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ABSTRACT 

Sediment Trajectories Through a Semiarid Valley 

by 

Daniel Victor Malmon 

Sediment eroded from upland areas is often deposited within river valley floors. 

Particles follow different trajectories through valleys: some particles pass directly 

through the chmmel, while others remain in the valley for long periods in deposits such 

as floodplains. The trajectory of a particle can be viewed as a random process, con-

sisting of a series of mobilization, transport, and deposition events. The probabilities 

of these events are determined by the rates of sediment transport and exchange in the 

valley floor (the sediment budget). This theory was formalized and then tested by 

modeling the redistribution and radioactive decay of particle-bound 137Cs in a small 

alluvial valley downstream of Los Alamos, New Mexico, and comparing the modeled 

distribution in 1997 with an independent map of 137Cs storage in that year. 

The study area is a sand-dominated valley with an ephemeral channel and a 

narrow floodplain, of a kind often encountered in semiarid environments. Field moni-

toring and theoretical calculations indicate that two distinct populations of sediment 

follow different trajectories: a coarse fraction, which moves gradually and is fre-

quently exchanged with the channel bed, and a fine fraction, which is supplied from 
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outside the channel, is well-mixed in the flow, and is occasionally exchanged with the 

floodplain. Rates of sediment exchange with the channel and floodplain are large 

compared with the total sediment flux. Over several decades, events which occur on 

average more than once per year dominate rates of transport and exchange ofboth 

fractions. These characteristics are probably representative of many small, sand-

dominated valleys in semiarid environments. 

Sedimentologic evidence was used to reconstruct the release history of 137Cs, 

and the theory was used to simulate the movement of particles through the valley. The 

modeled 1997 inventory of 137Cs overpredicted the measured inventory by a factor of 

3, but this discrepancy is small compared with the estimated total amount of 137Cs 

introduced to the system over the past 50 years. The relative spatial distribution of the 

contaminant matched the measured distribution. The model predicted that about 50% 

of the 137Cs currently in the study area will decay radioactively before leaving the 

valley . 
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Introduction 

The sediment load at the mouth of a river includes particles that have followed 

different pathways through the valley floor. Some of the particles pass directly through the 

channel, and reach the outlet shortly after being introduced to the fluvial system from 

hill slope processes. Others remain in the valley floor for geological time scales, stored for 

long periods in alluvial deposits such as floodplains. The location, frequency, and duration 

of particle storage in river valleys influence sediment delivery, the weathering of sediments in 

transit and their rate of abrasion per unit distance of transport, and determine the fate of 

sediment-bound contamination in many rivers. Sediment storage and remobilization in the 

valley floor is an important linkage decoup1ing hills1ope processes from river mouths. How-

ever, the long-term movement of particles through alluvial valley floors has not been studied 

in detail. Consequently there is no theory about how geological processes such as sediment 

transport, deposition, and erosion affect particle trajectories in river valleys. The aim ofthis 

thesis is to develop and test a theory oflong-term sediment trajectories through alluvial 

valley floors. 

Temporary storage of sediment within deposits in alluvial valley floors strongly 

moderates sediment delivery and water quality in many watersheds. Widely noted 

discrepancies between basinwide erosion rates and sediment delivery at the mouths of rivers 

have been attributed to sediment entering (Meade 1982; Trimble 1977) or exiting (Church 

and Slaymaker 1989) temporary storage reservoirs within valley floors. Sediment is stored 

within a variety of such storage reservoirs, including the channel bed, bars, floodplains, and 

alluvial fan deposits. Valley floor deposits are not all equally mobile-material residing 



within and near the active channel is more easily entrained than sediment stored further from 

the zone of most frequent flow. 

Because the ages of valley floor deposits (and therefore residence times of particles 

in them) can vary over many orders of magnitude, exchanges of sediment among deposits of 

different mobility affect the long-term trajectories and residence times of particles in valleys. 

In particular, transfers of sediment between channels and floodplains (via processes such as 

overbank sedimentation and bank erosion) have been identified as important components of 

sediment budgets in a wide variety oflandscapes, from small watersheds in Europe 

(Duysings 1985) and the semiarid southwestern United States (see Chapter 2), to continen-

tal-scale rivers such as the Mississippi (Kesel et al. 1992) and the Amazon (Dunne et al. 

1998). 

Models of sediment transfer through river channels, called sediment routing models, 

have usually ignored lateral exchanges of sediment within river reaches. The most com-

monly used sediment routing model is HEC-6, developed by the U.S. Army Corps of 

Engineers (Hydraulic Engineering Center 1977), which models sediment transport, scour, 

and fill in channels. Several other models are also available (Karim and Kennedy 1982, 

Chang 1988). In general, engineering models contain the following four components 

(Dawdy 1986): (1) the continuity equations for mass and momentum of water; (2) a 

relation for frictional resistance of the channel on the flow; (3) a sediment transport equation 

of the sort discussed above for bedload or bed material load; and ( 4) the continuity equa-

tion for sediment. In addition these models include a scheme for translating the divergence 

in sediment transport into changes in the bed. Given a series of steady flows and informa-
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tion about channel topography and bed material composition, they model sediment flux at a 

series of points and keep track of storage changes in the channel bed. These models 

simulate sediment transport in channels, and have been useful in many engineering applica-

tions where the main concerns are channel morphology, sediment accumulation, and/or 

bedload transport rates. However, they do not consider the transport and exchange of 

washload, which accounts for more than 90% of sediment transport in many rivers. This 

concept of'washload' is only relevant to the channel; it is not relevant to the floodplain. 

Channel sediment routing models do not consider lateral exchanges of sediment between the 

channel and floodplain, so they cannot predict particle residence times within river reaches. 

Analyzing the long-term trajectories of particles as a series ofhops through the valley floor 

provides an alternative approach to the sediment routing problem which can account for 

exchanges of sediment with deposits outside the channel. 

Computing particle trajectories through alluvial valleys can also improve the basis 

for understanding and predicting the fate of sediment -bound pollutants in the environment. 

• Human activities such as mining, agriculture, and nuclear weapons development have loaded 

landscapes with a variety of environmental contaminants. Many of these substances, includ-

• ing heavy metals, agricultural pollutants, and radioactive elements, bind strongly to soils and 

sediments, which are delivered to rivers. Mineral sediments almost always contain higher 

concentrations of metals than water and organic matter in natural environments (Salomons 

and Forstner 1984). On a global scale, Martin and Meybeck (1979) estimated that more 

than 90% of the metal load of rivers is carried on suspended sediment. Radionuclides are 

similarly distributed; one study estimated that soils (including sediments) contain more than 

• 
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99% of the plutonium inventories in contaminated ecosystems in Oak Ridge, Tennessee and 

Los Alamos, New Mexico (Dahlman et al. 1980). 

It is reasonable to expect that concentrations of particle-bound contaminants should 

decrease consistently in the downstream direction away from a point source. However, the 

spatially and temporally discontinuous nature of fluvial processes leads to complex patterns 

of contaminant distribution along river corridors. For example, Graf(1994, 1996) con-

ducted an empirical study of the distribution of sediment-bound Plutonium downstream of 

Los Alamos, New Mexico, and found accumulations of the contaminant in discrete reaches 

along the channel, separated by stretches with relatively low concentrations. He modeled 

the transport and storage of contaminated sediment in the channel during the 25 year flow 

event, using a stream-power based sediment routing model, and concluded that the geo-

graphic variability ofPlutonium storage along the channel could be at least partially ex-

plained by the longitudinal variation in stream power and flowresistance(Graf1996). He 

also pointed out that other factors must also exert first order controls on the distribution of 

sediment-bound contamination in rivers, particularly the effects of particle-size sorting. 

Soil-bound contaminants of all types are preferentially adsorbed to finer particles 

(Graf 1994; Salomons and Forstner 1984), due to the larger surface area/volume ratio and 

the presence of active clay surfaces in finer fractions. This aspect of the geochemistry of 

pollutants is critical to their fate in environmental systems, since finer particles are more likely 

to be transported as suspended load and stored in floodplains. Thus contaminated sedi-

ments tend to accumulate in floodplains adjacent to river channels, and these deposits 

become important non-point sources of downstream pollution as well as local sources for 

4 
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assimilation into plants and animals. Particles stored in floodplains generally have long 

residence times compared with channel sediment because they are less accessible to 

erosion. Because many environmental contaminants break down through processes such as 

radioactive decay or bioprocessing, their long-term fate is controlled by the relative time 

scales of contaminant degradation and particle residence time in the valley floor. Yet, the 

fate of contaminated sediment in rivers has commonly been evaluated using continuous 

models ofhillslope and in-channel processes, or simple advection or diffusion models. To 

my knowledge, there is currently no scientific methodology for predicting the fate of sedi-

ment and associated contaminants stored in river floodplains. A theory oflong-term sedi-

ment trajectories through alluvial valley floors could provide a framework for assessing the 

need for and designing plans for management and mitigation of contaminated sediment in 

nvers. 

The trajectory of a particle through the valley floor consists of a series ofhops 

separated by periods of storage of varying duration. The trajectory of an individual particle 

is a random process, but the probability ofthis process must depend systematically on 

certain geological factors, including grain size, flow regime, and valley configuration. Thus, I 

pursued a stochastic rather than deterministic approach to the problem. 

The concept of employing probability theory to model long-term sediment migration 

through river,systems was not mine. The general idea had been proposed in a general 

paper describing the use of sediment budgets in drainage basins (Dietrich et al. 1982). A 

related approach was developed and applied in Redwood Creek, California, using data on 

bedload transport rates and geomorphic maps of the valley floor to estimate the annual 

5 



probabilities of sediment mobilization from fluvial deposits (Kelsey et al. 1987). Those 

studies recognized that sediment movement among temporary storage reservoirs within river 

valley floors could be considered as a stochastic process known as a Markov chain. The 

properties ofMarkov chains are simple and well understood, so expressing the problem in 

this way is attractive because calculations can benefit from an established body of math-

ematical theory. 

However, these authors did not address the mechanisms by which sediment was 

exchanged between the channel and less mobile deposits. The approach had not been 

formalized in a theory relating fluvial processes to the long-term trajectories of particles 

through valley floors. The nature of the calculations that could be made had not been 

explored in detail, and the idea had not been applied to the problem of analyzing the fate of 

particle-bound constituents. Furthermore, the idea had not been applied in a field context in 

which it could be tested. 

I developed a simple theory for computing sediment trajectories and tracking the 

redistribution of sediment-bound constituents by characterizing the long-term movement of a 

particle through an alluvial valley floor as a discrete time Markov chain. The basis of the 

theory is that the movement of a particle from one temporary storage unit to another con-

sists of a mobilization (erosion) event followed by a deposition event in another sediment 

reservoir. The probabilities of erosion and deposition are determined by the rates of erosion 

and sedimentation in each ofthese reservoirs, or the sediment budget of the valley floor. I 

developed equations for deriving these probabilities for a valley floor in steady state and for 

analyzing these probabilities to compute particle transit times through the valley floor, rates 
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of sediment overturn in the valley floor, and the redistribution of sediment -bound constitu-

ents. In Chapter 3, I present these equations and illustrate how they can be applied using a 

hypothetical valley floor as an example. 

In order to test the theory, I took advantage of a particular field situation in which 

particle tracers were available to track the movement of sediment over several decades. I 

worked on applying the theory to a 5 km reach of a small canyon (drainage area 28 km2) 

near Los Alamos, New Mexico. The valley drains the site of the original1942land 

acquisition by the United States War Department for developing a nuclear fission weapon 

during World War II (the Manhattan Project). A suite of sediment-bound radionuclides 

(239,240Pu, 137Cs, 238Pu and others) were released into the channel network in liquid effluent 

from several point sources from 1942 until the 1980s. The isotopic composition of the 

releases changed over time as a result of changing research activities at Los Alamos, 

providing excellent age control on fluvial deposits downstream. 

Los Alamos National Laboratory (LANL) personnel have sampled and monitored 

radioactively contaminated sediment in the canyons downstream ofliquid effluent disposal 

areas for several decades (e.g., Hakonson and Bostick 1975; Hakonson et al. 1973; 

Hakonson et al. 1980; Nyhan et al. 1978; Purtymun 1971; Stoker et al. 1981 ). In the early 

1990s, W.L. Graf outlined a plan for estimating the total inventory and distribution of 

radionuclides in the canyons by combining geomorphic mapping and a stratified sampling 

program. This work culminated in a set of preliminary estimates of the amount and distribu-

tion ofPlutonium in Pueblo Canyon (Graf1994; Graf1996). Following this general ap-

proach, the lateral and vertical distribution of radionuclides in several canyons (DP, Pueblo, 
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and the upper and lower portions of Los Alamos Canyon) were mapped in detail as part of 

the Department ofEnergy's Environmental Restoration Project (Katzman et al. 1999; 

Reneau et al. 1998). Ongoing work aims to extend the analysis to several other water-

sheds. 

The work in this thesis focuses on upper Los Alamos Canyon, where the distribu-

tion of137Cs (the primary contaminant in this watershed) as of1997 was well known 

(Reneau et al. 1998), and the release history might also be constrained (Katzman et al. 

1999; Reneau 1999; Reneau et al. 1998). My approach was to model the redistribution 

and radioactive decay of particle-bound 137Cs over the past half-century, and to compare 

model predictions of sediment and contaminant distribution in 1997 with those measured in 

the field. Unlike tracer injection experiments, which can only expect a few years of results, 

and laboratory flume studies, which are many orders of magnitude smaller than actual river 

valleys, the field area provided an opportunity for testing the theory at the appropriate 

temporal and spatial scales. 

To parameterize the model, it was necessary to estimate the sediment budget of 

upper Los Alamos Canyon, a small watershed with a sand-dominated ephemeral channel 

and a narrow floodplain. The appropriate time scale for estimating the sediment budget is 

the time scale over which I attempted to model sediment trajectories, namely several 

decades. The sediment budgets of upper Los Alamos Canyon and other canyons draining 

the Pajarito Plateau are dominated by flash floods during the summer 'monsoon' season. 

There was little relevant field data or models of sediment budgets in such environments, so I 

conducted a field study to constrain the long-term average sediment budget of the valley 
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floor. I compiled eight decades oflocal rainfall data and analyzed them along with several 

years of runoff data from LANL-operated stream gages to characterize the long-tenn 

frequency and magnitude of rainstorm events and runoff (Chapter 1 ). I spent three summers 

monitoring flash floods in upper Los Alamos Canyon and nearby Pueblo Canyon, and used 

these data to develop simple physical and empirical models of sediment transport and 

exchange processes during runoff events. I applied these models to the long-term frequency 

distribution of runoff to compute the sediment budget, and analyzed its frequency and 

magnitude characteristics (Chapter 2). 

The field study, supported by previous work in the area and theoretical calculations, 

indicated that two different facies of sediment follow distinct trajectories through a sand:.. 

dominated valley floor with an ephemeral channel. Coarser sediment (medium sand and 

coarser particles) moves gradually through the valley by rolling, sliding, and saltatingnear the 

bed, and is exchanged with the channel bed. In contrast, fine sediment (medium sand and 

finer) is generally well-mixed in the flow, and can either move rapidly through the channel or 

be stored for long periods in the floodplain. Over the long term, sediment transport and 

exchange in both facies are dominated by moderate events which occur on average more 

than once per year. 

Based on these field observations, I modeled the long-term migration of two 

populations of sediment and associated 137Cs through the valley floor. Testing the theory 

involved reconstructing the discharge history of 137Cs into upper Los Alamos Canyon, 

computing particle trajectories using the theory developed in Chapter 3, modeling the 

redistribution and radioactive decay of 13 7 Cs, and comparing the predicted distribution of 
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137Cs with the distribution measured in the field (Chapter 4). While uncertainties in the 

history of137Cs input into the system were large, the model predicted approximately the 

amount and distribution ofl37Cs in the valley floor. The calculations using 137Cs as a 

sediment tracer shed light on the nature oflong-term sediment migration through a particular 

valley and demonstrate that probabilistic analysis of sediment trajectories holds promise as a 

tool for scientific analysis, quantitative prediction, and decision making. 

There are two important issues related to this research that have not been addressed in 

this thesis but are worth mentioning at the outset. One is a related local issue and the other 

is a generallinlitation of the theory in its current form. I mention them in the introduction in 

order to head off confusion about whether they have been considered, and to establish the 

context ofthe current work and its relation to research which has not yet been completed. 

In May 2000, the Cerro Grande fire burned nearly 50,000 acres of the Jemez 

Mountains and Paj arito Plateau, including large portions of the headwaters of the two 

canyons I had been studying. This fire, the largest in the history ofN ew Mexico, severely 

altered the hydrology ofPueblo Canyon but has had a relatively minor impact on upper Los 

Alamos Canyon (largely due to a reservoir on Los Alamos Canyon which has trapped most 

of the sediment and moderated fire-induced flooding from the burn area). I spent the 

summer of2000 monitoring post-fire floods and sediment transport, and I am continuing to 

collaborate with other scientists on the problem of characterizing landscape response and 

recovery from the fire. However, the purpose of this thesis was to develop and test a 

theory oflong-term sediment migration through an alluvial valley, not to document short-

term landscape response to a major perturbation. Therefore this thesis focuses on a rela-
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tively unimpacted valley (upper Los Alamos Canyon), and contains only brief mention of 

fire-induced changes to the hydrology and sediment transport regime of the study area. 

While it can be argued that sediment trajectories are affected by major landscape perturba-

tions such as wildfires, understanding and predicting how the sediment budget changes in 

response to such perturbations is a different research topic beyond the scope of this thesis. 

The more general limitation of the research in its current form is that it does not 

provide a basis for accounting for major perturbations to the sediment budget, or long-tenn 

trends or cycles of sedimen! storage such as have been observed in many valleys. The 

theoretical framework presented in this thesis describes long-term average conditions, in 

which the components of the sediment budget are constant over time. While some valleys 

can be identified where this steady state approximation is reasonable over the appropriate 

time scale, many important scientific and practical problems related to sediment migration 

through rivers relate to non-steady state conditions, in which changes in sediment supply, 

transport, and storage vary significantly over time. Fluctuations in the sediment budget 

change probabilities of particle movement over time, and violate the steady state assumption 

that forms the basis of several equations in Chapter 3. However, to the extent that changes 

in the sediment budget can be predicted, analyzing particle trajectories in non-steady state 

valley floors is a realistic idea, offers potentially significant scientific and societal benefits, 

and warrants further research. Some potential approaches to this and other generalizations 

of the theory developed in this thesis are suggested in Chapter 3 . 
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Chapter 1. Rainfall and Runoff on the Pajarito Plateau 

Summary 

Storm runoff in most arid and semiarid environments occurs in the form of 

discrete flash floods traveling over dry stream beds. Because of the spatial and tempo-

ral variability of such events, detailed observations and analyses of the hydrological 

characteristics in arid and semiarid watersheds have been limited. This chapter exam-

ines short and long term rainfall and runoff characteristics on the Pajarito Plateau, New 

Mexico, a semiarid region for which there exists a relatively rich database on rainfall 

and runoff. The pattern of rainfall during 1314 discrete rainstorms at 11 rainfall 

stations suggests that rainstorms, generated near the base of the Jemez Mountains, 

remain relatively intact as they move eastward across the Plateau (measured by the 

metrics of average rainfall depth, duration, and intensity). Decreasing mean annual 

rainfall with decreasing elevation on the Plateau appears to be related primarily to 

storm frequency, not storm characteristics. Measurements and models ofhydrological 

processes (rainfall, runoff, and transmission losses) during flood events are combined 

with a synthetic rainfall distribution to compute the long term rainy season water 

budget of a 5.3 km reach of upper Los Alamos Canyon. Prior to the Cerro Grande fire 

in May 2000, floods were produced dominantly by rain falling over the Plateau. Since 

the fire, the locus of runoff generation has temporarily shifted westward into the 

burned portion of the watersheds. The magnitude and duration of this shift is still 

uncertain. Prior to the fire, approximately 74% of the long term runoff volume was 

contributed by events with recurrence intervals less than one year. Flood wave propa-
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ga6on is influenced by infiltration into the channel bed. Measurements and models of 

transmission losses lead to an estimate that about 30% of the storm runoff entering the 

5.3 km study reach infiltrates into the channel bed. Infiltration losses total approxi-

mately 100- 200m3 per kilometer of channel per event. In addition to contributing to 

the global database of empirical data on flash floods in semiarid watersheds, this 

chapter provides a frequency distribution of stormflow for computing sediment fluxes, 

and attempts to characterize the baseline hydrological conditions of the Pajarito Pia-

teau prior to a major landscape perturbation. 

Introduction 

A significant portion of the land surface is occupied by watersheds drained by 

ephemeral channels. Rainfall and runoff in such watersheds are characterized by high 

spatial and temporal variability, making them difficult to study in detail. As a result, 

most of the data and theory on hydrological processes relate to more humid regions. 

However, the generation and propagation of runoff in arid and semiarid regions affect 

the location and timing of water availability for ecosystems and human communities, 

and can pose significant danger to human life, livestock, and agriculture. Furthermore, 

flash floods in ephemeral channels are the primary mechanism redistributing sediment 

and particle-bound pollutants and nutrients over much of Earth's surface. Improving 

the scientific understanding of erosion and sediment delivery in arid and semiarid 

environments requires more field data, observations, and formalized theories about 

how runoff is generated and transmitted in such landscapes. 

The lack of sufficient data or theory on flood generation and propagation in 
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ephemeral channels has motivated data gathering in recent decades. In particular, 

monitoring in the Walnut Gulch Experimental Watershed in southeastern Arizona (e.g., 

Renard and Keppel1966, Osborn and Lane 1969, Osborn and Renard 1970, Osborn et 

al. 1979, Lane et al. 1994) provided crucial observations of rainfall and runoff since 

the mid-1950s. Arid and semiarid watersheds have also been instrumented in southern 

· Israel (Schick 1970, Sharon 1972, 1980, Reid and Frostic 1987, Reid et al. 1995), 

Kenya (Bryan and Campbell 1986, Sutherland and Bryan 1989), Saudi a Arabia 

(Wheater et al. 1991), and Spain (Butcher and Thomes 1978, Martin-Vide et al. 

