bedload sedi-

ments, revealed two basic populations of materials. Some bedload

materials have clay mineralogy similar to that of the surface soils

of the lower watershed. The other population of bedload materials is

similar to the A
3
-soil horizon, which could only come from down-

cutting in the main gully.

An investigation of the clay mineralogy associated with sediment

traveling in suspension revealed considerably more variability than

was found in the clay mineralogy of bedload sediments. High sediment

yield storm events with rapidly rising hydrographs contained clays

which were indistinguishable from the clays associated with the soils

of the lower watershed. During low intensity, long duration, events

and following major discharge peaks selective clay enrichment was

observed in the suspended sediments. Well organized kaolinites,

smectites and vermiculite were enriched, while chloritic intergrades

were depleted. The enriched clays are generally easier to disperse;
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thus, selective dispersion combined with preferential settling of non-

dispersed materials is thought to be the major mechanism behind this

phenomenon. During major events, erosion rates are apparently too

high for selective enrichment to occur. Only when there was appreci-

able opportunity for settling of aggregated clays was enrichment

apparent.

The disparity in suspended sediment concentrations between rising

and falling limbs of hydrographs can be expressed as a hysteresis

loop. This was found to be mainly due to gravitational settling.

Suspended clay concentrations may be closely represented by a linear

regression equation. By contrast the hysteresis was pronounced in

the coarse sediment fraction. The magnitude of the hysteresis is

partially dependent on the slope of the rising limb, being more

strongly expressed the faster the hydrograph rises.

On rising limbs SSC was very sensitive to slight changes in the

slope of the discharge curve (dQ/dt) but on falling limbs changes in

the slope of the discharge curve had little effect on SSC. Rapid

channel scour is the only explanation for this sensitivity, since

the watershed integrates storm energy over extended periods of time.

The lack of SSC sensitivity on falling limbs implies that rapid

channel scour is not occurring.

The dispersed size distribution of suspended sediments system-

atically changes through a storm event. The percent clay is con-

sidered a relative index of the mean residence time of material in

suspension. Clay content increases through the duration of major

events, indicating significantly diminished scour rates on falling
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limbs. During protracted runoff events with slow rising hydrographs,

the percent clay starts at a much higher level and its disparity

between rising and falling limbs is much less. The rate of rise and

not the absolute discharge appears to control the rate of scour as

expressed by both the changing size distribution and the SSC.

A background level of channel bottom scour undoubtedly occurs

under steady uniform flow conditions. Furthermore, the water which

is delivered to the main channel is already laden with sediment from

materials detached by raindrop impact and the scouring of rills. This

background level of sediment concentration is difficult to separate

from that which is being directly scoured from the main channel

bottom. The physical evidence indicates that the slope of the dis-

charge curve on rising limbs of hydrographs controls the rate of

channel scour. The evidence further indicates that on falling limbs,

even at high rates of discharge, the rates of channel scour are

greatly diminished.

On the basis of the observations, a hypothesis was developed to

explain the observed phenomenon. It is hypothesized that in direct

response to the rate of increase in discharge on rising limbs, a

downward vectorial component is generated in flowing water. Since

water is incompressible, this downward component must approach zero as

the channel bottom is approached. This can be accomplished only if

the velocity profile of the flowing water is altered such that rela-

tively higher velocities are maintained at greater depths compared

to steady or decreasing flow (Figure 26). The thickness of the

laminar sublayer would be depressed and the shear velocity
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VELOCITY PROFILES

RISING LIMB FALLING LIMB

Figure 26: Hypothetical velocity profiles depicting
increased velocities at greater depths on rising limbs.
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significantly raised as a result of this downward displacement in the

velocity profile. The result would be that the rate of channel

bottom scour would be significantly greater on a rapidly rising limb

of a hydrograph than it would be at comparable discharge on either a

falling limb or during steady uniform flow.

Much work has been done to calculate bedload transport rates in

large rivers, which may be considered analogous to the scour rates

discussed here. This previous work has invariably assumed that steady

uniform flow conditions are applicable for discrete intervals of time.

This assumption is probably valid for large rivers. The rate of

change in discharge relative to the total volume of discharge is con-

siderably smaller than in runoff from agricultural lands. Further-

more, the time interval over which rising limbs occur is invariably

many times longer on large rivers. For small streams during storm

runoff, the importance of nonsteady, nonuniform flow would be drama-

tically increased.

It is hoped that future research will directly address the

effects of nonsteady, nonuniform flow on velocity profiles under con-

trolled conditions. From such work it might well be possible to

relate the slope of the discharge curve to the slope of the energy

grade line and ultimately to the rate of channel scour.
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