1999). Field studies such as these have demonstrated that the hydrology of dryland 

watersheds is characterized by significant rainfall variability (both spatial and tempo

ral), infiltration-excess overland flow, and by flow infiltration into dry stream beds. 

Because of spotty rainfall and transmission losses, flows in ephemeral channels tend to 

be short, rise rapidly, and often attenuate downstream. Field observations in arid and 

semiarid watersheds have led to hydrological models (e.g., Lane 1982, Woolhiser et al. 

1990) that consider features characteristic of dryland watersheds. However, the 

application of such models continues to limited by the fact that most of the available 

data come from a few experimental watersheds. 

This chapter explores runoff generation in a different semiarid environment, by 

presenting and analyzing hydrological and climatological data from sites on the 

Pajarito Plateau, in northern New Mexico. Because the Pajarito Plateau drains the 

town of Los Alamos, New Mexico, and the Los Alamos National Laboratory (LANL), 

there is a relatively extensive rainfall record and a growing network of stream gages 
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for the area. This data set was supplemented with data from a detailed monitoring 

program along one channel during the summers of 1998 and 1999. After briefly 

describing the factors which control runoff generation on the Pajarito Plateau, I ana-

lyze the historical record of rainfall, both over the long term and during rainstorm 

events. In the subsequent section, I use available hydrological data to calibrate a 

· rainfall-runoff model for two small watersheds at their confluence, and analyze data 

and models relating to the downstream propagation of flash floods in upper Los 

Alamos Canyon. 

Controls on Runoff Generation on the Pajarito Plateau 

The Pajarito Plateau is a southeast-sloping surface on the eastern flank of the 

Jemez Mountains in north-central New Mexico (Figure 1.1). Most of the precipita-

tion over the area originates in the Gulf of Mexico (1300 km to the southeast), and 

moisture travels north up the relatively flat Rio Grande valley. The Pacific Ocean 

(1 000 km west) also contributes moisture in the form ofrain and snow from frontal 

storms tracking along the southern edge of the jet stream (Bowen 1990). Since 1911, 

64 percent of the measured precipitation at Los Alamos occurred in the five month 

period from June to October, which includes the peak summer 'monsoon' months of 

July and August (Figure 1.2). Winter precipitation generally falls as snow. Stormflow 

on the Pajarito Plateau occurs in response to discrete rainfall events from June to 

October. Snowmelt from the Jemez Mountains also generates runoff in channels 

draining the Plateau (Bowen 1990, Purtymun et al. 1990), and may contribute signifi-

cantly to the water budget. However, the focus of the current study is discrete runoff 
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Figure 1.1 Shaded relief image of the Pajarito Plateau, in north-central New 
Mexico. Map shows the sites of recording rain gages, the Upper Los Alamos Canyon 
watershed boundary, and the distribution of urbanization on the Plateau. 
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Figure 1.2 Monthly mean precipitation at Los Alamos (TA-59) gage (from Bowen, 

1990). Rainfall maximums occur in the summer months, during the peak of the 

summer monsoon. Precipitation from June through September is usually associated 

with convective thunderstorms. Longer, less intense rainfall from early winter frontal 

storms occasionally occurs between late September and early November. Winter 

precipitation generally falls as snow. The rainfall analyses in the rest of this chapter 

only consider data collected between June and October . 
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from storm events in ephemeral channels, which carries most of the sediment load on 

the Pajarito Plateau (Chapter 2). Discrete storm runoff occurs during convective 

storms in the summer months (monsoonal conditions), and occasionally in response to 

frontal rainstorms in autumn, when temperatures are still above freezing. In order to 

eliminate uncertainties related to precipitation falling as snow, in the following analysis 

I focus on precipitation recorded during the five month interval from June through 

October. 

During the summer rainy season, thunderstorms develop over the Jemez 

Mountains in the afternoon and evening and drift eastward over the Plateau, causing 

highly localized and often intense rainfall (Bowen 1990). Both summer precipitation 

and total annual precipitation strongly increase with elevation (Figure 1.3). This 

dynamic strongly influences runoff response on the Pajarito Plateau: more rainfall 

occurs in the upper, forested portion of the watersheds, with progressively less rainfall 

farther down basin. 

During most of the Holocene, the Jemez Mountains were covered with dense 

forests of mixed conifer and ponderosa pine with deep soils (Allen, 1989). Under 

normal conditions, these slopes produced negligible amounts ofstormflow (e.g., Shaull 

et al. 1998), By contrast, plots in the pinyon-juniper environments that characterize 

the central and eastern Pajarito Plateau are capable of producing runoff equivalent to 

up to 28% of total annual rainfall (Wilcox 1994). Much of the dense forest cover of 

the Jemez Mountains was destroyed in the Cerro Grande fire in May 2000, the largest 

recorded fire in the history ofNew Mexico. One outcome of the fire is likely to be a 

20 



• 
Figure 1.3 Relationship between annual precipitation and elevation (or distance 

from the mountain front) on the Pajarito Plateau. The rate of increase with elevation 

of total annual precipitation is greater than that for June through October (line slopes 

of 0.5 and 0.3, respectively), probably reflecting the influence of snowfall. Data were 

compiled from 24-hour precipitation data from stations in the LANL meteorological 

monitoring network provided by D. Holt (LANL, ESH-17). 
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widespread shift in the locus of runoff generation from the Pajarito Plateau to the 

Jemez Mountains. However, at this point in time the magnitude and duration of this 

change is uncertain. If the primary influence of the fire on runoff response was the 

formation of a hydrophobic layer just beneath the soil surface, the change will likely 

last only a few years until this layer is broken up, most likely by freeze-thaw cycles 

(BAER 2000). On the other hand, if the dominant influence has been the removal of 

the forest cover, which contributes both to interception losses and macroporosity, the 

duration of the fire's influence on the hydrology of the Pajarito Plateau will be on the ' 

order of several decades. Evidence from the La Mesa (1977) and Dome (1996) fires 

(which affected similar but smaller areas) suggests that hydrological recovery in the 

area occurs over less than a decade (Veenhuis 1999). The current study does not 

attempt to answer this question, although the influence of the fire on the hydrology of 

the area is an important focus of ongoing research (e.g., Cannon et al. 2000, Johansen 

et al. 2000, McLin et al. 2000, Wilson et al. 2000). Rather, this chapter aims to char-

acterize runoff production under 'typical' conditions, which is more likely to be gener-

alizable to other semiarid watersheds. These analyses could eventually provide a 

baseline for comparison with post-fire hydrologic conditions. 

Rainfall Characteristics 

Long term rainfall 

Daily records of precipitation in the Los Alamos vicinity have been kept since 

191 0, although there are gaps in the record during 191 7-1918, 1920-1923, and 1941. 

Most of these data were available from a LANL-operated web site (web address: 
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http://weather.lanl.gov), and additional data were provided by D. Holt (LANL, pers. 

comm.). The long-term daily rainfall record at Los Alamos is composed of data from 

eight sites within and around the present -day Los Alamos town site (Bowen 1990). 

All but one ofthese sites sit at approximately the same elevation (between 2230-

2260 m; data for mid-1950-1951 were collected at a site at 2179 m elevation). It is 

assumed that this composite record is representative oflong term conditions near the 

base of the Jemez Mountains, in the western portion of the Pajarito Plateau (Figure 

1.1). 

Over the past 90 years, annual precipitation has averaged 476 mm, and annual 

totals have varied from 173 mm in 1956 to 771 mm in 1941 (Figure 1.4a). Trends in 

June through October annual rainfall totals can be observed qualitatively in longer term 

moving averages for the Los Alamos composite record (Figure 1.4b ). The 11- and 31-

year moving average June-October precipitation totals in Figure 1.4b were computed 

after replacing missing years with the long term average value (304 rnrnlyr). Persistent 

rainfall trends were less pronounced prior to 1950 than in the second halfofthe 20th 

century, possibly owing to the gaps in the record between 191 0 and 1945. The 11-

year moving average rainfall depths show protracted wetter than normal periods from 

1962-1972 and 1986-1993, and drier than average periods from 1946-1961 and 1973-

1985. Bowen (1990) noted a weak negative correlation between average temperature 

and summer precipitation over the post-1961 period, and to decadal trends in tempera-

ture. Gutzler and Preston (1997) and Gutzler (2000) cited an inverse relationship 

between summer rainfall in New Mexico and a large scale index of the spring snow 
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Figure 1.4 Long term annual rainfall at Los Alamos. Historic (a) annual and (b) 
moving average rainfall depth in Los Alamos. Data are from a composite of24 hour 
rainfall gages in and around the present-day Los Alamos townsite (locations 

summarized by Bowen, 1990; data provided by D. Holt (LANL, ESH-17). The Los 
Alamos composite record is characteristic of rainfall near the town of Los Alamos, at 
the base ofthe Jemez Mountains (Figure 1.1). 
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pack over the southern Rocky Mountains between 1961 and 1990, and hypothesized 

that a late snow pack delays the onset of summer convective circulation. Early onset 

monsoons tend to be wet, while late monsoons tend to be dry (Higgins and Shi 2000). 

Thus the decadal variability in summer rainfall over the Pajarito Plateau (Figure 1.4b) 

might be traced to long term fluctuations in North Pacific sea surface temperatures 

(including the Pacific Decadal Oscillation and/or the El Nino-Southern Oscillation), 

which influence the position of the jet stream and therefore the amount of snow and 

the size and persistence of the snow pack in the southern Rocky Mountain region. 

Over the 83 complete years on record between 1911-2000, significant rainfall 

(greater than 5 mm) occurred an average of 17.6 days per year between June and 

October. Twenty four hour rainfall totals less than 5 mm are assumed to be negligible 

• with respect to runoff generation, and are not included in this analysis. Rainfall depths 

at Los Alamos are approximated using a gamma distribution (Figure 1.5). The modal 

rainfall depth of 10 mm rather than 5 mm is at least partially an effect of the binning 

procedure and the exclusion of rainfall depths smaller than 5 mm. However, the 

gamma distribution better approximates the data than either the exponential or lognor-

t 
mal distributions. Later calculations of the long term water budget, and the sediment 

budget calculations in Chapter 2, use the gamma distribution in Figure 1.5. 

Rainfall has been measured at 10 sites around the Pajarito Plateau over various 

periods since 1977 (Table 1.1 ). These gages indicate a strong elevation control on 

annual precipitation totals (Figure 1.3), in spite of the short (9-22 year) and often 

asynchronous nature of these records. The rain gages can be divided into three groups 

• 
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Figure 1.5 Measured and modeled gamma distribution of rainfall between June and 

October at Los Alamos. Measured data excludes 24-hr rainfall totals less than 5 mm. 

Modeled distribution computed using the two-parameter gamma distribution with a.= 

2.2 and ~ = 0.24. 
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Table 1.1- Long Term Rainfall Statistics at Rain Gages Near Los Alamos 

First Last 
Elevation year on year on Years of Missing 

Station (m) record record record Years 
Western Plateau: 

TAI6 2327 1977 2000 22 1978,2000 
TA6 2263 1990 2000 10 

North Community 2262 1986 2000 15 
TA59 2249 1980 1990 11 

Average, Western Plateau: 
Central Plateau: 

TA49 2148 1988 2000 13 
East Gate 2146 1982 1991 10 1985 

TA53 2131 1992 2000 9 
Average, Central Plateau: 

Eastern Plateau: 
Area G 2039 1980 1991 12 
TA 54 1996 1992 2000 9 
TA 74 1942 1982 2000 19 

Average, Eastern Plateau: 

Mean Number 
Mean Mean of Days per 

Annual June-Oct Year Recording 
Precip Precip Rainfall > 5mm 
(mm) (mm) (June- Oct) 

556 333 21.2 
480 293 20.2 
551 341 21.8 
515 304 20.0 
525 318 21 

464 283 18.5 
445 249 14.6 
384 236 16.0 
431 256 16 

415 216 12.9 
373 236 16.3 
374 225 14.7 
388 226 15 
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on the basis of elevation (Table 1.1 ), which correspond to their location relative to the 

mountain front (Figure 1.1 ). The four gages in the western Plateau average 318 rnmJ 

year of June-October precipitation, compared with 256 mrnlyr and 226 rnm/yr on the 

central and eastern portions ofthe Plateau, respectively (a 30% reduction in precipita-

tion over less than 15 km). 

Characteristics of rainstorms over the Pajarito Plateau 

The characteristics of rainstorms over the watersheds on the Pajarito Plateau 

strongly control runoff response. In addition to the 24 hour rainfall data discussed in 

the last section, the LANL-operated network of climatological monitoring stations on 

the Pajarito Plateau and eastern Jemez Mountains has collected 15-minute precipita-

tion records over various periods since 1979 (Stone and Holt 1996). Precipitation 

data for June through October were available from 11 stations (1 0 on the Pajarito 

Plateau plus one gage near the crest of the Jemez Mountains). The locations of these 

stations are marked in Figure 1.1. Rainstorms tend to occur repeatedly in wet cycles 

during the summer months, and more than one storm may occur in a given day. Dis-

crete rainstorms were defined as any rainfall greater than 5 mm, following 1.5 hours 

without measurable precipitation. A total of 1314 discrete rainstorms were analyzed, 

and rainfall duration, maximum intensity, depth, starting time, and the temporal distri-

bution of rainfall (proportion of rainfall depth occurring in the each one-third of the · 

duration) were computed for each storm. 

Table 1.2 shows the average rainstorm characteristics for each of the 11 sta-

tions, sorted by elevation, and for the composite record from all stations. Although 
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Table 1.2 - Summary ofRainstorm Statistics Around Los Alamos1 

Average Average Temporal Rainfall Distribution 
Average Maximum Maximum Proportion Proportion Proportion Number Period Station Storm 15 minute 30 Minute Storm in First in Second in Third of of 

Elevation Duration Intensity2 I . 2 ntenstty Depth 3rd of 3rd of 3rd of Events Record Station (m) (hr) (mm/hr) (mm/hr) (mm) Storm Storm Storm 
TA74: 1942 3.1 15 11 10 0.54 0.32 0.15 68 1996- 2000 TA54: 1996 2.8 18 13 II 0.50 0.36 0.14 106 1992- 2000 Area G: 2039 2.9 22 15 14 0.49 0.34 0.17 134 1980- 1991 TA53: 2131 2.8 16 12 10 0.49 0.33 0.18 107 1992- 2000 East Gate: 2146 2.8 19 14 12 0.52 0.33 0.15 127 1982- 1991 TA49: 2148 2.8 18 14 II 0.50 0.35 0.15 206 1987- 2000 TA59: 2249 2.8 17 13 12 0.47 0.36 0.17 174 1980- 1990 North Comm. 2262 2.7 19 14 II 0.49 0.36 0.15 90 1996- 2000 TA6: 2263 2.8 18 13 II 0.50 0.35 0.14 171 1990-2000 TAI6: 2327 2.7 19 14 12 0.51 0.34 0.15 92 1996-2000 Pajarito Mtn. 3158 3.0 16 12 II 0.59 0.29 0.12 39 1998-2000 

All Stations: 2.8 18 13 11 0.50 0.34 0.15 1314 
Notes: 
I. Based on analysis of 15-minute rainfall data for discrete rainstorms greater than 5 mm depth separated by 1.5 hours with no recorded rainfall. 2. Maximum 15- and 30-minute intensities were identified for each storm; 'Average Maximum' intensity is the average of these values for all storms 

at a given station. 
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rainstonn depth, duration, and intensity exhibit considerable variability (Figure 1.6), 

the average rainstonn statistics remain within a relatively narrow range in spite of the 

wide range of station elevation (Table 1.2). None of the rainstorm characteristics 

show significant (p < 0.05) trends with elevation (Figure 1.7), including rainfall depth. 

Increasing rainstorm frequency, rather than storm depth, must account for the ob-

served increase in annual precipitation with elevation (Figure 1.3). 

Large gaps in the 15-minute data from some stations prevented a direct com-

parison of rainstorm frequency between stations. The 24-hour records are longer and 

usually more reliable, so these records were searched for days exceeding 5 mm rainfall, 

as a proxy for rainstorm frequency. The average number of days with rainfall > 5 mm 

are plotted against station elevation in Figure 1.8, showing a significant (R2 = 0. 70, p 

< 0.05, n = 1 0) positive correlation between frequency and elevation across the Pla-

teau. 

The result that average rainstorm characteristics do not vary across the Plateau 

appears to contradict the precipitation analysis by Bowen (1990, 1996), which indi-

cated that rainfall depths of a given recurrence interval were higher in the western part 

of the Plateau than in the east. Bowen's results are based on an extreme value analysis 

of rainfall data at 15-minute intervals, while the values in Table 1.2 and Figure 1. 7a 

are the average values computed from analyzing discrete rainstorms. One possible 

explanation for the discrepancy is that even if rainstorm characteristics are relatively 

similar from one station to another, the probabilities of extreme events are higher at 

stations which experience more frequent storms. Another explanation is that the 
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Figure 1.6 Frequency distributions of rainstorm characteristics at recording rainfall 

gages around the Pajarito Plateau. A total of 1314 discrete rainstorms were analyzed 

from II stations operated by Los Alamos National Laboratory (station descriptions in 

tables I and II). (a) Rainstorm depth; (b) Rainstorm duration; (c) Maximum 15 minute 

rainfall intensity; (d) Maximum 30 minute rainfall intensity. 
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Figure 1.7 Relationships between average rainstorm characteristics and station 
elevation, showing no significant (p < 0.05) relationships for any of four metrics: (a) 

Average rainstorm depth; (b) Average rainfall duration; (c) Average 15 minute 
maximum rainfall intensity; (d) Average 30 minute maximum rainfall intensity. 
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Figure 1.8 Average number of days between June and October which exceed 5 nun 

(0.2 in.) precipitation versus elevation, for the I 0 gages on the Pajarito Plateau. The 

points are identified by station name. Despite the short and often asynchronous record 

lengths (Table 1.1 ), elevation significantly (R2 = 0. 70, p < 0.05, n = 1 0) controls 

precipitation frequency on the Pajarito Plateau. 
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extreme events highlighted by Bowen's analyses behave differently from the 'average' 

rainstorm which is the subject of the current study. 

One hypothesis which would explain the data in Figures 1.6-1.8 is that storms 

often form over the mountains and drift eastward, sometimes stopping before reaching 

the eastern stations. Rainstorms tend to start gradually later as one moves from west 

to east on the Plateau (Figure 1.9). This provides evidence that, on average, storms 

tend to track eastward. Bowen (1990, p. 76) also showed that long term average 

hourly rainfall peaks in the eastern Plateau area lag those in the west. Bowen ( 1996) 

suggested that a different mechanism (which he did not specify) may account for the 

later rainfall peak in the eastern Plateau. However, the consistent, gradual eastward 

increase in storm start time (Figure 1.9) and the westerly winds which prevail at the 

500mb level during early summer (Bowen 1996) both support the idea that, on aver-

age, storms track eastwards. Although some storms track north or south over the 

Plateau, or westward across the Rio Grande valley, the data in Figures 1.6-1.9 indicate 

that they most frequently begin in the Jemez mountains and track eastward, often 

stalling before they cross the entire Plateau. 

The interpretations of runoff-generating rainfall on the Pajarito Plateau can be 

summarized as follows. Rainstorms characteristically develop over the Jemez Moun-

tains and drift eastward. Rainfall frequency at a particular location is determined by 

distance from the mountain front, because storms sometimes stall and dissipate before 

reaching the eastern part of the Plateau. However, on average it appears that rain-

storms retain their structure as they move, because average rainstorm depth, duration, 
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Figure 1.9 Average starting times of rainstorms versus distance east. Distance 
units in UTM (zone 13, m) coordinates. Rainstorms tend to start later in the day in the 
eastern part of the Pajarito Plateau. 
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intensity are unaffected by elevation and distance from the mountain front. At a given 

location, rainstorm depths can be approximated with a two-parameter gamma distribu-

tion. 

The next section contains an analysis of storm generated runoff in two Pajarito 

Plateau watersheds. For these computations it will be necessary to define a synthetic 

population of rainstorms which is consistent with the preceding observations of rainfall 

characteristics. Rainfall depths are assumed to be distributed according to the gamma 

distribution in Figure 1.5. Thus the long term frequency distribution of storm rainfall · 

depth is assumed to be reasonably well approximated by daily rainfall totals, for which 

a long term (90 year) record exists. Rainstorm depths from the Los Alamos composite 

record are appropriate for this purpose because runoff from the watersheds considered 

in the next section is produced by rainfall in that area of the Plateau. The influence of 

elevation on rainfall was not modeled because the zone of runoff generation in these 

particular watersheds is confined to a relatively narrow range of elevation in the 

vicinity ofthe sites of the Los Alamos composite gages. 

Runoff Characteristics in Upper Los Alamos Canyon 

Study Site 

The upper Los Alamos Canyon (ULA) watershed (Figures 1.1, 1.1 0) was 

selected for detailed analysis because it contains the best hydrologic database of any of 

the canyons, and because these analyses provide a starting point for characterizing 

long-term sediment and contaminant fluxes from this watershed (Chapters 2 and 4). 

The watershed heads in the Jemez Mountains and flows through a canyon incised up to 

i . . - 't· ' 
~ - 1 • • • • 

r .. l. l .. t 
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Figure 1.10 Upper Los Alamos Canyon location map. Map shows locations of 
rainfall and runoff measuring sites discussed in the text, and the location of the Los 
Alamos Reservoir. Dashed lines are approximate isohyets of mean annual precipitation 
drawn from the data in Table 1.1. 
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100 m into the Pajarito Plateau just south of the present day town of Los Alamos 

(Figure 1.1). The southern mesa adjacent to ULA Canyon was also the site of the 

original Manhattan Project facilities, where the first nuclear weapons were developed 

during World War II. Some ofthose facilities and the town site lie within the DP 

Canyon watershed (drainage area = 1.5 km2), the largest tributary to ULA Canyon east 

· ofthe Jemez Mountains. Elevations in the watershed range from 3182 m on Pajarito 

Mountain to about I 920 mat the confluence with Pueblo Canyon, where the drainage 

area is 28 km2. Most (16.4 km2) of the upper portion of the watershed lies above the 

Los Alamos Reservoir, constructed in the mid-1940s to store snowmelt runoff for the 

small population center in Los Alamos. Prior to summer 2000, the maximum instanta-

neous discharge recorded at the westernmost stream gage, located near the base of the 

Jemez Mountains (gage A, Figure 1.1 0), was only 0.1 m3/s (data provided by D. 

Shaull, ESH-18, LANL). This observation makes it possible to focus exclusively on 

runoff generation on the Pajarito Plateau, which under normal conditions contributes 

almost all of the storm runoff in the area during the June through October rainy sea-

son. 

The Environmental Safety and Health Division ofLANL operates a network of 

stream gages in the canyons draining the Jemez Mountains and the Pajarito Plateau. 

This network has expanded considerably over the past decade in response to require-

ments of a recent storm water permit. Data are available from four stream gages in the 

watershed (Figure 1.1 0) which have been in operation for varying lengths of time since 

1995. 
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The main channel was also instrumented with crest stage gages to measure 

peak stage at five sites along the canyon during summers 1998-1999 (Figure 1.1 0). 

Three to five gages were installed at each site. Peak stage at each gage was converted 

to discharge using Manning's equation (assuming Manning roughness coefficient n = 

0.04; see Appendix A). The mean peak discharge from the gages in a given reach was 

used in subsequent calculations. Multiple gages were installed at each site to help 

quantify uncertainty. The standard deviation of peak discharge estimates for gages at 

the same site, measuring the same flow, averaged 20% ofthe mean value. 

Storm runoff 

The period of hydrological record currently is not sufficient to adequately 

characterize the long term probability distribution of storm runoff. A probability 

distribution of runoffhydrographs is a major goal of this analysis because it will char-

acterize the long term relationship between rainfall and storm runoff generation on the 

Pajarito Plateau and will be used to compute long term average sediment transport 

rates in the next chapter. Therefore, the strategy adopted here for developing such a 

distribution is to use the available hydrological data from the LANL network to cali-

brate a rainfall-runoff model in two particular watersheds, then apply the model to the 

synthetic distribution of rainstorms developed in the last section. In order to minimize 

the number of calibrated parameters, each of the two watersheds was treated as a unit, 

characterized by a single set of rainfall-runoff parameters. The technique I used to 

predict hydrographs consisted of two components: (1) prediction of runoff volumes 

using the SCS curve number method (US Soil Conservation Service 1972), and (2) 
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converting runoff volumes into hydrographs using the unit hydro graph technique 

(Dunne and Leopold 1978). 

Runoff Volume Runoff volumes were computed for the probability 

distribution of rainstorm depths (Figure 1.5) in Los Alamos using the SCS curve 

number method (US Soil Conservation Service 1972). This method is based on 

empirical rainfall-runoff relationships originally developed for agricultural watersheds 

in humid regions, and later extended to arid and semiarid conditions (Simanton et al. 

1973, Graf 1987). It requires two parameters for each watershed: the percentage of 

the watershed area which is impervious to infiltration (IM), and the SCS curve number 

(CN), which characterizes the runoff potential ofthe remainder ofthe watershed. 

English units are used to compute rainfall and runoff amounts in order to 

maintain consistency with the SCS methodology. In this model the runoff volume V 

(in inches over the watershed) is computed from: 

v = IM X p + (1- IM) (P- 0·28 )2 
P+0.8S 

where P is the rainstorm depth (inches) and 

s = 1000-10 
CN 

(1) 

(2) 

McLin (1992) used the SCS curve number method to model runoff from the 

1 00-year rainstorm for all watersheds on the Pajarito Plateau, including Los Alamos 

Canyon. He compiled soils, vegetation, and hydrological data and estimated a CN of 

68 for a subwatershed (LA-3) which includes both DP Canyon and the portion ofULA 

Canyon located on the Pajarito Plateau. I applied this curve number in equations 1 and 

2 to compute runoff volumes from the permeable portion of the two watersheds. 
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For IM = 0, equations 1 and 2 predict a parabolic relationship between rainfall 

and runoff, with a minimum at rainfall depths between about 1 - 2 inches (the location 

of this minimum depends on CN). Below this minimum, rainfall is less than the initial 

abstraction (a function of S), so equations 1 and 2 are not valid and runoff is predicted 

to be zero from the soil-covered areas. The technique was developed to predict runoff 

volumes from large rainstorms, but moderate rainstorms on the Pajarito Plateau are 

usually less than 2 inches, or 50 mrn (Figure 1.5). For smaller storms, runoff is only 

produced within zones characterized as 'impervious'. Therefore, the parameter IM 

defines the rainfall-runoff relationship for small storms in the two watersheds. This 

number was calibrated by minimizing the absolute value of the mean residual between 

predicted and observed runoff volumes at two LANL-operated gages (Band C, Figure 

1.11 ). The best-fitting parameters are: for DP Canyon, IM = 0.27, and for ULA 

Canyon, IM = 0.05. 

Unit hydrographs The time distribution of the predicted runoff was mod-

eled by defining synthetic unit hydro graphs for each basin. Synthetic unit hydro graphs 

such as the SCS method (US Soil Conservation Service 1972) produce hydrographs 

that rise more slowly than those observed in the field area. Instead I used LANL 

stream gage data (data provided by C. Wilson, ESH-15, LANL) to produce unit 

hydrographs for DP and ULA Canyon following the procedure outlined by Dunne and 

Leopold (1978): measured flow hydrographs were normalized to one inch of runoff 

and the ordinates of selected points on the hydro graph were averaged to produce a 

characteristic hydrograph for each basin (Figure 1.12). There are many theoretical 
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Figure 1.11 Modeled and measured runoff volumes for small rainfall events. 
Hydrographs computed using equations 1 and 2 in the text and (a) IM = 0.27 for DP 
Canyon and (b) IM = 0.05 for ULA Canyon. All the modeled storm runoff for these 
moderate events is produced in areas characterized as 'impervious'. 

50 



• 

a 
5 

s:::: 4.5 0 
>-
s:::: 4 ns 
0 

3.5 ll. 
c 
E 3 
o-
.:: ~ 2.5 =-0 2 s:::: 
:::::J ... 1.5 

"'C 
Q) 

1 -:::::J 
c. 
E 0.5 
0 
0 

b 

0 

1 

0.9 
s:::: 
0 » 
s:::: 
cu 0.8 

0 
:5 0.7 

~- 0.6 

_g ~ 0.5 =-0 0.4 
s:::: 
:::::J ... 

"'C s 
:::::J c. 

0.3 

0.2 

0.1 

0 

0 

0 
0 0 

1 

0 0 

2 

0 

0 

0 

R2 = 0.53, p < 0.05, n = 11 

3 4 5 6 

Measured Runoff from DP Canyon (mm) 

0 
0 

0 

R2 = 0. 73, p < 0.05, n = 6 

E 
0 
0 0 +-------~------~------~------~------~----~ 

0 0.2 0.4 0.6 0.8 1 1.2 

Measured Runoff from ULA Canyon (mm) 

Figure 1.11 

51 

'-· .... ,• . . . ·= . . ·~ . ~ ' 
.• 

c'~-- ? . :. :: . 



Figure 1.12 Unit hydrographs for 25 mm runoff in (a) DP Canyon and (b) upper 

Los Alamos Canyon. The unit hydro graphs (solid lines) were constructed using 

measured hydro graphs normalized to 25 mm runoff (dashed lines), according to the 

technique outlined by Dunne and Leopold (1978, p. 333). 
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problems with this method of predicting hydro graphs, but it is the best technique given 

the available data and it appears to produce qualitatively realistic hydro graphs (Figure 

1.12). 

The hydrographs from the two basins were combined to produce a single 

hydrograph below the confluence. Not enough data are available to permit a reason-

able estimate of the arrival times of flood bores from the two watersheds, so they are 

assumed to reach the confluence simultaneously. In reality, flood bores from DP 

Canyon tend to reach the confluence shortly before those from ULA Canyon (within 

30 minutes). However, because flows from DP Canyon dominate the combined 

hydro graphs (Table 1.3) the error introduced by this combination technique is rela-

tively small. 

Long term distribution of storm runoff Hydrograph volumes were 

multiplied by the number of events per year in each rainstorm size class to compute the 

average annual contribution oflarge and small events to the long term water budget of 

both watersheds (Table 1.3 ). The modeled annual summer water discharge from the 

ULA Canyon watershed amounts to 2 mm distributed over the entire 23 km2 water-

shed above DP Canyon, or 0.7% of the June-October rainfall at Los Alamos. By 

comparison, modeled annual runoff from DP Canyon is 77 mm, or 25% of the Los 

Alamos summer rainfall. This difference is due to the large portion of impervious area 

in the DP Canyon watershed, and the greater role of transmission losses in ULA 

Canyon compared with DP Canyon. The long term runoffvolumes from both water-

sheds are dominated by moderate size rainstorms (Figure 1.13): 74% of the modeled 
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Table 1.3. Characteristics of Synthetic Hydro graphs 

DP Canyon 

Modeled Modeled 
Modeled Runoff Runoff 

Rainfall Storm Peak Volume Volume 
Depth Frequency Discharge per event per year 
(mm) (#/year) (m3/s) (m3/event) (m3/year) 

5 2.9 0.96 1989 5743 
10 4.9 1.91 3978 19539 
15 4.0 2.87 5966 23636 
20 2.6 . 3.83 7955 20485 
25 1.5 4.80 9964 15033 
30 0.83 5.92 12296 10225 
35 0.44 7.23 15018 6610 
40 0.23 8.71 18086 4094 
45 0.11 10.33 21463 2446 
50 0.06 12.09 25117 1417 
55 0.03 13.97 29020 800 
60 0.013 15.96 33147 442 
65 0.006 18.04 37478 239 
70 0.003 20.21 41994 127 
75 0.001 22.47 46679 67 
80 0.001 24.80 51517 35 
85 0.000 27.20 56497 18 

Total June- October storm runoff(m3/yr): 110,954 

- ... - - - .... 

Upper LA Canyon Combined flow: 

Modeled Modeled Modeled Modeled 
Modeled Runoff Runoff Modeled Runoff Runoff 

Peak Volume Volume Peak Volume Volume 
Discharge per event per year Discharge per event per year 

(m3/s) (m3/event) (m3/vear) (m3/s) (m3/event) (m3/year) 
0.11 658 1900 0.97 2647 7642 
0.22 1316 6463 1.94 5293 26002 
0.34 1974 7818 2.91 7940 31454 
0.45 2631 6776 3.87 10587 27261 
0.57 3335 5031 4.86 13298 20064 
0.82 4790 3984 6 17086 14208 
1.22 7152 3148 7.36 22170 9758 
1.76 10319 2336 8.88 28405 6431 
2.42 14204 1619 10.58 35667 4065 
3.19 18733 1057 12.41 43850 2474 
4.06 23840 657 14.38 52860 1457 
5.02 29469 393 16.46 62617 835 
6.06 35572 227 18.66 73050 466 
7.18 42104 128 20.94 84099 255 
8.36 49028 70 23.31 95707 137 
9.60 56310 38 25.77 107828 72 
10.90 63920 20 28.3 120418 37 

41,664 152,618 
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Figure 1.13. Modeled long term {101-102 year) frequency and magnitude of(a) peak 
flow and (b) runoffvolume from DP and ULA Canyons. These are predictions of 
storm runoff in response to precipitation between June and October, and do not 
include snowmelt runoff. 
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storm runoff from both basins occurs in response to storms between 5 and 27.5 mm 

(frequencies greater than once per year, Table 1.3). 

Downstream movement of floods 

Since the calculations described above are based on lumped models of water-

sheds, they only address in-channel processes in the sense that they influenced the 

selection of CN and IM. However, propagation of flow through channels is central to 

the study of runoff in ephemeral channels, so here I present relevant data and analyses 

of downstream movement and attenuation of flash floods in upper Los Alamos Can-

yon. Flood waves in ephemeral channels are rapidly transformed by infiltration losses 

and diffusion as they move downstream. Infiltration accounts for the difference in 

volume frequently observed between upstream and downstream gages, while the 

downstream reduction of peak flow magnitude can be attributed to both infiltration 

and wave diffusion (Figure 1.14). 

Downstream attenuation of flood peaks Crest stage gages were installed 

at five sites along the ULA Canyon main channel (Figure 1.1 0) to measure the down-

stream reduction in peak flow magnitude during the summers of 1998 and 1999. 

Stage heights were converted into discharge using Marining's equation. In those 

calculations, channel roughness was assumed to be 0.04 (Appendix A) and floodplain 

flow was negligible in the reaches where gages were installed. The gages record 

rapidly diminishing flow peaks both above (Figure 1.15a), and below (Figure 1.15b) 

DP Canyon. The slope of the best fit line through the origin of the graphs in Figure 

1.15 defines the average ratio of upstream to downstream peak discharge. Between 
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Figure 1.14 Example of downstream attenuation of a hydrograph in the main 

channel of Upper Los Alamos Canyon between DP Canyon and Pueblo Canyon. 

Event occurred on September 16, 1999, originated in DP Canyon, and was recorded at 

the DP Canyon gage (gage C, Figure 1.1 0) and at the confluence with Pueblo Canyon 

(gageD, Figure 1.1 0). This rainstorm did not produce significant runoff at gage B. 
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Figure 1.15. Downstream attenuation of flood peaks measured at crest stage gages 

in Upper Los Alamos Canyon. (a) From LA 1 W to LA 2W (distance- 4.6 krn2), 

upstream ofDP Canyon (b) From LA 2E to LA 3 (distance- 3.7 krn2), downstream of 

DP Canyon. Locations shown in Figure 1.1 0. 
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LA I Wand LA 2W (a distance of 4.6 km) the ratio averages 0.43. Below DP Canyon, 

the average upstream/downstream peak discharge ratio is 0.59, over a distance of3.7 

km. Put another way, flow peaks attenuate by about 12% per km of channel in reach 

LA IW-LA 2W (i.e., (1- 0.43)/(4.6 km)) and 11% per km in the reach below DP 

Canyon. 

Infiltration losses The magnitude of flow losses into the bed cannot be 

computed from the crest stage gages because they estimate only peak discharge, not 

flow volume. Transmission losses can be computed along the reach from gages B and 

C to gageD (Figure 1.1 0), for events in which: (I) there was no significant runoff 

generated between DP Canyon and gageD; and (2) runoff volumes can be computed 

for all three stations. The first condition requires that floods be generated by rain-

storms which only affected the watershed above the DP Canyon confluence, and 

reliable information is only available from first hand field observations during the 

floods. Data are available for the DP Canyon gage from 2000 and part of 1999. Only 

three events fit both these criteria (Table 1.4). The total volumes lost to channel bed 

infiltration from these three events ranged between 1100- 3 700m3/event. Assuming 

the flows occupied the channel bed for an amount oftime equivalent to the average 

flow duration at the three gages (the most reasonable approximation given the avail-

able data), computed infiltration rates into the channel bed were 3-8 cmlhr. These 

values compare well with data from other channels in the semiarid Southwest US. 

Based on empirical data from other natural channels, Lane (1982) suggested using an 

'effective hydraulic conductivity' of2.5-7 .5 cm!hr to model transmission losses in beds 
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• • I 

;. h/: 
I ~·: i 

63 



Table 1.4. Transmission Losses Between LANL-Operated Gages in ULA Canyon 

Date of event: 

9/14/1999 9/16/992 9/16/993 

Upstream gages: 
GAGEB 

Peak Discharge (m3/s): 0.17 0.05 0.28 
3 Runoff Volume (m ): 1301 191 1483 

Flow Duration (hr): 5.3 4.1 7.3 
GAGEC 

Peak Discharge (m3/s): 0.46 0.98 3.79 
3 RunoffVolume (m ): 2356 1813 6614 

Flow Duration (hr): 4.7 4.0 7.7 

Downstream gage: 
GAGED 

Peak Discharge (m3/s): 0.13 0.18 0.94 

RunoffVolume (m3
): 631 869 4422 

Flow Duration (hr): 6.3 6.7 10.8 

Volumetric transmission loss (m3
): 3026 1135 3675 

Computed infiltration rate4 (cm/s): 0.0022 0.0009 0.0017 

Computed infiltration rate 4 
( cm/hr ): 7.9 3.3 6.1 

Percentage of inflow infiltrated 
into channel bed: 83% 57% 45% 

Notes: 
1. Data from gages operated by ESH-18 (LANL); data provided by C. Wilson, LANL 
2. Flow occurred during afternoon 9/16/99 
3. Flow occurred late evening 9/16/99 
4. Infiltration rates computed using channel width= 1.9 m, channel length= 3.7 km, and the 

average duration from the three gages for each flow event 
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characterized as "sand and gravel mixture with slight amounts of silt and clay''. The 

channel bed material in the study reach is approximately 95% sand and gravel, with 

about 5% silt and clay (Reneau et al. 1998). 

Lane ( 1982) developed a method of computing transmission losses in ephem-

eral channels, and applied it to channels in the Pajarito Plateau (Lane et al., 1985). 

This is an empirical model based on inflow/outflow relationship for a reach: 

Vdown(x, w)= a(x, w)+b(x, w)Vup +F(x, w)Viat (3) 

where Vup(x, w) and Vdown(x, w) are the flow volumes entering and exiting a reach of 

length x and width w, Vlat is the flow volume from tributaries, and a(x, w), b(x, w), and 

F(x, w) are empirical constants that depend on hydrological and geometric properties of 

the study reach. Lane (1982) also showed that, for instrumented watersheds in the 

southwestern US: 

a(x, w)= -0.00465KD (4) 

where Dis the mean flow duration (assumed 10 hr, the duration of the modeled syn-

thetic hydrographs) and K is the effective ~ydraulic conductivity (assumed to be 5 emf 

hr). English units are preserved below because the empirical functions were calibrated 

using English units. The slope parameter bin equation 3 is 

b(x, w)= e-kxw (5) 

where kis a decay factor defined as: 

• k = -1.091+ -( 0.00545;: J] (6) 

Lane's ( 1982) model thus assumes that the amount of flow which leaves a 
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losing reach is linearly related to the flow in, and this proportionality is controlled by 

flow duration, the effective hydraulic conductivity of the bed, and other, unidentified 

factors (represented by the constants in equations 4 - 6). Although Lane's (1982) 

method probably remains the best (and presumably the simplest) method for estimating 

transmission losses in small semiarid channels, Graf (1987, p. 97) notes that equations 

4- 6 have yet to be tested widely in the field. Assuming for simplicity no lateral 

contributions of flow, equations 4- 6 would predict 1,000-1,200 m3 infiltration into 

the channel bed between DP and Pueblo Canyons per event (using the population of 

synthetic hydro graphs developed in the previous section). Predicted infiltration vol-

umes are relatively insensitive to flow magnitude (upstream flow volume only enters 

the calculation via equation 6). 

These predictions of infiltration are low compared with measured values 

(11 00-3700 m3fevent, average 2600 m3/event, Table 1.4). Assuming 2,600 m3 infil-

trate the bed per event, on average 45,000 m3/yr should infiltrate the channel alluvium 

ofthis reach during flash floods, or 30% of the long term average June through Octo-

ber discharge at the DP-ULA Canyon confluence. The percentage lost to infiltration 

during the moderate events for which there are data ( 45% - 83%, Table 1.4) is greater 

than the long term average estimates because transmission losses account for a smaller 

proportion of the flow volume during large events. 

Lane's (1982) model predicts that only 20,000 m3, or 13% of the long term 

discharge, should be lost to the channel bed along the study reach. Since K, D, x, w, 

and Vup are constrained in ULA Canyon, the discrepancy between the Lane (1982) 
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model and the field data (Table 1.4) must be related to the uncertainties in the empiri-

cal constants and/or the forms of equations 4- 6, which are based on data from 14 

channel reaches in other places. 

Flood bore velocity Flood bores move more slowly than the water velocity 

at the flood peak due to greater momentum losses at the front of the flow. Momentum 

loss is greater at the wave front because friction and infiltration losses are highest as 

the flood bore passes over a dry bed. As a result, flood peaks advance toward the 

front ofthe flood wave, leading to steep hydro graph rising limbs. In Arroyo de Los 

Frijoles, 40 km to the southeast of upper Los Alamos Canyon, Leopold and Miller 

(1956) observed repeated waves advancing toward the flood bore, each moving faster 

than the water velocity. 

Previous field studies of the transit time of flood bores in ephemeral channels 

(Burkham 1976, Ben-Zvi et al. 1991) have all found that bore velocity increases with 

flow magnitude until the floods begin to inundate the floodplain. I analyzed data from 

LANL-operated gages B, C, and D to characterize the relationship between bore 

velocity and peak outflow in the study reach. For flow events less than 1.0 m3/s bore 

velocity increases linearly with outflow peak discharge (Figure 1.16). The relationship 

probably does not hold far beyond the range of data. Overbank flows generally have a 

larger wetted perimeter and experience more flow resistance, limiting the increase in 

bore velocity. Even though the average bankfull flow is approximately 2.5 m3fs, flows 

larger than 1.0 m3fs begin to inundate lower banks (see Figure 2.5b). Although there 

are not enough data to estimate a maximum bore velocity, field experience in nearby 
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Figure 1.16 Relationship of the velocity of flood bores in upper Los Alamos Canyon 
to flow magnitude. Velocities were computed from streamflow data at gages B, C, 
and D (Figure 1.10). Data provided by C. Wilson, ESH-15, LANL. 
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Pueblo Canyon after the Cerro Grande fire suggest that velocities probably do not 

exceed about 2 m/s. 

Conclusions 

The primary objective ofthis paper was to quantify summer rainfall and conse-

quent streamflow on the Pajarito Plateau in northern New Mexico. Results of rainfall 

and runoff monitoring were incorporated into a long term analysis ofthe frequency and 

magnitude of flow events using a simple rainfall-runoffmodel for two small water-

sheds. The analyses presented in this chapter have led to a number of conclusions and 

hypotheses about runoff generation on the Pajarito Plateau: 

1) Summer (June-October) precipitation over the Pajarito Plateau has 

fluctuated both interannually and over decadal time scales. 

2) Average rainstorm characteristics such as depth, duration, and intensity 

are uniform across the Plateau. Rainstorms tend to form over the Jemez 

Mountains and maintain these characteristics as they track eastwards. How-

ever, rainstorm frequency increases with elevation and proximity to the moun-

tain front because the storms frequently stall and dissipate before crossing the 

entire Plateau. 

3) Under normal conditions, 74% ofthe long-term (lOLl02 year) summer 

runoff in two Pajarito Plateau watersheds was contributed by events with 

• recurrence intervals less than one year. These findings describe baseline hydro-

logic conditions for a specific landscape prior to a major hydrologic perturba-

tion. The Cerro Grande fire of May 2000 may have temporarily changed the 
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amount and locus of runoff generation. After the fire, the zone of runoff gen-

eration will expand west into the Jemez Mountains where rainstorms occur 

more frequently. Ongoing data gathering and analyses after the fire will quan-

tify the magnitude and duration of that change. 

4) Flood waves are strongly modified by in-channel processes: flood 

peaks attenuate by approximately 1 0% per km of channel, and infiltration in the 

channel bed through a 5.3 km reach of upper Los Alamos Canyon amounts to 

an estimated 30% of the storm flow into the reach. 

5) The velocity of flood bores increases linearly with flow magnitude over 

the range of flows sampled, but this relationship probably does not hold for 

flows that significantly interact with the floodplain. Maximum bore velocities 

are probably not much greater than about 2 m/s. 
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Chapter 2. Sediment Transport and Exchange in Upper Los Alamos 

Canyon, New Mexico 

Summary 

Sediment redistribution by flash floods influences the geommphology and environ-

mental quality of a large fraction of Earth's surface. However, the mechanisms involved in 

such sediment transfers are not well understood. This chapter documents fluvial processes 

in a small alluvial valley in a semiarid environment. Measurements and models of sediment 

transport and exchange during small to moderate flash floods are extrapolated using a 

synthetic population ofhydrographs (developed in Chapter 1) to estimate the sediment 

budget of upper Los Alamos Canyon. The calculations are based on a 90 year rainfall 

record and are assumed to represent the annual average sediment budget over several 

decades. The data and calculations include instantaneous and long term estimates of: (1) 

the sediment flux for two particle size fractions, (2) vertical scour of the channel bed, and 

(3) diffuse overbank sedimentation on the floodplain. Field evidence indicates that sediment 

storage in the valley is at steady state over several decades. Therefore I assumed that over 

this time scale the rate of vertical fill is equivalent to scour, and that the long term mass rate 

ofbank erosion is equal to the floodplain sedimentation rate. 

Two modes of sediment transport are identified on the basis of particle size data and 

theoretical calculations. The fine fraction of sediment (defined as fine sand and finer mate-

rial, plus the portion of medium sand traveling above the height of the lowest banks) is 

relatively well mixed in the flow and can be stored in the floodplain. The coarse fraction 

(coarse sand and coarser, plus the portion of medium sand traveling below the height of the 
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lowest banks) is concentrated near the bottom of the flow and only interacts with the 

channel bed. Suspended sediment and bed load samples collected during flow events in 

summers 1998 and 1999 suggest that the flux of the fine fraction is limited by supply, while 

the flux of the coarse fraction is limited by the transport capacity of the flow. Fine sediment 

concentrations are highest near the flood bore and decrease over time, suggesting that the 

supply of fine sediment is greatest during the earliest part of the flow. The instantaneous 

transport rate of coarse sediment (the source of which is the channel bed) is determined by 

the transport capacity ofthe flow, and its long term flux is dominated by the falling limbs of 

storm hydro graphs and by snowmelt runoff. Over several decades, computed fluxes of the 

two components of the sediment yield are approximately equal to one another ( -1100 T I 

year). The estimated average amount of scour and fill in the channel (in each direction) 

exceeds the flux of coarse sediment in the same period by a factor of 10. On average, 

annual floodplain deposition is equivalent to about 20% of the fine sediment transported into 

the 5.3 Ian reach . 

• Over several decades, the average sediment budget is dominated by small, frequent 

runoff events: more than 70% ofthe sediment flux, about 7 5% of channel bed erosion, and 

nearly 80% of floodplain sedimentation occur during events which occur on average more 

than once per year. Less than 5% ofthe mass sediment transfer is accomplished by events 

with recurrence intervals of more than 1 0 years . 

• Introduction 

Sediment exchanges in semiarid valley floors influence the geommphology, sedimen-

tology, and environmental quality of a large portion of the landscape. Small watersheds in 
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semiarid regions often erode rapidly, producing large volumes of fine sand and silty sediment 

(Leopold et al. 1966). Downstream delivery ofthis material is often modulated by ex-

changes of sediment with alluvial deposits in the valley floor. Such exchanges can be large 

relative to the total sediment transport rate. Widely cited episodes of aggradation and 

degradation in the southwestern United States (e.g., Schumm and Hadley 1957, Leopold et 

al. 1964, Graf 1987) reflect imbalances in the amount of sediment exchanged with channel 

beds. The distribution and disposition of many heavy metals, radionuclides, and other 

contaminants associated with fine-grained sediment are frequently determined by exchangeS 

of sediment with floodplains adjacent to ephemeral channels. However, the physical 

mechanisms involved in such exchanges remain poorly understood. 

In semiarid valleys, sediment exchanges are usually driven by discrete flash floods 

which pass over dry stream beds. Sediment is exchanged with the bed of an ephemeral 

channel by vertical erosion and deposition in the channel bed (scour and fill). Rates of scour 

and fill in sand bed ephemeral channels are large compared with those in humid environ-

ments (Leopold et al. 1964). In some valleys, sediment is also exchanged with floodplain or 

terrace deposits along the channel margin. Such deposits accumulate primarily by vertical 

accretion during overbank flooding (Schick 1974), and erode by lateral bank erosion, often 

resulting from bank collapses following the flood peak (Leopold and Miller 1956). 

The processes which control sediment transport, deposition, and remobilization in 

semiarid environments occur over a wide range of time scales (Schumm and Lichty 1965), 

from minutes to geologic time. Much of the geomorphic work in such environments occurs 

during flash floods which last on the order of minutes to hours. However, many questions 
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pertinent to geomorphology and land management in semiarid environments are relevant to 

much longer time scales. Scientific conclusions and management decisions could benefit 

from a better understanding of the long-term effects of processes which occur in response 

to individual storm events. 

The purpose of this chapter is to document fluvial sediment transport and exchange 

processes over a range of time scales in a small alluvial valley with an ephemeral channel 

and a narrow floodplain. Tills is accomplished by estimating a long term sediment budget 

for the valley floor, using several years of field measurements and a frequency distribution of 

flood hydro graphs that characterize the local rainfall and runoff regime (see Chapter 1 ). 

'Long term' is defined in this chapter as time frames of order 1 OL 102 years, the length of . 

time over which there is an instrumental and geomorphic record. Calculations based on 

data from small flash floods in upper Los Alamos Canyon, New Mexico, are used to 

identify the mechanisms and quantify the rates of sediment transport and exchange pro-

cesses during runoff events. These observations are then extrapolated in time using the 

synthetic population ofhydrographs to compute the long term sediment budget and examine 

its frequency and magnitude attributes. The sediment budget is used in Chapter 4 to param-

eterize a model of sediment trajectories and examine the migration of particles and particle-

bound radionuclides through channels and floodplains over several decades. 

Field Area and Methods 

Geologic setting and runoff regime 

Upper Los Alamos (ULA) Canyon (Figure 2.1) drains a watershed composed 

primarily of rocks of volcanic origin. The watershed heads in the eastern Jemez Mountains 
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Figure 2.1 Shaded relief image of the eastern slope of the Jemez Mountains and the 
Pajarito Plateau, showing upper Los Alamos Canyon watershed boundary and the 
distribution of urbanization on the Plateau. Study reach is 5.3 km from the confluence with 
DP Canyon to the confluence with Pueblo Canyon. 
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and the upper basin is underlain by dacitic lavas of the Tschicoma Formation (Smith et al. 

1970). The lower portion ofthe watershed drains mesas and canyon walls of the Pajarito 

Plateau, a large surface underlain by ignimbrites erupted from the Jemez Mountains at ca. 

1.22 Ma (Izett and Obradovich 1994). These units are collectively referred to as the 

Bandelier Tuff, and were deposited over fanglomerates of the Puye Formation and basaltic 

· rocks of the Cerros del Rio volcanic field. 

This study focuses on a 5.3 km reach of valley floor between two major tributaries, 

DP and Pueblo Canyons (Figure 2.2). The drainage area above Pueblo Canyon is 28 km2, 

and the total relief is 1260 m. ULA Canyon is one of approximately 20 subparallel canyons 

which dissect the Pajarito Plateau and drain into the Rio Grande. The longitudinal profiles 

of many of the canyons are partly controlled by the underlying lithology (e.g., Figure 2.3 ). 

The floodplain along the study reach is narrow (usually less than 20m wide (Reneau et al. 

1998) ), confined by the canyon walls and at least one large bouldery debris flow unit dated 

at ca. 1300-1650 A.D. (Reneau and McDonald 1996) (Figure 2.4). 

Mean annual precipitation at the town ofLos Alamos (Figure 2.2) is 46 cm/yr 

(Bowen 1990). About 60% of the rainfall takes place between June and October, which 

includes the summer 'monsoon' season (Chapter 1). Flash floods during these months 

occur approximately 18 times per year in ULA Canyon (see Chapter 1 ), generated by 

convective thunderstorms and occasional frontal storms. Urbanization on the mesatop 

drained by the DP Canyon watershed (Figure 2.1) has increased the frequency and magni-

tude of flow in both DP and ULA Canyons since 1942, when the initial facilities housing the 

Los Alamos National Laboratory(LANL) were built. 
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Figure 2.2 Map ofUpper Los Alamos Canyon. The study area is the 5.3 km reach 

between DP Canyon and Pueblo Canyon. Sediment sampling and flow data collection sites 

are noted on the map . 
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• 
Figure 2.3 Upper LosAJamos Canyon longitudinal profile, showing the endpoints of 

the study reach and the location of the Los Alamos Reservoir. The approximate relative 

elevation of the mesatops is indicated with a dashed line. Approximate in-channel location 

oflithological contact between overlying, less resistant formations (Bandelier tuff and Puye 

conglomerate) and underlying basalt (Cerros del Rio formation) is also marked. Longitudinal 

profile derived from USGS 1 :24,000 topographic maps . 
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Figure 2.4 Large boulde:ry deposit in the study reach (dated at ca. 1300-1650A.D., 

Reneau et al. (1996)), comprised of dacite clasts from the Jemez Mountains. Deposits 

related to mass movements or extreme floods in the Jemez Mountains fill much of the space 

within the valley floor, confining the width of the active portion of the floodplain to less than 

20m. Boulder deposit is on the right, wedged against the colluvial slope of valley wall on 

the left. Active channel is to the right, not visible in the photograph. Photograph from 

Reneau et al. (1996). 
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Spring snowmelt runoff lasts an average of 66 days ( ± 3 8 days) at the downstream 

boundary of the study reach, based on 7 years of data compiled by Purtymun et al. (1990). 

While the duration of snowmelt flow is longer than that of storm flow, it is not associated 

with the widespread watershed erosion and rapid fluctuations in flow that characterize storm 

runoff events. In general, snowmelt flow remains within the channel banks and carries little 

to no washload. In this chapter snowmelt is only considered with respect to long-term bed 

load transport. Its influence on the suspended sediment flux and exchanges with the channel 

bed and floodplain is assumed to be minor. 

• Although a large portion of the watershed ofULA Canyon lies in the Jemez Moun-

tains (Figure 2.1 ), under typical conditions most of the storm runoff is generated by rainfall 

on the relatively sparsely vegetated ponderosa pine and pinon-juniper environments on the 

Pajarito Plateau (Wilcox 1994, Wilcox et al. 1997, Newman et al. 1998, Shaull et al. 1998) 

or in the urbanized areas. In May 2000 the Cerro Grande fire burned much of the eastern 

Jemez Mountains and western Pajarito Plateau, including large portions of the ULA Canyon 

watershed. Most ofthe severely burned portions of the ULA Canyon watershed lie above 

the Los Alamos Reservoir (Figure 2.3). Repeated surveys of the reservoir indicate that 

sediment yields from the bum area have increased by more than two orders of magnitude 

(Lavine et al. 2001 ). However, the reservoir has moderated the influence of the fire on 

hydrology and sediment transport in the study reach. While it is recognized that fires and 

• other disturbances temporarily affect valley floor geomorphology and sediment transport 

processes, the magnitude and duration of these influences are uncertain. Although this is an 

important area of research, it is not the focus of this chapter. Instead, the purpose is to 
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document and quantifY the processes of sediment transport and exchange contributing to the 

long-terrn sediment budget of a valley in a semiarid environment. 

Field methods and data quality 

1bis chapter includes data from a variety of sources. Los Alamos National Labora-

tory (LANL) operates eleven recording rain gages around and four stream gages in the 

ULA Canyon watershed (see Figure 1.1 0 for locations). I also monitored runoff, sediment 

transport, and channel bed scour and fill at sites in ULA and Pueblo Canyons (Figure 2.2) 

during the summers of1998 and 1999. All suspended and bed load data presented in this· 

chapter were collected following rainstorm events between June and October 1998 and 

1999, prior to the Cerro Grande fire. 

Three to five crest-stage gages (Harrelson et al. 1994) were installed at each site to 

measure peak flood stage during runoff events. Corresponding discharges were estimated 

using rating curves developed from channel cross sections and the Manning equation 

(assuming the channel roughness coefficient is 0.04, see Appendix A). The standard 

deviation of peak discharge estimates from the crest stage gages at the same site, measuring 

the same flow, averaged 20% of the mean value. Instantaneous discharge during sampling 

events was estimated at LA 2 E (Figure 2.2) using a staff gage. These values generally 

agreed with simultaneous discharges estimated above the ULA-DP confluence at the 

LANL-operated stream gages B and C (Figure 1.1 0). 

Suspended sediment samples were collected using three separate techniques: (1) 

Simple automatic samplers (single stage samplers), each containing a single 1 L bottle, were 

installed in the channel at 6 sites (Figure 2.2) to examine the spatial distribution of sus-
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pended sediment concentration. (2) I sampled the temporal distribution of sediment 

concentration during 10 floods at site LA 2E, about 100m downstream of the ULA-DP 

confluence (Figure 2.2), using a manual depth-integrated (DH -48) sampler. The manual 

sampler measures the discharge-weighted average sediment concentration between the 

water surface and 7. 5 em above the bed. These concentrations were adjusted to depth-

integrated values using the Rouse equation, as described below. (3) In addition, some 

samples were collected at LA 2E using an automated pump sampler with a fixed intake port 

located approximately 15 em above the bed (this value is approximate due to fluctuations ill 

bed elevation). 

There was no significant difference in sediment concentration between 4 7 pairs of 

samples collected concurrently using the manual and automatic pump samplers (subject to a 

paired t-test with a= 0.05). It was not possible to determine the instantaneous discharge at 

which the samples from the single stage samplers were collected (only the local peak 

discharge was recorded from the nearby crest stage gages), so a direct comparison be-

tween the single stage samplers and the other two methods was not possible. However, the 

rate of concentration increase with discharge in the data from the single stage samplers was 

greater than that for the other samples (power law exponent of0.8 for the single stage 

samples versus 0.4 for the manual and pump samples). This discrepancy is probably the 

result of instrument-related errors in the single stage samplers, including: (1) a slow rate of 

• sample collection relative to the rate ofhydrograph rise and fall, such that the resultant 

samples integrated over a range of flow during both the rising and falling limbs of the 

hydro graph. As discussed below, sediment concentrations are much higher before the peak 

• 

• 



discharge than after the peak; and (2) possible recirculation of water through the sampler 

during some ofthe larger and more extended flows that were sampled. It was not possible 

to correct the data from the single stage samplers for such errors. Thus those samples were 

only used to test for relative spatial variations in suspended sediment rating relationships in 

the study area, rather than to define those relationships in absolute terms. 

Bedload was measured at site LA 2 E using a Helley-Smith sampler with a 7.5 em 

x 7.5 em intake port and a sample bag with a 0.25 mm mesh. Thus only medium sand and 

coarser sediment were sampled; sediment finer than medium sand ( < 0.25 mm) is consid-

ered washload, on the basis of suspendibility calculations and particle size data discussed 

later. Although efforts were made to not to disturb the bed, Helley-Smith samplers tend to 

sink into sand-bed channels during sampling, leading to possible overestimation of the bed 

load flux. The magnitude of this uncertainty is unknown, so estimates of instantaneous bed 

load flux might best be considered maximum values. 

Scour chains were installed at site LA 2E and at three additional sites in Pueblo 

Canyon and monitored during the summers of 1999 and 2000. At each of the four sites, 2-

5 cross sections were instrumented with scour chains every 0.5 m across the channel bed. 

After each flood event, maximum scour for each chain was measured by counting the 

number oflinks laid horizontally. An average scour depth for each site was computed by 

averaging the measurements from all the chains. The uncertainty in measuring scour depths 

was one chain link, or ±3 em. 

Empirical estimates of overbank sedimentation rates in ULA Canyon have been 

obtained from dendrochronologic and sedimentologic evidence, to test a simple model of 
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floodplain sedimentation discussed below. Standard tree-ring dating methods (Stokes and 

Smiley 1968, Phipps 1984) were used to obtain ages of trees growing on floodplains in 

ULA Canyon (Reneau et al. 1998, P. Drakos, Glori etta Geosciences, unpublished data). At 

each tree, the vertical thickness of sediment above the root flare was measured, providing 

local sedimentation rates over the time since the tree germinated. I also compiled strati-

graphic data from Reneau et al. (1998) who measured fine sediment thicknesses at 80 sites 

in ULA Canyon. The volume-weighted average age of the sampled deposits (based on 

isotope ratios ofLANL-derived radionuclides) suggests the average age ofthe base of 

these units is about 20 years (S. Reneau, LANL, unpublished data), providing a rough 

estimate of the time scale over which the measured thicknesses have accumulated. 

Valley Floor Characteristics 

Geomorphology and sedimentology of the valley floor, and nomenclature 

The bottoms of canyons draining the Pajarito Plateau are mostly alluvial, although 

bedrock reaches prevail in some downstream reaches which flow through pre-Bandelier 

basalts (Figure 2.3) or in parts oflower order tributaries (e.g., Katzman et al. (1999)). The 

average channel slope in the study area is 0.02, and there are no major downstream 

changes in gradient along the study reach between DP and Pueblo Canyons (Figure 2.3). 

Prehistoric boulder deposits fill much of the space in the upper reaches ofULA Canyon 

(Figure 2.4), and as a result it stores comparatively little active sediment. Geomorphic 

mapping and the distribution ofLANL-related radionuclides indicate that the width of the 

valley floor which has been active since 1942 averages less than 10m (Reneau et al. 1998). 

Channel width varies from 1 to more than 3m, averaging 1.9 m (Figure 2.5a), and bank 
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Figure 2.5. Histograms of(a) channel width and (b) bank height along study reach. 

Line in (b) shows the frequency with which the indicated bank height is exceeded, based on 

the long tenn probability distribution of peak flow (Chapter 1 ). Calculations assume 

channel slope= 0.02, channel width= 1.9 m, channel roughness= 0.04, and floodplain 

roughness= 0.07. Data from surveys conducted in 1998 and 1999. 
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Figure 2.6 Schematic cross section ofUpper Los Alamos Canyon within study reach. 

In this study, channel-stored sediment is coarse sediment below the channel bed and 

adjacent floodplain units to a probable maximum scour depth of0.5 m (discussed in text). 

Floodplain-stored sediment refers to units mapped by Reneau et al. (1998) as c2 and c3. 

These units typically consist of fine sediment overlying coarser deposits. The dashed line 

outlines the material considered as active sediment; fl /f2 units are fine sediment not 

underlain by recent coarse deposits- these deposits contain less than 10% of the recent 

sediment in the valley floor, they are considered to be less mobile than the c2/c3 units, and 

are ignored in the rest of Chapter 2 and in Chapter 4. 
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height varies from 0.2 to 3m, averaging 0.7 m (Figure 2.5b ). Although mean flow depth at 

peak flow only exceeds the mean bank height approximately once every five years, the 

lower banks are inundated more frequently (Figure 2.5b ). 

I adopt the geomorphic nomenclature ofReneau, et al. (1998) to describe alluvial 

sediment storage as illustrated schematically in Figure 2.6. Sediment is stored beneath and 

adjacent to the active channel bed and within active floodplain units near the channel.. The 

geomorphic units are classified as cl (active channel), c2/c3 (active floodplain units which 

are currently accumulating fine sediment but are underlain by coarse- i.e., probable recent 

bed material- deposits), and fl/f2 (active floodplain surfaces which are not underlain by 

recent coarse deposits. In the following discussion the surfaces of these c2/c3 geomotphic 

units are referred to as the active floodplain 'surface'. Sediment also accumulates to a 

lesser extent on deposits further from the channel (fl/f2, Figure 2.6); however, these units 

contain less than 10% of the active sediment in the valley floor (Reneau et al. 1998) and 

they are ignored below. 

Two types of recent sedimentary deposits can be distinguished on the basis of 

location and particle size distribution (Figure 2. 7a). The coarser layers consist mostly of 

medium sand through gravel. The fine grained deposits contain all particle size classes, but 

are dominated by particles of medium sand or smaller(Figure2.7a). The fine sediment is 

generally located above coarse deposits in the c2/c3 units (Figure 2.6). 

The two types of deposits are referred to as coarse and fine 'facies' because their 

particle size distributions imply their origin: the particle size distributions of the fine and 

coarse deposits resemble those of the suspended load and bed load, respectively (Figure 
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Figure 2. 7 Average particle size distributions for (a) channel and floodplain ( c2/c3 fine 

sediment facies) deposits in the valley floor (Reneau et al. 1998); and (b) bedload and 

suspended sediment samples collected during flood events, summers 1998-1999. The 

amount of coarse sediment (coarse sand and coarser) in floodplain deposits may be 

overestimated because those samples may include parts of coarse layers bioturbated into 

overlying fines (S. Reneau, LANL, pers. comm. ). The gravel proportion in the channel 

deposits (a) is probably underestimated because sampling procedure only included material 

which would fit into a 11iter bottle. Mesh diameter on bedload sampler is 0.25 mm (dashed 

line in (b)), equivalent to size break between medium and fine sand . 
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2. 7b ). Based on the data in Figure 2. 7 and calculations described below, it appears that 

typical flows suspend mostly medium sand and finer particles (i.e., particles smaller than 0.5 

mm). Minor amounts of coarse sand and gravel are also present in floodplain sediment, and 

may be related to flow events larger than the events which were sampled. Much of the 

coarser sediment in the fine facies deposits in Figure 2.7a may also represent post-deposi-

tiona] material which has been bioturbated into the fine deposits (S. Reneau, LANL, pers. 

comm.). The floodplain 'deposits' refer to the fine sediment underlying these units (Figure 

2.6), 

In the following discussion and in Chapter 4,jloodplain-stored sediment refers to 

the fine facies sediment in the c2/c3 units, consisting of recent (post-1942) deposits inferred 

to represent sediment deposited overbank; channel-stored sediment refers to coarse 

sediment underlying the channel bed and floodplain (Figure 2.6). The coarse sediment 

underlying the finer floodplain units probably represents bed material deposits formed from 

channel shifting, not floodplain deposition. This mass of sediment is therefore counted as 

part of the channel, not the floodplain. 

Equilibrium assumption 

I assume that sediment storage in the valley discussed in this paper is approximately 

in steady state over the past several decades. Here, steady state is defined as the condition 

in which the mass of sediment in each of the sediment reservoirs of a valley floor do not 

change significantly over time. I do not suggest that all valley floors are in such an equilib-

rium over this time frame; in fact, rapid changes in channel morphology due to changes in 

storage (aggradation and degradation) have been documented in Pueblo Canyon, just north 
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of the ULA Canyon watershed (Reneau and McDonald 1996). However, in ULA Canyon, 

cycles of aggradation and degradation are comparatively minor. 

At least three lines of evidence support the steady state assumption for ULA 

Canyon: (1) Ground-level historical photographs taken in the 1940s and 1950s and 

relocated in the 1990s indicate no major changes in channel or floodplain morphology at the 

photograph sites. (2) The bedload deposits in the channel banks beneath the floodplain 

remain relatively close to the present channel elevation (Figure 2.6), implying that the 

channel has not moved vertically in the past 101 - 102 years. (3) The thicknesses of 

floodplain deposits ( c2/c3 fine facies, Figure 2.6) exhibit an approximately symmetrical 

distribution (Reneau et al. 1998). If deposit thickness can be thought of as a proxy for age, 

a symmetrical distribution of sediment thicknesses provides evidence for a steady state 

floodplain. If the sedimentation rate were increasing relative to the erosion rate, one would 

expect a right skewed age distribution with more young deposits. If floodplain erosion were 

increasing relative to deposition one would expect a greater proportion of older deposits, 

since younger deposits tend to be closer to the channel and therefore erode more rapidly 

(Nakamura and Kikuchi 1996). 

Figure 2.8 is a schematic sketch showing the main modes of sediment exchange in 

the valley floor. The sediment budget for particles in a reach of valley floor can also be 

expressed as: 

(1) 

where Qup• Qdowm and Q 1a1 are the upstream, downstream, and lateral fluxes of sediment 

along the reach, and R0 b, Rbe' Rfiu, and Rscour are the rates of vertical floodplain accretion, 
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Figure 2.8 Schematic diagram of primary components of the sediment budget in a 

small semiarid valley floor with an ephemeral channel. Some valleys, including upper Los 

Alamos Canyon, can be assumed to operate near steady state over appropriate time scales. 

In these situations, sediment imbalances are small relative to fluxes, and (1) Rob- Rbe; (2) 

R - R · and (3) Q - Q + Q 
scour 'fill' down up /at" 
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bank erosion, channel deposition, and channel bed erosion, respectively. The equilibrium 

condition ofULA Canyon implies three statements about the sediment budget in equation 1 

and inFigure2.8: 

Qdown - (Qup + Q/at ) = 0 

Rob -Rbe = 0 

(2a) 

(2b) 

(2c) 

Statement 2a is the sediment mass-balance for a reach in steady state. The second 

statement is the mass balance of the floodplain, and implies that the rate of vertical accretion 

on the floodplain is equal to the rate oflateral bank erosion. The third equation is the 

equivalent statement for the channel bed, where sediment is exchanged by vertical scour and 

:fill 

In the remainder ofthis chapter the components of equation 1 are computed for the 

5.3 km reach ofULA Canyon between DP Canyon and Pueblo Canyon (Figure 2.2). 

Along this reach, I assume the equalities in equations 2a- 2c. The available data permit 

more reliable estimates of the first term in each of these equivalences. Because I have more 

confidence in the field evidence supporting the steady-state assumption than in the ability to 

measure Rbe and Rfill accurately, I assume the estimates Qdowm Rob• and Rscour are sufficient 

to compute the sediment budget, and use (2a)-(2c) to compute the missing quantities. 

Valley Floor Processes 

Timing of sediment transport 

Flows in small, ephemeral streams in northern New Mexico are generated by 

snowmelt in the spring and rainfall in the summer and fall (Wiard 1962). In ULA Canyon, 
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snowmelt runoff generally remains confined to the channel (Purtymun et al. 1990). Snow-

melt runoff is not associated with rainfall-related erosion in the watershed, and flow fluctua-

tions occur relatively gradually. The influence of such flows on the sediment budget is to 

transport bed material by exerting shear stress on the bed over extended periods. How-

ever, these flows do not transport much fine sediment (Purtymun et al. 1990) and their 

influence on sediment exchange with the floodplain is assumed to be minor. 

Storm flow is produced by discrete rainfall events, mainly during summer and fall. 

Flash floods in the channels draining the Pajarito Plateau rise rapidly (Figure 2.9), often 

reaching peak discharge within the first 5 minutes of flow (Figure 2.1 0). A moderate flow 

event on September 14, 1999, for which there is a particularly good record of rainfall, flow, 

and suspended sediment concentrations, illustrates suspended sediment dynamics in a 

typical flash flood event. Flow depth and depth-integrated suspended sediment concentra-

tion were recorded at a staff gage at site LA 2 E, about 100m downstream ofthe DP 

Canyon confluence (Figure 2.2). The temporal relationship between rainfall and runoff for 

this event is shown in Figure 2.1 Oa. The peak discharge was 0.6 m3/s (21 ft3/s), a dis-

charge which has a recurrence interval ofless than one year (Chapter 1 ). Mean depth at 

peak flow was 0.25 m. Suspended sediment concentrations were highest near the flood 

bore and decreased rapidly, particularly for sediment finer than 0.25 mm (fine sand and 

smaller) (Figure 2.1 Ob ). A second flood peak, of approximately the same magnitude as the 

first, occurred about 1 hour after the passage of the flood bore. This peak was apparently 

the result of a second burst of rainfall (Figure 2.1 Oa), and is not associated with a major 

increase in sediment concentration in suspension (Figure 2.1 Ob ). 
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Figure 2.9 Photograph of flood bore advancing down Pueblo Canyon, September 2000. 

This flood was generated in a watershed burned by the May 2000 Cerro Grande fire. 

Within 5 minutes after the passage of the bore, the entire field of view was submerged by 

the flow. Sediment concentration is highest near the flood bore, and drops rapidly following 

peak flow. Photo credit: D. Katzman . 
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Figure 2.10 Rainfall, runoff, and sediment concentration at LA 2E during the September 

14, 1999 runoff event. (a) Rainfall hyetograph and discharge hydrographs. Flow above 

the confluence ofULA (gage B, Figure 2.2) and DP Canyon (gage C, Figure 2.2) measured 

at LANL-operated stream gages, and below the confluence (LA 2 E) from manual staff 

gage readings during flow. Rainfall data are from the recording rain gage which was closest 

to the stonn center and which recorded the maximum rainfall depth. (b) Hydro graph and 

suspended sediment concentration during flood, measured using a depth-integrated (DH-

48) sampler while wading in flow. Concentrations of fine sediment (fine sand and smaller) 

were highest at the beginning of the flood, dropped rapidly, and did not increase significantly 

during the second flood peak, implying a probable supply limitation of fine sediment. 

Concentrations of medium sand and coarser sediment were low throughout, suggesting that 

shear stress was not sufficient to suspend much bed material. Peak flow depth was about 

0.25 mat the measuring site, about 15 em below the bankfull depth. 
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The simplest interpretation of these data is that fine sediment transport in ULA 

Canyon is limited by supply, not flow transport capacity, and that more fine sediment is 

available during the earliest part of the flow. This may be partly the result ofbank erosion, 

which occurs on the falling stages of flow and leaves fine sediment on the bed which is 

available to the next flood bore. This is consistent with the observation ofLeopold and 

Miller (1956, p. 4) that bank caving following the flood recession is an important part of the 

sediment load of small ephemeral channels. Additional fine sediment may also be made 

available to flood bores by bioturbation of soil on the banks during intervals between flow ' 

events. Renard and Laursen (1975) also noted hysteresis in sediment concentration during 

four flash floods in Walnut Gulch, and attributed it to the presence in the bed of residual fine 

sediment from preceding flows. 

However, hysteresis during events is not a universal characteristic of flash floods. 

Sutherland and Bryan (1989), working in a small ephemeral drainage in semiarid tropical 

Kenya, found close correlations between suspended sediment concentration and discharge 

throughout individual events, although they suggested that the magnitude of the sediment 

concentration can change seasonally as a result of depletion ofhillslope sediment available 

for transport. Citing data from elsewhere in Kenya, Reid and Frostick (1987) indicated 

that, due to the wide availability of erodible sediment in ephemeral drainage basins, the 

sediment load is primarily controlled by hydraulic characteristics. In general, sediment 

depletion throughout events would be expected if the source of fine sediment during flash 

floods is near the channel (the channel banks and lag deposits from previous floods). If the 

primary source of fine sediment is hill slope erosion, such a hysteresis pattern should be less 
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prevalent (although seasonal variations in sediment concentration would be likely). 

Mechanisms of sediment transport 

The depth-integrated sediment concentrations reflect the average concentration 

from approximately 7.5 em above the bed to the water surface. The unsampled layer of 

flow below the sampler intake can be a significant proportion of the flow depth in low to 

moderate flows (Figure 2.11 b). In order to better understand the vertical distribution of 

sediment in the flow, concentration profiles were computed for each depth-integrated 

sample, using the Rouse equation (Graf1971 ): 

(3) 

where Cz{z) is the concentration of particle size class i at a height z above the channel bed, 

His flow depth, w; *is the settling velocity for particle size class i (computed using the 

relationships in Dietrich (1982)), u* is shear velocity, kis the Von Karman constant {0.4), b 

is the ratio of momentum diffusion to sediment diffusion (assumed here to be 1 ), andA(i) 

depends on the concentration of i at some reference elevation near the channel bed. I 

chose the reference elevation to be 2 mm (about 2 times D50, Einstein (1950)). I calculated 

the near-bed concentration of each size class using the measured depth-integrated concen-

tration above 7.5 em by rearranging equation 3 and solving for the value ofA(i) that pro-

duced a vertical concentration profile that was consistent with the measured depth-inte-

grated concentration. I computed the mean concentration for each size class as the integral 

of equation 3 from the reference elevation to the water surface divided by flow depth, using 

the back-calculated value of A(i). The computed concentration profiles for two samples 
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Figure 2.11 Measured sediment concentration by particle size (a), and computed 

vertical sediment concentration profiles for two samples collected during the September 14, 

1999 flow at LA 2E (b-e, samples 321 and 328, respectively) Flow depth for both 

samples was between 20 and 25 em, but the concentration of suspended sediment drops 

rapidly after the arrival of the flood bore. These calculations, which are constrained by data 

(see text), suggest that fine sand and smaller particles are relatively well mixed and travel 

primarily as in suspension, even during a relatively small events. Coarse sand through gravel 

are concentrated near the bed. Medium sand moves via both transport mechanisms and is 

found in both channel and floodplain deposits (Figure 2.7a). 
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from the September 14, 1999 flow event are shown in Figure 2.11 b,c. 

The modeled vertical concentration gradients are consistent with the earlier interpre-

tation of the particle size distributions in the coarse and fine deposits (Figure 2.7): particles 

smaller than medium sand are generally well mixed in the flow and can be advected 

overbank, but they are not found in the channel bed. Thus they represent the washload 

during floods. Particles larger than medium sand(> 0.5 mm) are concentrated near the 

channel bed and are the bedload during most flood events. Medium sand-sized particles 

(0.25- 0.5 mm) are moderately well mixed in the flow, and can be stored in the channel 

bed or in the floodplain (i.e., the bed material suspended load). 

In the rest ofthis chapter and in chapter4, the sediment load is divided into two 

components called fine sediment and coarse sediment. I define these terms as follows (see 

Figure 2.12 for definition sketch): Coarse sediment is the fraction of the load which is likely 

to be stored in the channel bed; namely gravel, very coarse sand, coarse sand, and that 

portion of the medium sand which travels below the height of the lowest banks (which is 20 

em in ULA Canyon, Figure 2.5b ). Fine sediment consists ofthe washload (particles smaller 

than fine sand) plus the portion of the medium sand which travels above the height of the 

lowest bank. There is an additional component of the coarse sediment load, consisting of 

cobbles and larger particles traveling along the bed, which is not included in this analysis, 

except to the extent that it affects the roughness of the channel. Tills component of the 

sediment load is excluded from the sediment budget for two reasons: ( 1) It carries negli-

gible amounts of sediment-bound contamination, which is central to the focus of the larger 

study discussed elsewhere in this thesis. (2) Cobbles and boulders originate from different 
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Figure 2.12 Definition sketch of sediment transport mechanisms in the study area, 
depicting typical sediment concentration profiles. (a) Distinction between bedload, 
washload, and bed material suspended load based on typical concentration profiles. (b) 
Computational method of partitioning medium sand, which is found in both the channel bed 
and the floodplain, among fluxes of coarse and fine sediment facies. Medium sand traveling 
above the lowest bank height (20 em) can be deposited in the floodplain, and is counted as 
fine facies, while medium sand traveling below this height is included with the coarse facies. 
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sources and are transported by different mechanisms than finer sediment (generally pebbles 

and smaller) which has been sampled in this study. While it is difficult to quantify the impact 

ofthis exclusion on the sediment budget it is probably small because, while these particles 

are present in the bed they travel much more slowly and less frequently than finer sediment. 

This assumption is based on the low frequency of cobbles and larger particles which ap-

' peared to be in motion while wading in small to moderate flows in ULA Canyon. 

I computed instantaneous fluxes ofboth fractions using relationships between flow 

characteristics (discharge for fine sediment, boundary shear stress for coarse sediment) and 

sediment transport rates measured in the field. These relationships are presented next. The 

long term (1 01 - 1 02 year) fluxes of sediment, computed by integrating these relationships 

over the probability distribution of flow, are discussed later in the chapter. 

Instantaneous rates of sediment transport 

Wash load Although suspended sediment concentrations measured using 

single-stage samplers correlated with estimated peak discharge (R2 = 0.35, p < 0.001, n = 

35), there were no apparent trends from site to site. Leopold and Miller(1956) suggested 

that suspended sediment concentration should increase in the downstream direction in 

ephemeral rivers, because sediment load increases but discharge often decreases down-

stream. They noted that "sediment stations are not arranged along the length of any single 

river in sufficient number to analyze directly the change of sediment load in the downstream 

direction" (Leopold and Miller 1956). It is likely that the study reach is too short to see any 

significant downstream changes in sediment concentration, which is consistent with the 

equilibrium assumption discussed above. 
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Data from all the depth-integrated samples collected at LA 2E show that washload 

concentration is proportional to approximately the 0.4 power of discharge (Figure 2.13), 

but that concentrations are almost an order of magnitude higher during the rising limb 

(triangles) than during the falling limb (circles). The hysteresis in the data can be approxi-

mated with the following model: 

CwL = arisingQ~.4 ,fort::;; t p 

CwL =a fallingQ;~~,for t > t P 

(4a) 

(4b) 

where C WL is the average sediment concentration of fine sediment (mg!L), QP is 

peak discharge (m3/s), Qinst is instantaneous discharge (m3/s ), tis time, tP is the time of the 

first major flood peak, and arising and afalling are coefficients. Because discharge typically 

increases rapidly during the first few minutes of flow, it was impossible to estimate instanta-

neous discharge for samples collected from the rising limb. The rising limb samples in Figure 

2.13 are plotted against peak discharge, while the falling limb samples are plotted against 

instantaneous discharge. The concentrations plotted in Figure 2.13 were increased by 12% 

to account for the concentration profile below the depth-integrated sampler intake (Figure 

2.12b ). The regression coefficients in Figure 2.13 have been adjusted by an additional 7% 

(rising limb) and 6% (falling limb) to correct for transformation bias using a nonparametric 

correction factor (Duan 1983 ). The final values of a were 21 ,000 for the rising limb and 

2,500 for the falling limb. 

Bed material suspended load Medium sand (particles between 0.25 and 0.5 

mm diameter) is found in significant proportions in both channel and floodplain deposits 

(Figure 2. 7a). Medium sand can be suspended by most flows, but cannot be considered to 
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Figure 2.13 Washload (fine sand and smaller) concentration as a :fi.mction of discharge in 

ULA Canyon, measured using a depth-integrated sampler and an automated pump sampler. 

For a given discharge, fine sediment concentrations are nearly an order of magnitude higher 

on the rising limb of the hydrograph. Sediment concentration on rising limb is plotted against 

peak discharge, while concentration on falling limb is plotted against instantaneous discharge 
(see text). Measured data were adjusted to account for the sediment concentration profile 
below the sampler intake using the Rouse equation. Regression equations have been 

corrected for transformation bias using a nonparametric correction factor (Duan 1983 ). 
The oversized triangle is sample 321, collected at the beginning of the event on the 
afternoon of September 14, 1999 (Figure 2.11 ). 
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be well-mixed in the flow (Figures 2.11 - 2.12). This size class is assumed to comprise the 

bed material suspended load, and it is represented in both the coarse and fine components 

of the sediment load as defined above. 

Data on mediwn sand transport rates were obtained from both the Helley-Smith 

and the suspended sediment samples. Medium sand fluxes estimated from the Helley-Smith 

samples are slightly lower than those computed from the depth integrated samples (Figure 

2.14). This pattern is expected because the fluxes computed from the depth integrated 

samples include medium sand averaged over the entire concentration profile while the 

Helley-Smith samples only measure the portion of the flux in the lowest 7.5 ern of flow. The 

two components of the medium sand flux were computed separately: data from the depth 

integrated samples were used to develop a flow-transport relationship for the flux of me-

dium sand considered as fine sediment (i.e., the mediwn sand traveling above 20 em in the 

flow), while the Helley-Smith data were used for computing fluxes of medium sand traveling 

as coarse sediment (below 20 em). These calculations are described next. 

To obtain a flow-transport relationship for the fine component of the mediwn sand, I 

computed the concentration of medium sand above 20 em in the flow for each ofthe depth 

integrated samples, by using the Rouse equation (equation 3) to estimate the shape of the 

concentration profile for each sample. These values are plotted against instantaneous 

discharge in Figure 2.15, providing a sediment rating curve for computing the instantaneous 

medium sand concentration in the fine fraction. A linear regression (rather than a power 

law) was fitted to the data in Figure 2.15 because the power law regression predicted 

unreasonably high concentrations for high flows beyond the range of the data. The linear 
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Figure 2.14 Medium sand flux estimated using data from Helley-Smith samples and data 
from depth-integrated samples. Depth-integrated data have been adjusted for the 
concentration distribution below the sampler intake, but Helley-Smith samples were not 
adjusted. The depth-integrated data tend to plot slightly above the Helley-Smith data 

because they account for the all the sediment in the water column, while the Helley-Smith 
samples only measure fluxes within 7.5 em of the bed . 
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Figure 2.15 Medium sand concentration above 20 em in the flow column, computed 
from depth-integrated samples using the Rouse equation. Medium sand traveling above 20 
em in the flow can potentially be stored in the floodplain, so it is considered to be part of the 
fine fraction of sediment in computing the sediment budget. Power law fit through data had 
an exponent of2.7, and predicted unreasonably high concentrations forlarge flows. Linear 
regression fits data better than power law, predicts zero concentration at discharges below 
about 20 em, and does not predict unreasonably high concentrations for high flow. 
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regressiOn 

C MS = 564Qinst - 200 (5) 

fit the data at least as well as the power law (p < 10-8 for linear regression versus p < 10-7 

for the power law). 

The medium sand portion of the Helley-Smith samples were used to develop a 

relationship for estimating the medium sand flux in the coarse fraction of the sediment load. 

Medium sand fluxes measured with the Helley-Smith sampler were converted to fluxes of 

medium sand below 20 em in the flow using the Rouse equation and assuming a logarithmic 

velocity profile to convert fluxes to concentrations. These adjustments added an increment 

of flux to account for the particles traveling between 7.5 em and 20 em in the flow (above 

the sampler intake but below the height of the banks). Compared with using the raw data, 

this adjustment increased the predicted flux and improved the statistical correlation with 

shear stress (Figure 2.16). The coefficient in the adjusted regression equation in Figure 

2.16 was increased by 8% to account for transformation bias using a nonparametric correc-

tion factor (Duan 1983), which reduced the absolute value of the mean residual. The 

equation 

qMS =0.017T*l.9 (6) 

was used to compute instantaneous medium sand flux in the coarse fraction of the sediment 

load, where q MS is the flux (kgls per meter channel width) of medium sand below 20 em 

and t* is dimensionless bed shear stress, defined as 

(7) 
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Figure 2.16 Medium sand flux below 20 em in the flow column plotted as a function of 

dimensionless shear stress at the bed. Medium sand traveling below the height of the lowest 

banks cannot be deposited in the floodplain, so it is considered to be part of the coarse 

sediment fraction for computing the sediment budget. Data are from 28 Helley-Smith 

samples collected during stormflow at reach LA 2E (Figure 2.2). Empty circles are raw 

data, filled circles are the same data adjusted to account for medium sand traveling above 

the top ofthe Helley-Smith sampler (7 .5 em) but below 20 em in the flow. Regression 

equations corrected for transformation bias using a nonparametric correction factor (Duan 

1983). 
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where r5 and rare the density of sediment and water, respectively, Dis particle diameter 

(assumed= 1 mm, the median diameterofthe bed material), Sis the bed slope, his the 

hydraulic radius (approximated by mean flow depth), and tb (N/m2) is the bed shear stress. 

Bed load Bedload is the portion ofthe sediment load which travels by rolling, 

· sliding, or saltating near the bed. Very large floods can suspend gravel particles, but during 

most flows in ULA Canyon, the bedload is approximately equal to the flux of particles larger 

than medium sand. While the flux of washload is controlled by sediment supply, the instan-

taneous transport rate of particles traveling near the bed depends primarily on flow and 

sediment characteristics. The measured bedload flux (q8L) increases with approximately the 

square of shear stress (Figure 2.17): 

q BL = 0. 06T *2.0 (8) 

The coefficient in equation 8 and Figure 2.17 has been adjusted for transformation 

bias using a nonparametric correction of20% (Duan 1983) which minimizes the absolute 

value of the mean residual. 

Rate of sediment exchange with the channel 

Sediment is exchanged with the channel as a result of scour and fill of the bed during 

floods. Changes in bed elevation respond to temporal fluctuations in the upstream supply of 

flow and bed material, and sediment is exchanged with the channel bed as a result. Bed 

scour apparently occurs during high flow and the channel bed is filled during waning stages, 

but the timing of maximum scour does not always correspond with peak flow (Leopold et 

al. 1964). These exchanges can be volumetrically significant in small semiarid watersheds 
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Figure 2.17 Bedload (coarse sand and coarser) flux measured at site LA 2Eplotted as 
a function of dimensionless shear stress at the bed. Coarse material is assumed to travel 
mainly near the bed (Figures 2.11- 2.12). Fluxes of this material are not adjusted with the 
Rouse equation, so it is assumed that rates measured with the Helley-Smith sampler 
represent all the coarse material in transport. Regression equation corrected for 
transformation bias using a nonparametric correction factor (Duan 1983). 
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(Leopold et al. 1966). Because the velocity ofbed sediment is significantly slower than the 

water velocity, the volume of scour and fill over several kilometers of channel can greatly 

exceed the bed load flux (Lane and Borland 1951 ). 

Data from the scour chains plot near those ofLeopold, et al. (1966) (Figure 2.18), 

which were collected as part of an intensive study over seven years in the Arroyo de Los 

Frijoles, a wider sand channel approximately 40 km southeast of the study area. Scour 

depths in both data sets increase with approximately the square root of discharge per unit 

width of channel. The regression coefficient for the Los Alamos data was about 30% lower 

than the coefficient of the Arroyo de los Frijoles regression. After correcting fortransforma-

tion bias using the nonparametric method (Duan 1983), the relationship between scour 

depth and discharge per unit width in ULA Canyon was determined to be 

dsc = 0.08qp 0.5 

where dsc is the maximum depth of scour during a flow event (m) and qP is the peak dis-

(9) 

charge per unit width of channel (m3/s-m). The mass rate of erosion of the channel during a 

flood event is computed as the scour depth from equation 9 multiplied by the average 

channel width(l.9m), the lengthofthestudyreach (5300m) and the bulk density of 

channel bed sediment (1230 kg/m3, Reneau et al., 1998). According to the steady state 

assumption for the channel (equation 2c), over the long term (1 01- 102 years) the rate of 

deposition in the channel bed is assumed to equal the rate of erosion by channel scour. 

Rate of sediment exchange with the floodplain 

Field evidence of floodplain sedimentation rates Geomorphic and strati-

graphic evidence indicate that floodplain surfaces in ULA Canyon are largely formed by 
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Figure 2.18. Scour depth dsc as a function of discharge per unit width in sand-dominated 
ephemeral channels in northern New Mexico. Empty circles are data from Arroyo de los 
Frijoles, near Santa Fe, digitized from Figure 159 ofLeopold et al. (1966). Solid circles 
are scour chain data from 4 reaches in Los Alamos and Pueblo Canyons measured during 
summers 1999 and 2000. Regression equations corrected for transformation bias using a 
nonparametric correction factor (Duan, 1983). 
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vertical accretion during overbank flow and eroded laterally by bank collapse (Figure 2.8). 

Lateral accretion of the floodplain by point bar deposition is relatively minor because point 

bars are small and lateral channel migration is inhibited by valley walls and the boulder 

deposits (Figure 2.6). Estimates of floodplain sedimentation rates in ULA Canyon have 

been obtained using dendrochronological and sedimentological evidence (Figure 2.19, using 

methods described above). The tree ring data provide evidence that the sedimentation rate 

at a point on the floodplain decreases over time (Figure 2.19a). This is likely because the 

floodplain is locally inundated less frequently as banks grow vertically. The average sedi

mentation rate estimated from tree chronology was 1.1 cm/yr over periods of15 to 100 

years (Figure 2.19b ). The tree ring data do not include trees younger than 15 years and 

therefore the sample does not record the years of most rapid floodplain accretion. A value 

representative of these data is probably slightly higher than the average of 1.1 cm/yr. 

Stratigraphic measurements of fine sediment thickness from Reneau, et al. (1998) 

also help constrain long term average sedimentation rates. Using stratigraphic and isotopic 

estimates of unit ages (S. Reneau, LANL, unpublished data), the average age of the base of 

the sampled c2 and c3 units was estimated to be 22 years, allowing an estimate of the 

sedimentation rate for each thickness measurement. However, many measured deposits 

were older than this age and some may have been younger. Sedimentation rates from 80 

thickness measurements averaged 2.3 cm/yr (Figure 2.19b ). 

The dendrochronological evidence is stronger than the sedimentological evidence, 

because the age estimates are more precise. Furthermore, the stratigraphic data were 

collected for other purposes, and it is believed that the thickness measurements may have 
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Figure 2.19 Field evidence constraining rates of floodplain sedimentation in the study 

reach. Stratigraphic and tree ring data from Reneau et al. (1998) and P. Drakos 

(unpublished data). (a) Long term average sedimentation rate decreases with increasing 

tree age; (b) Average sedimentation rates estimated by two methods. \Vhile rates vary 

considerably, the vertical rate of accretion is on the order ofl - 3 cm/yr, with the more 

credible estimates (dendrochronological evidence) being slightly lower. 
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been skewed toward older, thicker deposits (S. Reneau, LANL, pers. comm.). Based on 

Figure 2.19b and the arguments above it is reasonable to conclude that the field evidence 

indicates an average floodplain sedimentation rate in ULA Canyon ofbetween 1 and 2 cmJ 

yr, and the actual value is more likely to be toward the lower end of this range. 

Overbank sedimentation model I developed a simple model of overbank 

sedimentation to compare with the measured rates and to quantify sediment exchange with 

the floodplain over the range of event magnitude. The synthetic population ofhydrographs 

developed in Chapter 1 was used as the basis for these calculations. For a given flood 

event, the mass rate of overbank sedimentation along the study reach (Rob) is the total mass 

of sediment that enters the floodplain during overbank flow times the trap efficiency of the 

floodplain: 

. Rob= 2LrMob(Qp~tr(Qp) (10) 

where Lr is the length of the study reach (53 00 m ), M 0 b(Qp) is the overbank sediment flux 

(metric tons per meter bank per event) for an event specified by its peak discharge QP, and 

e1r{Qp) is the floodplain trap efficiency for fine sediment for an event with magnitude QP. 

To estimate M0 b(Qp) over a flow event, I routed the hydro graph through a ''typical" 

100m reach of channel. The "typical" reach is bounded on both sides by nearly vertical 

banks and flat floodplain surfaces (Figure 2.20a). The average width of 4 in was the total 

mapped floodplain area (Reneau et al. 1998) divided by reach length. Rating curves of 

overbank flow were computed for a range ofbank heights, assuming a channel roughness of 

0.04 (seeAppendixA) and floodplain roughness of0.07 (based on one measurement of 

floodplain velocity in nearby Pueblo Canyon during a large flow in sununer 2000). The 
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overbank flow rating curve for a "typical" 100m reach (Figure 2.20b) was computed as the 

average of the rating curves for all bank heights, weighted by the measured bank height 

frequency distribution (Figure 2.5b ). Floods are assumed to translate through this 100m 

reach at an average velocity of1.5 rnls (see Chapter 1) without significant diffusion or 

infiltration losses. During the rising limb, the overbank sediment flux per meter bank was 

computed as the overbank flow of water Qob (m3/s per meter bank, computed using the 

rating curve in Figure 2.20b) multiplied by the suspended sediment concentration above the 

height of the lowest banks. The total overbank flux of sediment during the event is: 

lp 

Mob= f C FS(t )Qob(t )dt (11) 
t=O 

where CFs{t) is the mean concentration of fine sediment suspended in the flow (computed 

using equations 4a and 5), Q0 b(t) is the overbank flow ofwaterpermeterbank, and tP is 

the duration of the rising limb of the hydro graph. Sediment flux from the channel into the 

floodplain is assumed to occur only during the hydro graph rising limb; during the falling limb 

most of the flow is from the floodplain into the channel. Equation 11 implies that sediment is 

only transported into the floodplain via advective processes, and that diffusion of sediment 

due to concentration and velocity gradients across the channel/floodplain interface (e.g., 

James 1985, Pizzuto 1987) is negligible. While some fine sediment may enter the floodplain 

via diffusion, this mechanism is probably minimal relative to advection because of the rapid 

rise and fall in stage and the short duration of overbank flow which characterize storm flow 

events in ULA Canyon. 

The floodplain trap efficiency e,, in equation 10 was defined as the ratio of the 
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Figure 2.20 Components ofthe model of overbank sedimentation: (a) A ''typical" valley 

floor cross section used for modeling overbank sediment flux. Bank height= 0. 7 min this 

example and total floodplain width= 4m. (b) Discharge rating curve used for computing 

water flow into the floodplain. Rating curves were computed for typical valley cross 

sections with a range ofbank heights. The rating curve in (b) is an average of these curves 

weighted by the measured bank height distribution (Figure 2.5b ). (c) Modeled overbank 

sediment flux, floodplain trap efficiency, and overbank sedimentation for flow events of 

varying peak discharge. 
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duration ofthe overbank flow of a parcel of water entering the floodplain divided by the 

settling time of particles from the water surface to the floodplain surface: 

(12) 

where ws is the settling velocity of a particle (computed from (Dietrich 1982) using a 

· median particle diameter of0.09 mm for particles in overbank flow), ufp and d fp are the 

mean overbank flow velocity and depth (estimated at peak flow), respectively, and lob is the 

length of the overbank flow path. Direct data are not available for constraining l0 b, but the 

downstream lengths of discrete floodplain units range from less than 1 m to about 20m 

(Reneau et al. 1998). Thus there is a probability distribution of overbank flow paths, but 

the mean is closer to the lower end of this range. I chose a value of5 m to represent the 

mean overbank flow path length. Because flow depth and velocity on the floodplain in-

crease with increasing discharge, the trap efficiency decreases with event magnitude (Figure 

2.20c ). Thus while the modeled overbank flux of sediment increases exponentially with 

flood magnitude (dashed line, Figure 2.20c) the predicted amount of floodplain sedimenta-

tionremains less than 200T/event over the reasonable range of flow magnitude. That 

floodplain sedimentation rates should remain within a relatively narrow range is supported 

by field evidence in nearby Pueblo Canyon, where overbank deposits from a very large 

event in 1991 are not identifiable in vertical sections of floodplain units (S. Reneau, LANL, 

pers. comm.). 

The long term floodplain sedimentation rate was computed by applying equations 

I 0 through 12 over the synthetic distribution ofhydrographs developed in Chapter 1. 
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Dividing the mass rate of sedimentation by the measured floodplain area and the bulk 

density of floodplain sediment (1 040 kglm3, Reneau et al. (1998)) yields an average flood-

plain accretion rate of0.98 cm/yr, close to the range ofl- 2 cm/yr estimated using inde-

pendent field evidence (Figure 2.19). 

It should be noted here that vertical erosion ofthe floodplain by flowing water 

during high overbank discharges may also occur within ULA Canyon and in other canyons 

on the Paj arito Plateau. The model as described above does not explicitly consider vertical 

scour on the floodplain surface. Although experimental studies are being conducted to 

examine this process for modeling extreme events (C. Wilson, LANL, pers. comm.), 

presently there are not sufficient data to estimate its magnitude. Field observations in Los 

Alamos and Pueblo Canyons suggest vertical floodplain erosion is not significant during 

moderate overbank flooding, because dense grass covers much of the floodplain. How-

ever, the importance of this process is not certain during very large events which are capable 

of removing the grass cover. According to the equilibrium statement for the floodplain 

(equation 2b ), over the decadal time scales and over spatial scales of more than several 

hundred meters of valley floor, the floodplain sedimentation rate is assumed to balance the 

lateral bank erosion rate. Over individual flood events, however, equation 2b is not neces-

sarilyvalid. 

Long Term Sediment Budget 

Sediment transport and exchange relationships from the field data (equations 4-

12) were applied to each of the synthetic hydro graphs to compute the amount of sediment 

transported or exchanged during each hydro graph (Figure 2.21 ). These values were then 

140 

-
(' ... 
I' • '. r, ' . 



multiplied by event frequency (Figure 2.22) and sununed to estimate the long tenn average 

rates of fluvial processes in the valley floor. The computed long term sediment budget is 

presented in Table 2.1. 

Absolute and relative amounts of sediment transfer 

The average sediment yield below the DP-ULA Canyon confluence was computed 

to be 2250 metric tons (T) per year, consisting of approximately 50% fine sediment and 

50% coarse sediment as defmed above. Converting this yield to an estimate ofthe long 

term watershed lowering rate is complicated by the fact that the watershed contains two 

contrasting sediment source areas: the Pajarito Plateau and the Jemez Mountains. The 

erosion rate ofthe Jemez Mountains portion ofthe watershed prior to the Cerro Grande fire 

appears to have been minimal (Lavine et al. 2001 ). Furthermore, since the Los Alamos 

Reservoir (Figure 2.2) traps much of the material shed from the Jemez Mountains, the 

primary source area for most of the sediment is the approximately 5 km2 portion of the 

watershed located on the Pajarito Plateau. Assuming a contributing area of5 km2, the 

sediment yield of2250 T/yr is equivalent to a sediment yield of 450 T/km2-yr (or a lowering 

rate of approximately 0.45 rnrnlyr, assuming the bulk density for soil is 1000 kglm3). This 

value is probably enhanced by urbanization in the watershed, which affects the rainfall-runoff 

relationship used to compute the decadal sediment budget (Chapter 1 ). This lowering rate 

is comparable to estimates of sediment yield by Renard ( 1972) for experimental watersheds 

in southern Arizona between 1-10 km2, and significantly higher than predictions by Hadley 

and Schumm (1961) for watersheds up to 5.2 km2 in semiarid eastern Wyoming. 

Calculations suggest that most of the sediment transport during flash floods occurs 
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Figure 2.21 Relationships between geomorphic process rates and modeled event 

magnitude for the reach of upper Los A1 amos Canyon between DP and Pueblo Canyons 

(5 .3 km). (a) Total flux of sediment integrated over synthetic hydro graph plotted against 

peak discharge. (b) Channel bed scour and overbank sedimentation. 
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Figure 2.22 Frequency of floods of varying magnitude. Peak discharge is used as the 

measure of event magnitude. 
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Table 2.1. Frequency and Magnitude Contributions to the Sediment Budget ofUpper Los Alamos Canyon 

Modeled Fine Coarse Channel Overbank 
Rainfall Event Peak Sediment Sediment Bed Depo-
Depth Frequency Discharge Flux I Flux I Erosion 2 

sition3 

(mm) (#/yr) (m3s) (T/event) (T/event) (T/event) (T/event) 
5 2.89 1.0 9 10 689 0 
10 4.91 1.9 26 22 941 3 
15 3.96 2.9 48 35 1130 12 
20 2.57 3.9 74 48 1284 32 
25 1.51 4.9 106 62 1423 26 
30 0.83 6.0 152 81 1564 27 
35 0.44 7.4 219 105 1715 28 
40 0.23 8.9 311 135 1866 31 
45 0.11 10.6 431 169 2019 34 
50 0.06 12.4 584 207 2170 36 
55 0.03 14.4 773 249 2318 38 
60 0.01 16.5 1001 294 2464 41 
65 0.01 18.7 1273 343 2607 42 
70 0.003 20.9 1589 393 2746 45 
75 0.001 23.3 1953 446 2881 48 
80 0.001 25.8 2371 501 3014 51 
85 0.0003 28.3 2840 557 3144 54 

Annual totals from storm runoff 
Average annual flux during snowmelt runoff 

Computed Long Term Sediment Flux (T/yr): 
Notes: 

Fine 
Sediment 

Flux 
I 

(T/vr) 
27 
127 
189 
192 
161 
127 
97 
70 
49 
33 
21 
13 
8 
5 
3 
2 
1 

1124 

1124 

Coarse 
Sediment 

Flux 
I 

(T/yr) 
29 
109 
139 
125 
94 
67 
46 
30 
19 
12 
7 
4 
2 
1 
1 
0 
0 

685 
441 

1126 

Channel 
Bed 

Erosion 2 

(T/yr) 
1990 
4624 
4475 
3307 
2147 
1301 
755 
423 
230 
122 
64 
33 
17 
8 
4 
2 
I 

19502 

19502 

Overbank 
Depo-

sition 3 

(T/vr) 
1 

17 
49 
82 
39 
22 
12 
7 
4 
2 
I 
I 
0 
0 
0 
0 
0 

236 

236 

I. Sediment fluxes computed by integrating sediment rating curves (equations 4-8 in text) over synthetic hydrographs in Chapter 1. 
2. Channel bed erosion is scour depth (computed from equation 9) multiplied by reach length, channel width, and bulk density. 
3. Overbank deposition rate is overbank flux of suspended sediment (equation 11) multiplied by floodplain trap efficiency (equation 12). 



after the passage of the flow peak (Table 2.2). The values in Table 2.2 relate to and do not 

include sediment transport during snowmelt runoff. Although instantaneous fluxes tend to be 

higher during the rising part ofhydrograph than on the falling limb (Figure 2.13), the duration 

ofthe falling limb is much longer. The percentage of sediment transported during the rising 

limb is higher for the fme sediment fraction (13- 31%, Table 2.2) than the coarse sediment 

fraction (3- 5%) because washload concentrations are nearly an order of magnitude higher 

before the peak than after its passage (Figure 2.13). The proportion of sediment trans-

ported during the rising limb decreases with increasing flow magnitude (Table 2.2). 

The computed mass of sediment scoured from the bed each year is approximately 

19,500 T/yr (Table 2.1 ). Dividing this number by the channel bed area and by coarse 

sediment bulk density (1230 kg/m3) yields an effective annual scour depth of 1.6 m. 

Assuming an average of 17.5 events per year, this equates to an average depth of scour of 

approximately 1 0 em/event. The maximum scour depth observed during a relatively wet 

summer (1999) was approximately 0.5 m, implying that most of the sediment within 0.5 m 

of the channel bed is probably mobilized at least once per year. However, despite the large 

amount of scour and fill which occurs in a given year, over several decades there is no 

evidence for major changes in the elevation of the channel bed. Describing 7 years of scour 

and fill measurements in Arroyo de los Frijoles, Leopold et al. (1964, p. 238) also com-

mented that ''the nearly compensating amount of scour and fill testifies to the remarkable 

tendency for the channel to maintain an equilibrium". 

The net effect of scour and fill in a channel in equilibrium is to mix bed sediment with 

the bed load by exposing deeper layers in the channel bed to active transport. lfthe coarse 
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Table 2.2. Comparison of Computed Sediment Fluxes Before and After Flow Peak 

Rising Limb Falling Limb Percentage of Sediment 
Transported Before Peak Flow 

Modeled Fine Coarse Fine Coarse 
Rainfall Event Peak Sediment Sediment Sediment Sediment 
Depth Frequency Discharge Flux Flux Flux Flux Fine Coarse 

(mm) (#/yr) (m\) (T/event) (T/event) (T/event) (T/event) Sediment Sediment 
5 2.89 I 3 0 6 9 31% 5% 
10 4.91 2 8 1 18 21 30% 5% 
15 3.96 3 14 2 34 33 29% 5% 
20 2.57 4 21 2 54 46 28% 5% 
25 1.51 5 29 3 78 59 27% 5% 
30 0.83 6 39 4 113 77 26% 5% 
35 0.44 7 52 5 167 100 24% 4% 
40 0.23 9 68 6 242 129 22% 4% 
45 0.11 II 88 7 343 162 20% 4% 
50 0.06 12 Ill 8 473 200 19% 4% 
55 0.03 14 138 9 635 240 18% 4% 
60 0.01 16 168 10 834 284 17% 3% 
65 O.ot 19 202 11 1072 331 16% 3% 
70 0.003 21 239 13 1350 380 15% 3% 
75 0.001 23 280 14 1673 432 14% 3% 
80 0.001 26 325 15 2046 485 14% 3% 
85 0.0003 28 373 17 2467 540 13% 3% 

-- -



sediment flux as defined above can be assumed to approximate the bed material load, the 

flux of1126 metric tons per year accounts for less than 10% of the amount of sediment 

mobilized from the channel bed. Put another way, the coarse sediment flux of1126 T/yris 

the equivalent of shifting all the sediment beneath the bed surface to a depth of0.5 m (the 

maximum observed scour depth) a downstream distance of964 rnlyr. 

The fine fraction of the sediment load (1124 T/yr, 50% of the total) travels in 

suspension or intermittent suspension and interacts with the floodplain. Based on a vertical 

floodplain sedimentation rate of 1.0 cm/yr, the rate of sediment exchange with the floodplam 

(in each direction) is 240 T/yr (Table 2.1 ), or 21% ofthe fine sediment flux. Thus a particle 

of fine sediment entering the reach from upstream has a 21% chance ofbeing deposited in 

the floodplain before reaching the Pueblo Canyon confluence, or 4% per km of channel. 

Frequency and magnitude contributions to the sediment budget 

Wolman and Miller (1960) suggested that sediment transport processes can often 

be expressed by power functions of applied stress (discharge) and that frequency distribu-

tions of geomorphic forcing events are often lognormal. Therefore, they argued that mea-

sures of the geomorphic effectiveness of events of different magnitudes and frequencies 

should have a maximum. This maximum indicates the recurrence interval of the event that 

transports the most sediment, which they called the effective discharge. They analyzed 

records from a variety of rivers in the United States and concluded that the greatest portion 

of the sediment load of these rivers is carried by flows with recurrence intervals ofless than 

one year. Nash (1994) reexamined the magnitude-frequency analysis using a more ex ten-

sive data set and showed that the recurrence interval of the effective discharge varied 



widely, ranging from days to decades. Tills variability is controlled by a wide variety of 

climatic, drainage basin, and river valley characteristics. 

The analytical methods used by those authors and others to examine frequency and 

magnitude of geomorphic forces are difficult to apply to flows in ephemeral channels. While 

sediment rating curves in ephemeral channels may often be approximated as power func-

tions (e.g., Figures 2.13 - 2.19) and climatic forcing may also approach a lognormal 

distribution (Figure 2.22), these two relationships do not adequately describe sediment 

transport in such environments. Factors such as rapid flow fluctuation and supply-limitation 

of sediment also exert first-order controls on the total sediment discharge. 

In ULA Canyon, sediment transport rates were computed by integrating locally-

derived sediment transport relationships over synthetic hydro graphs, providing an opportu-

nity to examine the frequency and magnitude characteristics for a small channel in a semiarid 

environment. The total discharge of fine sediment per event increases with event magnitude 

to the 1. 7 power, and the total discharge of coarse sediment increases with the 1.2 power 

of peak flow (Figure 2.21 a). The estimated amount of scour per event increaseswith the 

square root of discharge (equation 9). The relationship between overbank sedimentation 

and event magnitude is non-monotonic (Figure 2.21 b), because while overbank sediment 

flux increases with flood size, the trap efficiency of the floodplain decreases. 

Over 101- 102 years, the sediment flux in ULA Canyon is dominated by events 

• which occur frequently, and the contribution oflarge, infrequent events appears to be 

relatively insignificant (Figure2.23). More than 70% of the annual sediment flux from ULA 

Canyon over several decades is contributed by events which are expected to occur at least 
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once per year (including snowmelt runoff, Table 2.1 ). Excluding snowmelt runoff, the most 

effective stonn flows for transporting both fine and coarse sediment are generated by 

rainstorms between 20- 25 mm, which occur several times per year (Figure 2.23 ). Flows 

generated by rainstorms with recurrence intervals of greater than 1 0 years contribute only 

5% to the long tenn sediment yield from ULA Canyon (Table 2.1 ). 

Most of the sediment exchange with the valley floor also occurs during small, 

frequent events (Figure 2.24). More than 80% ofthe average annual mass of sediment 

mobilized from the channel bed is scoured by storms expected to occur at least once per 

year, and more than 99% by events with recurrence intervals ofless than 1 0 years (Table 

2.1 ). The 'dominant' flow event with respect to floodplain sedimentation (Figure 2.24b) is 

produced by rainstorms around 25 mm, which occur about 1.5 times per year. The effect 

oflarger events declines rapidly because of reduced frequency as well as a reduction in 

floodplain trap efficiency during larger flows (Figure 2.20c). 

Since I have not sampled large, rare events, I have extrapolated the field data. This 

amounts to an assumption that the same processes govern the sediment flux during moder-

ate events and rare, extreme events. This is probably a reasonable assumption for the 

Pajarito Plateau, where water erosion supplies most ofthe sediment, where there are 

copious amounts of soils on the hillsides and in the alluvial valleys (that is, the supply is not 

depleted during very large events), and mass wasting is rare. The empirical relationships 

were applied to runoff events up to a maximum of rainstonn depth of85 mm, which has an 

annual probability of0.0003. Though the relationships developed for the sampled storms 

may not be valid for such a large event, the frequency of such events is low enough that their 
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Figure 2.23 Contributions of rainstorms of varying magnitude and frequency to the 

computed average annual sediment load in upper Los Alamos Canyon. Fine sediment 

includes fine sand and finer sediment (washload) plus the portion of medium sand (bed 

material suspended load) traveling higher than the lowest bank height (20 em). Coarse 

sediment includes bedload (coarse sand and coarser particles) plus bed material suspended 

load traveling below 20 em in the flow. Snowmelt runoff transports an additional441 T/yr 

of coarse sediment (calculated using the relationships in Figures 2.16 and 2.17 and the 

average discharge (0.06 m3 Is) and duration ( 66 days) of snowmelt runoff (Purtymun 

1990)). Field observations suggest that snowmelt transports bed material but minimal 

washload. 
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contribution to the long tenn average sediment flux would be minimal (Figure 2.23). 

Conclusions 

The purpose of this chapter was to identify and quantify geomorphic processes over 

a range of time scales in a small, semiarid alluvial valley. Tilis was accomplished by comput-

ing a sediment budget of the valley floor, based on data and observations collected during 

flow events and computations using the synthetic probability distribution of flow determined 

in Chapter 1. Field evidence in the study reach near Los Alamos, New Mexico, suggests 

that the active valley floor has been approximately in steady state over several decades, in 

the sense that deposition rates in the channel and floodplain are equivalent to erosion rates. 

The active valley floor is composed of coarse and fine sediment deposits stored 

near the channel bed and in adjacent floodplain units. The coarse facies (medium sand and 

coarser sediment) is texturally similar to the bed material load during flood events, and the 

texture of the fine facies (medium sand and finer sediment) is similar to that of the suspended 

load. The computed sediment load was partitioned into a coarse fraction which interacts 

with the channel bed and a fine fraction that interacts with the floodplain. Because its 

sources are located outside the channel, the transport rate of the fine sediment fraction is 

limited by sediment supply. The flux of fine sediment is highest near the flood bore and 

decreases rapidly as the flood wave passes. This suggests that the supply of fine material is 

highest during the earliest stages of flow, possibly as a result ofbank collapse during the 

waning stages of the previous flow. In contrast, coarse sediment is available from the 

channel bed and its transport rate is controlled primarily by the duration and transport 

capacity ofthe flow. Over several decades, the computed fluxes of the two sediment 
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Figure 2.24 Contributions of rainstorms of varying magnitude and frequency to the to 
modeled rates of channel bed scour (a) and floodplain sedimentation (b) in upper Los 
Alamos Canyon. The ordinate in (a) is the mass of sediment involved in scour and fill per 
year for a given event magnitude, computed as the mass of sediment scoured per event (the 
product of scour depth (equation 2.9), channel width (1.9 m), reach length (5300 m), and 
coarse sediment bulk density (1.23 T/m3

)) times event frequency (Table 2.1 ). The ordinate 
in (b) is the computed overbank discharge of sediment (equation 2.11) multiplied by the 
computed floodplain trap efficiency (equation 2.12) and event frequency (Table 2.1 ). 
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fractions are approximately equal (-11 00 metric tons per year). However, while fine 

sediment is transported primarily during storm runoff in the months between June and 

October, about 40% of the coarse sediment fraction is transported during snowmelt runoff 

in the spring. 

Sediment exchanges with the valley floor are large relative to the downstream 

· sediment flux. The amount of sediment involved in channel bed scour and fill (in each 

direction) is nearly 20 times the annual flux of coarse sediment. The annual rate ofbed 

scour amounts to a layer of sediment about 1.6 m thick distributed evenly over the channel 

bed. The rate of floodplain sedimentation, determined independently by field evidence and 

modeling, is 240 metric tons per year, or about 21% of the fme sediment load over the 5.3 

km study reach. 

Each ofthe components of the sediment budget is dominated by small to moderate 

runoff events. More than 70% of the annual sediment flux (including snowmelt runoff) 

occurs during events with expected frequencies of more than once per year. Three quarters 

of the annual channel bed scour, and nearly 80% of the floodplain sedimentation, also takes 

place during such events. While fluxes per event increase with flow magnitude, over the 

long term the large number of small flows accomplish most of the geomorphic work. Less 

than 5% of the computed sediment transportand exchange occur during events with recur-

renee intervals greater than 1 0 years. 
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Chapter 3. Stochastic Theory of Particle Trajectories in Alluvial Valley 

Floors 

Summary 

Temporary storage of sediment within deposits in alluvial valley floors strongly 

moderates sediment delivery and water quality in many watersheds. Traditional sedi-

ment routing models, based on the principle of sediment mass conservation along 

reaches of channel, do not account for exchanges of sediment with temporary sediment 

storage reservoirs outside the channel, such as floodplains, deltas, and alluvial fans. 

This chapter formalizes an approach for examining the role of such exchanges in fluvial 

systems, by determining the probabilistic structure of particle trajectories through 

alluvial valley floors. 

The analysis treats the trajectory of a particle as a stochastic process using the 

theory of discrete time Markov chains. The theory is based on an approximation that 

the valley floor is composed of a finite number of sediment stora~e reservoirs, and on 

the hypothesis that the probabilities of sediment transfer among such reservoirs are 

controlled by the sediment budget of the valley floor. Equations are developed for 

deriving these probabilities from the sediment budget. The approach can be used to 

examine rates of sediment overturn in valleys, map particle residence times, and ac-

count for the redistribution and degradation of particle-bound constituents. The 

approach is illustrated using a hypothetical valley floor as an example. The example 

demonstrates that the probability distribution of particle residence times in the valleys 

of most alluvial rivers are not normally distributed, and are probably strongly right-
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skewed. 

The equations presented in this chapter assume that the valley floor of interest 

can be considered to be in steady state with respect to sediment storage over the time 

scale at which the model is applied. In theory, the approach does not require such 

conditions. In practice, however, in most field settings geomorphic theory and empiri-

cal data are not yet sufficient to predict how the sediment budget varies with changing 

sediment storage. This subject has recently attracted research interest (e.g., Lisle and 

Church, 2000), and future work may provide quantitative relationships between 

sediment transport rates and the amount of sediment in storage. Mathematical strate-

gies for using such relationships to model transient storage conditions are proposed, 

and other potential model enhancements are also discussed. 

Introduction 

Sediment eroded from upland sources is often deposited in the valleys of 

alluvial rivers. Sediment can be deposited in a variety of storage reservoirs within the 

valley floor, including the channel bed, bars, floodplains, and deltaic deposits (Figure 

3.1 ). However, routing sediment through rivers is usually treated as a one-dimensional 

mass conservation problem, in which sediment transport rates are estimated at channel 

cross sections and changes in storage are computed between them. This approach has 

been valuable in a wide range of engineering and scientific applications, but it has at 

least two important limitations. First, it is widely understood that sediment is stored in 

large quantities outside river channels in deposits such as floodplains (e.g., Meade 

1982, Kesel et al. 1992, Dunne et al. 1998). Typical sediment routing models do not 
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Figure 3.1 Schematic diagram illustrating the geomorphic context for using 
probability theory to analyze the trajectories of particles through alluvial valley floors. 
The state space of this example has 8 transient states distributed among three reaches 
(channel bed, bars and floodplains in reaches 1 and 2, and channel and delta deposits in 
reach 3) and a single absorbing state representing sediment delivery to the ocean. 
Reach boundaries are chosen at geomorphically significant locations, such as major 
tributary junctions or abrupt changes in valley morphology. 
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account for exchanges of sediment with such deposits or for the role of these deposits 

in modulating downstream sediment delivery. Second, the mass-balance approach 

predicts changes in sediment storage along reaches of channel, but cannot track indi-

vidual particles through the valley floor. This is an important limitation which makes it 

difficult to use traditional sediment routing models to predict the behavior of sediment-

bound constituents in watersheds. Many pollutants, tracers, and nutrients enter fluvial 

systems bound to particles. There are many applications in which it would be valuable 

to model their long term redistribution and delivery in the alluvial environment. 

One possible solution to both of these problems is to analyze the trajectories 

of particles as they move through a series of temporary storage reservoirs in the valley 

floor, taking a Lagrangian, rather than the traditional Eulerian, approach to the sedi-

ment routing problem. The trajectory of a particle through an alluvial valley floor is a 

random process consisting of episodes of particle transport separated by intervals of 

storage of varying length. Even if the rates of sediment exchange in rivers were 

known precisely, the movement of a particular particle would still be a random pro-

cess. For this reason I followed the lead of Dietrich et al. (1982) and Kelsey et al. 

( 1987), who proposed using probability theory to model transport of sediment into and 

out of temporary sediment storage reservoirs. 

Dietrich et al. (1982) presented equations to compute the residence time of 

sediment in steady-state channel and floodplain reservoirs. They illustrated the proce-

dure using a data set from Everitt (1968), and showed how the travel time of particles 

through such a deposit can be computed from the age distribution of sediment in that 
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deposit. They emphasized that particle residence time in the active channel is always 

less than the residence time of sediment in the valley floor, due to the possibility of 

sediment storage in less active deposits such as the floodplain They proposed that 

sediment exchanges among deposits of differing mobility could be expressed as transi-

tion probabilities. 

Kelsey et al. (1987) elaborated this idea by characterizing the long-term move-

ment of sediment through an alluvial valley floor as a discrete time Markov chain. They 

developed a Markov model of sediment transport in Redwood Creek, California, 

which routed sediment through three contiguous reaches of valley floor and into the 

Pacific Ocean. The authors computed the mean particle transit time to the ocean for 

particles starting in each of 12 temporary storage reservoirs. They modeled the 

changes in the volume of active, semi active, inactive, and stable sediment reservoirs, 

using measurements of reservoir volumes and estimates ofbedload transport. This 

study demonstrated the feasibility of using probability theory to model long term 

sediment movement through valleys. 

Neither of the studies referred to above addressed the physical mechanisms by 

which sediment is exchanged with the floodplain and other temporary storage reser-

voirs. The purpose of this chapter is to formalize the approach and develop a general 

framework for parameterization using the sediment budget of a valley floor. I present 

equations for estimating trajectory probabilities, and for using these probabilities to 

map particle residence times, to evaluate the rate of sediment overturn in the valley 

floor, and to examine the loci and duration of temporary particle storage. I also 
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present a system for accounting for redistribution and degradation of particle-bound 

constituents. 

The equations in this chapter are derived for valley floors in steady state. In 

the final section, I discuss the main limitations of the model in its current form and 

outline mathematical strategies which could be used to characterize three important 

·aspects of natural fluvial systems for which equations are not presented in the current 

text- multiple particle size classes, non-steady state conditions, and the stochastic 

nature of forcing mechanisms. 

Theoretical Development 

The trajectory of a particle through an alluvial valley floor is a stochastic 

process, influenced by rates of sediment transport, deposition, and remobilization. The 

stochastic model presented below analyzes the trajectory of a hypothetical particle 

moving through a valley floor consisting of a finite number of sediment storage reser-

voirs in steady state. The steady-state assumption requires that the mass of each of the 

deposits remain roughly constant over time. This assumption is approximately valid in 

many valleys over time scales relevant to the contamination and recovery of flood-

plains; the possibility of adapting the model to the transient case is discussed later. 

A Markov chain is a stochastic process that takes on a finite number of values, 

in which the transition from one state to the next is determined only by the current 

state of the process and not by its prior history (Ross 1997). The stochastic process 

considered here is the intermittent movement of a particle through an alluvial valley 

floor consisting of a finite number of discrete sediment deposits. Since the future 
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movement of a particle depends only on its present location and not its past movement 

history, the process can be considered as a Markov chain. The mathematical proper-

ties of Markov chains are simple and well understood, so formulating the problem in 

such a way capitalizes on a well-established body of mathematical theory. The Markov 

chain is specified by: (1) the state space, or the universe of values or states that the 

process can assume; and (2) the transition probabilities, which govern the movement 

of the process among the values in the state space. These two components are dis-

cussed in turn, focusing on the application of Markov chain theory to sediment move-· 

ment through valley floors. 

State space of the model 

The state space of the process consists of transient and absorbing states. 

Figure 3.1 schematically illustrates the nature of the state space in a valley floor. 

Sediment storage reservoirs such as the channel bed, bars, floodplains, and deltaic 

deposits are called transient states, since particles reside in them.onlytemporarily. The 

downstream boundary represents an absorbing state, because a particle that enters it 

cannot return to any of the other states. Additional absorbing states could be present 

in circumstances where sediment is permanently removed from the valley floor by 

tectonic or anthropogenic processes. In the discussion that follows, I denote the set of 

transient states by the capital letter B, the set of absorbing states by A, and the entire 

state space by n (i.e., A + B = Q). Set B contains b members corresponding to 

temporary sediment storage reservoirs, and set A contains a members, each represent-

ing an absorbing state. For simplicity, the model outlined below contains only one 
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absorbing state (sediment transport past the downstream boundary); thus there are b+ 1 

states in the state space (.Q) of the process, consisting of b transient states plus one 

absorbing state. 

t The valley floor can be divided into reaches to account for downstream varia-

tions in sediment storage and geomorphic process rates. The reaches are delineated on 

· the basis of major tributary junctions, changes in valley morphology, or at other points 

where sediment and contaminant flux are of interest (Figure 3.1). Within each reach, 

the active portion of the valley floor is treated as a set of discrete transient states. 

t 
Within each state, all particles are equally susceptible to future erosion, sediment 

transport and deposition. The approximation of equal mobility within each transient 

state is central to several of the equations presented below. Therefore storage units 

must be delineated in such a way as to ensure this is a reasonable approximation over 

some relatively long time scale on the order of decades or longer. Examples of such 

storage elements include the channel bed, bars, floodplain units, or geographical 

subsets of these deposits. 

Let r denote a particular reach, and let Br denote the subset of the transient 

state space located within reach r (that is, Br c B). In the following discussion I 

assume that all the deposits within reach r can be reached from one another within a 

single time increment. However, particles stored downstream of r cannot reach any of 

the elements inBr· 
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. Transition probabilities and the transition matrix 

When a particle is in a transient state or geomorphic unit i, there is a fixed 

probability Pij "?. 0 that it will move to state j after a unit time. These transition prob-

abilities are controlled by the rates of sediment tranfer within and through the valley 

floor. Kelsey et al.(1987) assigned transition probabilities based on a qualitative 

ordering of the relative importance of the various processes in the sediment budget. 

Here I present a systematic strategy for computing the transition probabilities directly 

from an estimate of the sediment budget of the valley floor. 

I hypothesize that each transition consists oftwo distinct events: (1) the 

erosion event E; that causes the particle to be mobilized from unit i and (2) the deposi-

tion event D; that places the particle in unitj. The Venn diagram in Figure 3.2 ill us-

trates the derivation of transition probabilities for a particle stored in transient state i 

within a valley floor consisting of two transient states, i andj (located in the same 

reach) plus one absorbing state. 

Assume the particle is currently residing in unit i. The task is to compute the 

probabilities that the particle will reside in unit i, unitj, and in the absorbing state after 

an increment of time. The sum of these three probabilities is one, because these are the 

only three outcomes in this simple model. The rectangle in Figure 3.2 represents the 

universe of possible outcomes, and has an area of one. The proportion of the total 

rectangle area occupied by a given outcome corresponds to the probability of that 

outcome. 

In order for a particle to move from unit ito unitj, it must first be eroded from 
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Figure 3.2 Venn diagram illustrating the derivation of transition probabilities for a 
model with two transient states, i andj, and a single absorbing state. The rectangle 
represents the universe of possible outcomes after an increment of time for a particle 
initially stored in transient state i. The probability of each outcome is equal to the 
proportion of the rectangle occupied by that outcome. Circle Ei is the event that the 
particle is eroded from i, and ovals Di and Dj are the events that the particle is 
deposited in i andj, respectively, after first being mobilized from i. 
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i (event E;, the probability of which is equal to the fraction of the rectangle which is in 

circle E;). The conditional probability, P(D1IE;), that the particle is deposited inj, 

given it was first eroded from i during the same increment of time, is the fraction of 

circle E; which is occupied by the oval labeled Di" In general, the transition probability 

per time PiJ• where i 1 j, is equal to the fraction of the entire sample space occupied by 

'eventDi 

(1) 

Equation 1 is a rearrangement ofBayes' formula (e.g.
1 

Ross 1997, p. 14). 

The particle can remain in i either by not being mobilized (event Et, the 

complement of E;. represented by the area outside E;), or by being mobilized and then 

redeposited in i (oval D;). The transition probability Puis the sum of probabilities of 

these two outcomes (see Figure 3.2): 

(2) 

If a particle is mobilized within the valley floor and not redeposited in any of 

the b transient states, it reaches the absorbing state, whose index is x (i.e., it leaves the 

system at the downstream boundary). In Figure 3.2, the probability that a particle 

starting in unit i is transported directly out of the model system at the downstream 

boundary, Pu, is the fraction of area inside E; but not occupied by D; or D1. Generaliz-

ing this principle to a system containing an arbitrary number, b, of transient states and 

a single absorbing state at the downstream boundary, the probability per time that a 

particle exits the valley floor in a single increment of time is: 

' .. ( ' ' 
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Using equations 1 - 3, the transition probabilities can be computed from P(E;), 

the erosion probabilities, and P(DjiE;), the deposition probabilities, which are deter-

mined using the sediment budget as described next 

Erosion probabilities 

For a well-mixed reservoir i, the probability P(E;) of any particle being mobi-

lized per unit time is the inverse of the mean residence time of sediment in that deposit. 

Dietrich et al. (1982) presented equations for computing this residence time from the 

age distribution of sediment stored in a deposit. However, in practice these data are 

not available for every sediment reservoir. If all particles within a reservoir can be 

considered to be equally mobile (a requirement of the geomorphic delineation of the 

state space, as discussed above), then the erosion probability is the mass rate of ero-

sion of deposit i divided by the total mass of that deposit: 

(4) 

where Q is the erosion rate of deposit i (mass/time) and m; is the mass of unit i. 
E; 

Equation 4 assumes that all the particles in unit i are equally susceptible to erosion. 

The transient states must be defined in such a way as to ensure this assumption is valid, 

as discussed above. 

In some cases it might be necessary to separate portions of geomorphic units 

order to improve the validity of the equal mobility assumption for computing erosion 

probabilities. For example, within a given reach the floodplain may be subdivided into 

areas near the channel and further from the channel, since particles closer to the chan-
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nel have a higher probability of being eroded. However, a deposition rate and an 

erosion rate must be estimated for each transient state, so increasing the size of the 

state space requires a corresponding increase in the amount of data required to param-

eterize the model. The level of detail and realism represented by an application of the 

model must be weighed against the availability and reliability of sediment budget data. 

Deposition probabilities 

If both i andj are located within reach r, then the conditional probability that a 

particle will be deposited inj, given that it has eroded from i, is 

(5) 

where QD. is the mass rate of sediment deposition into depositj (mass/time), Br is the 
J 

portion of the transient state space B which is located in reach r, and Qo is the sedi
r 

ment flux out of reach rat its downstream end. The summation LkeB Qnk repre
r 

sents the total rate of sediment deposition into all the units located within reach r 

(including state)). A particle in transport within reach r (whether it entered from 

upstream, from external sources, or was eroded from one of the units located in that 

reach) will either be deposited in one of the reservoirs in Br or will exit the reach at its 

downstream boundary. The denominator in equation 5 equals the total mass of sedi-

ment in transport within reach r, and the probability P(D1IE;) is the mass fraction of 

that sediment which is deposited inj. 

If the particle is not deposited in any of the units in reach r, it enters the down-

stream reach r+ 1. The probability P( O,.IE;) that a particle leaves reach r given that it 

172 
'-



was eroded from deposit i in reach r is 

(6) 

Ifj is a transient state located in the reach immediately downstream of the 

reach where i is located, in order for a particle to move from ito j in a unit time, the 

' following three events must occur: (1) the particle must be eroded from i (in reach r); 

(2) the particle must be transported out of reach r; and (3) the particle must be depos-

ited inj (in reach r + 1 ). In this case, the conditional probability that a particle is 

deposited inj, given that it eroded from i, is the intersection of events (2) and (3): 

P(D j I£;)= P(Or IE; )n P{D j I Or)= P(Or IE;) ~j 
Qor+I + keBr+I Qnk (7) 

fori E Br,j E Br+I 

where the conditional probability P(OriE;) is determined from equation 6. 

In general, if i is located in reach r andj is located in an arbitrary reach n 

downstream of reach r, a particle must consecutively enter and leave each intermediate 

reach and eventually deposit in unitj. The probability of this occurring tends to 

decrease with increasing distance downstream as the deposition probability is the 

product of an increasing number of terms less than one: 

P(D1 I EJ= P(Or I EJP(Or+J I Or}·· P(On-II On-2)P(Di I On_J) 

foriEBr,jEBn 
(8) 

where Bn is the set of geomorphic units or transient states located within reach n. 

In summary, all the transition probabilities can be computed from the sediment 

budget, which consists of: (1) the erosion and deposition rates, QEi and Qn j , of each 
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geomorphic unit i; (2) the sediment flux at the downstream boundary of each reach r; 

and (3) the mass mi of each of the storage reservoirs. The transition probabilities are 

arranged in a transition matrix P = {pij}: 

PII Pib Pix 

P= 
Pbi Pbb Pbx (9) 

0 0 1 

where x is the index of the absorbing state. The final row contains the transition 

probabilities for particles starting in the absorbing state, and indicates that particles 

which have already been transported out ofthe system remain out ofthe system with 

probability one. The entries Pv must be less than or equal to one, and the row sums in 

P must all equal one, to account for all possible outcomes for a particle starting in unit 

i. All the information for computing particle trajectories in steady state valleys is 

contained in equation 9. 

Hypothetical example 

I illustrate how the model is applied using an hypothetical alluvial valley floor 

as an example. The hypothetical valley is divided into three reaches, each containing a 

'channel' reservoir and a 'floodplain' reservoir (Table 3.1). For simplicity assume that 

all the particles which enter the valley are similar and suspendible by flood flow. This 

situation might represent a well-sorted sand-bed river with sandy banks. Adaptations 

depicting a wider range of natural sorting processes are discussed later. 

During the course of a year, particles are exchanged between the channel and 

floodplain and transported downstream. These exchanges are illustrated schematically 
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Table 3.1. States in State Space for Hypothetical Valley Floor 

State 1 Reach A channel 
State 2 Reach A floodplain 
State 3 Reach B channel 
State 4 Reach B floodplain 
State 5 Reach C channel 
State 6 Reach C floodplain 
State 7 (x) Absorbing State - transport past downstream boundary 
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Figure 3.3 Markov model for a hypothetical valley floor divided into three reaches, 

each containing a channel and floodplain. In this example a particle can be deposited 

in the channel or floodplain, or transported into the absorbing state, x. Odd numbered 

states are the channel units, even numbered states are the floodplains, and state xis the 

absorbing state (Table 3.1). The transition probabilities are computed from the 

sediment budget (Table 3.2) and equations 1-8. The matrix containing the computed 

transition probabilities is presented in Table 3.3. 
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in Figure 3.3, which shows all the possible transitions which can occur in a given year. 

In this example, all the downstream and local (i.e., within the same reach) states are 

accessible from each transient state. The transition matrix for this system is 

PII PI2 P!3 PI4 PIS PI6 Pix 

P2I P22 P23 P24 P25 P26 P2x 

0 0 P33 P34 P35 P36 P3x 

P= 0 0 P43 P44 P45 P46 P4x 

0 0 0 0 P55 P55 P5x (10) 

0 0 0 0 P65 P66 P6x 

0 0 0 0 0 0 1 

where the odd subscripts represent channel units, the even subscripts represent flood-

plain units, and xis the absorbing state. 

A hypothetical sediment budget for this system is presented in Table 3.2. Each 

of the three reaches is 10 km long, with a constant channel width of 10m, and a 

floodplain width which increases in the downstream direction. The sediment flux (Q0 ) 

from each reach is 5 x 105 T /yr. Half the sediment stored in the channel in a given year 

is mobilized by bed erosion (5 x 104 T/yr). Two to six percent of the floodplain sedi-

mentis mobilized by bank erosion each year (1 0,000- 30,000 T/yr, Table 3.2), and 

this material is replaced each year by floodplain sedimentation. All the entries in the 

transition probability matrix (equation 1 0) can be computed from the sediment budget 

in Table 3.2, using equations 1-8. For example, the probability of a particle moving 

from the floodplain in reach A (unit 2) to the channel in reach C (unit 5) in any one 

year is: 
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Table 3.2. Sediment Budget of a Hypothetical Valley Floor 

Reach I Reach 2 Reach 3 
Reach length (km) 10 10 10 

Channel width (m) 10 10 10 
Channel bed thickness (m) I 1 

Floodplain width (m) 100 ISO 200 
Floodplain thickness (m) 2 2 2 

I 
Channel mass (T) 100,000 100,000 100,000 

Floodplain mass1 (T) 2,000,000 3,000,000 4,000,000 

Downstream sediment flux (T/yr) 500,000 500,000 500,000 
Channel erosion/deposition rate (T/yr) 50,000 50,000 50,000 

Flood lain erosion/de osition rate (T/yr) I 0,000 20,000 30,000 

Notes: 

I. Unit masses computed assuming sediment bulk density= I T/m3 
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( 
5x10

4 J 
5x104 +3x104 +5x105 

(11) 

= 0.00034 

The numerical subscripts onE and D refer to the numbered units in Table 3.1, 

while the alphabetical subscripts on 0 refer to the name of the reach. The remainder 

of the entries in the transition probability matrix (Table 3.3) are computed in the same 

way. Note that all the row sums in Table 3.3 equal one, with minor deviations due to 

rounding errors. 

Analysis of the Model 

Definition of terms- transit time, flushing time, and residence time 

I adopt the relevant terminology of Kelsey et al. (1987) and Dietrich and 

Dunne (1978) wherever possible. The characteristic residence time of a deposit is the 

expected amount of time a particle will remain in that deposit before being remobi-

lized. The residence time of a deposit is thus the inverse of the erosion probability 

(equation 4) of that deposit. 

Dietrich and Dunne (1978) estimated a residence time (per meter of valley 

length) for channel and floodplain deposits by dividing the volume per meter of each 

reservoir by the volumetric bed load flux. For the channel bed, this definition of 

residence time can be interpreted as the inverse of the velocity ofbed load sediment 
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Table 3.3. Transition Probabilities for Hypothetical Valley Floor 

Particle location at timet+ I (j ): 
I. 2. 3. 4. 5. 6. 7. 

Reach A Reach A Reach B Reach B Reach C Reach C 
Chan- Flood- Chan- Flood- Chan- Flood- Absorbing 

nel plain nel plain nel plain state 
Particle location at timet (i ): 1-stee transition Erobabilities 1.2: 
I. Reach A Channel: 0.545 0.009 0.039 0.016 0.034 0.020 0.338 2. Reach A Floodplain: 0.0004 0.995 0.0004 0.0002 0.00034 0.0002 0.003 
3. Reach B Channel: 0 0 0.544 0.018 0.038 0.023 0.378 
4. Reach B Floodplain: 0 0 0.0006 0.994 0.0005 0.0003 0.005 5. Reach C Channel: 0 0 0 0 0.543 0.026 0.431 6. Reach C Floodplain: 0 0 0 0 0.0006 0.993 0.006 
7. Absorbing state: 0 0 0 0 0 0 1 Notes: 

00 
1. Probability that a particle starting in i will be inj after a single increment of time 
2. Derivation of probability p 25 (in bold italic) is demonstrated by equation 1 I in the text. 



Probability that a particle will be in a given place at a given time 

Matrix P (equation 9) contains the transition probabilities Pij for particle move

ment during a single increment oftime. The probability structure of particle transitions 

at an arbitrary timet can be computed using the Chapman-Kolmogorov equations, a 

fundamental theory for discrete time Markov chains (Ross 1997) . Let P(t) denote the 

· t-step transition matrix, which contains the probabilities py(t) that a particle starting in 

state i will reside in state} after exactly t years. The theory states that 

P(t )= pt (12) 

In other words, the t-step transition matrix is equal to the tth power of the one step 

transition matrix. Thus the probability that a particle will reside inj at timet, given it 

started in i, is the entry in the ith row andjth column ofP1• 

The Chapman-Kolmogorov equations define the probability structure of future 

particle trajectories for all the sediment currently stored in the valley floor, and can be 

used in a variety of applications. For example, if a sediment tracer were injected into a 

well-mixed, mobile sediment reservoir i at time 0, it is straightforward to compute the 

distribution of the tracer at any subsequent timet: the proportion of the initial tracer 

stored in every state in the state space at time tis the ith row of P1• 

Some of these probabilities are illustrated graphically in Figure 3.4, for the 

hypothetical valley floor described in the last section. Figure 3.4a shows some of the 

probabilities of particle fate over time for sediment starting in the reach A channel, and 

Figure 3.4b shows the same for a particle starting in the adjacent floodplain. Note the 

different time scales on these graphs. Given the sediment budget in Table 3.2, a 
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Figure 3.4 Modeled probability structure of particle fate for sediment initially stored 
in Reach A of the hypothetical valley described in Figure 3.3. Particles initially stored 
in the Reach A channel (a) are likely to have reached the absorbing state within 5 years, 
while particles initially stored in the Reach A floodplain (b) are delivered to the 
absorbing state over a much longer timescale. 
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particle starting in the reach A channel has a 75% chance of reaching the absorbing 

state (downstream boundary) within 5 years (Figure 3.4a). There is a small probability 

that a particle starting in the channel ever reaches the floodplain, because the rate of 

sediment exchange with the floodplain in this example is somewhat low (=6% of the 

downstream sediment flux per reach). Sediment starting in the reach A floodplain 

takes much longer to reach the absorbing state than sediment initially residing in the 

adjacent channel. This is mainly due to the longer residence time (inverse of the 

erosion probability) for floodplain deposits rather than to temporary storage of par-

tides which have been mobilized, because there is a relatively small probability of 

intermediate storage (off-diagonal probabilities in Table 3.3). 

Particle transit times 

The particle transit time is the time a particle takes to reach an absorbing state, 

starting from some initial deposit i. Some particles will exit the system rapidly, 

whereas others will be stored repeatedly within intermediate stor,age for long periods 

of time. Kelsey et al. (1987) showed that the mean particle transit time for each 

temporary storage reservoir could be easily computed using the fundamental matrix 

(which is discussed further below). They also presented an equation (equation 10 in 

their paper) which can compute the variance in transit times for particles starting in 

each transient state. If transit times were normally distributed, the entire distribution 

of particle transit times could be specified from the mean and variance. 

Dietrich et al. ( 1982) hypothesized that particle transit times are probably not 

normally distributed, so the mean transit time (i.e., the flushing time) may be a poor 
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indicator for the bulk of sediment in a given storage reservoir. They point out that, in 

order to address questions relating to chemical and physical changes to which sediment 

is subjected while traveling through a valley, "one must attempt to define the transit-

time distribution" (Dietrich et al. 1982). 

It is possible to derive the probability density function of transit times for each 

·reservoir using the Chapman-Kolmogorov equations. Let P1 be the t-step transition 

matrix for a system with only one absorbing state. The index of the absorbing state is 

x, and the one-step transition matrix is arranged as shown in equation 9. Let the time 

increment be one year. The proportion of particles originating in transient state i 

which have a transit time oft years is equivalent to the probability that any particular 

particle reaches the absorbing state in exactly t years. This probability is 

g ·(t) = p! - p!-1 
I IX IX 

(13) 

where g;(t) is transit time probability density at time t, for sediment in unit i at time 0, 

and P& denotes the entry from the ith row and last column of the matrix Praised to 

the tth power. Figure 3.5 shows the transit time distributions computed from the 

transition probability matrix in Table 3.3, using equation 13. The transit time distribu-

tions in Figure 3.5 account for repeated sediment storage in transient states during 

particle trajectories and can be interpreted as the probability density function of par-

tide residence time in the valley floor. All six probability distributions are right-

skewed (i.e., they have long right tails, and mean is greater than mode). 

Note the different time scales for these two plots, reflecting the much higher 

mobilization probabilities (i.e., lower residence times) associated with channel-stored 
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Figure 3.5 Probability distributions of particle transit time (i.e., particle residence time 
within the valley floor) in the hypothetical example: (a) Sediment initially stored in the 
channel units 1, 3, and 5. Probability distributions extend to infinity, and the low but 
finite probability of very long transit times account for high mean transit times relative 
to the modal value (1 year for all three distributions). (b) Sediment initially stored in 
floodplain units 2, 4, and 6. Note strong right skew (i.e., mean to the right of the 
mode) of all six probability distributions, which is probably a common characteristic of 
particle residence times in alluvial valley floors. 
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sediment. In this example, the modal transit time for the channel-stored sediment is 

exactly one year (Figure 3 .5a), while modal transit times for floodplain sediment vary 

from 4 years (Reach C) to 7 years (Reach A, Figure 3 .5b ). Mean transit times for 

channel-stored sediment are much longer than they would appear from Figure 3 .Sa; 

this is because the tails of the distributions in Figure 3.5 extend to infinity. The long 

tails which are not visible in Figure 3 .Sa primarily reflect the sediment initially stored in 

the channels which eventually deposits in floodplains, where it may remain for hun-

dreds or thousands of years before being remobilized .. In general, sediment has a low 

probability ofbeing deposited further from the channel, where it is least likely to be 

remobilized. This leads to long right tails on such distributions and a generalizable 

hypothesis that strongly right-skewed transit time distributions are characteristic of 

sediment reservoirs in alluvial valleys. 

Computing the transit time distributions from equation 13 could be useful in 

many scientific and management applications. These distributions quantify the mecha-

nisms by which the various geomorphic reservoirs regulate sediment delivery in fluvial 

systems. Sensitivity analyses involving transit time distributions could be used to 

predict the influence of environmental conditions (which control the transition prob-

abilities) on the rate and nature of sediment delivery from alluvial valley floors. 

Mean time spent in transient states 

In some applications, it may be useful to estimate how long particles will spend 

in each of the downstream storage reservoirs before entering the absorbing state. Let 

siJ denote the expected amount of time that a particle starting in i will spend within 
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transient statej before reaching the absorbing state. LetS denote the matrix of values 

siJ for all ij E B (that is, a b x b matrix for all the transient states). Matrix Sis called 

the fundamental matrix and is computed from: 

(14) 

where P8 specifies the submatrix ofP containing only the transition probabilities from 

transient states to transient states, and I is the identity matrix with the same dimensions 

as P8 (Resnick 1992, p. 1 06). The expected length oftime a particle starting in i will 

spend in each of the transient states, before reaching the absorbing state, is the ith roW 

of matrix S. The sum of the ith row of S is the expected amount of time for a particle 

starting in i to reach the absorbing state, as pointed out by Kelsey et al. (1987). The 

fundamental matrix computed for the hypothetical example is presented in Table 3.4. 

The matrix shows that, given the sediment budget in Table 3 .2, particles spend most of 

their time in the valley floor within floodplain deposits. This statement is especially 

true for sediment which starts in floodplain deposits, where, on average, particles 

remain more than 100 years before being mobilized initially and less than 20 years in 

subsequent storage. 

In applications where sediment-bound constituents decay via chemical, physi-

cal, or biological processes, equation 14 can be used to evaluate the time available for 

constituent processing. The fate of such constituents is ultimately determined by the 

• relative time scales of the chemical decay process and the residence time of particles in 

different deposits. The fundamental matrix estimates the amount of time particles are 

expected to spend in each reservoir. These are useful values to know for problems 
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Table 3.4. Expected Particle Transit Times Through Hypothetical Valley Floor 

Ex ected duration in transient states ( ): 
1. 2. 3. 4. 5 . 6. 

Reach A Reach A Reach B Reach B Reach C ReachC 
Chan- Flood- Chan- Flood- Chan- Flood-

nel plain nel plain nel plain 
Initial location of particle: 
1. Reach A Channel: 2.2 4 0.2 6 0.2 8 
2. Reach A Floodplain: 0.2 204 0.2 6 0.2 8 
3. Reach B Channel: 0 0 2.2 6 0.2 8 
4. Reach B Floodplain: 0 0 0.2 156 0.2 8 
5. Reach C Channel: 0 0 0 0 2.2 8 
6. Reach C Floodplain: 0 0 0 0 0.2 141 
Notes: 

1. Expected particle durations in transient states given by the fundamental matrix S = (I- P8 )"
1
, 

where P8 is the 6 x 6 matrix of transition probabilities among transient states, 
and I is the identity matrix (see text for explanation). 

2. Expected transit time through valley floor is the sum of expected durations in all transient states . 

Expected 
Transit 
Time 

Through 
Valley 

Floor 
2 

21 
219 
16 

164 
10 

142 



related to constituent processing, particularly if the reservoirs have different oxidizing 

or pH conditions. 

Another potential application of equation 14 relates to the hypothesis that 

downstream fining ofbed sediment in some gravel rivers is controlled by weathering 

during long periods of particle storage in the floodplain (Jones and Humphrey 1997). 

According to this hypothesis, particles stored in floodplains develop weathering rinds 

whose thickness is a function of the duration of sediment storage in the floodplain. 

During intermittent episodes of particle transport along the channel bed, these rinds are 

quickly removed but subsequent fining by abrasion is limited. Using equation 14, it is 

possible to compute the amount of time an average particle will spend in the floodplain 

per kilometer of travel distance along the channel. A simple particle weathering func-

tion could be developed by sampling sediment of varying age and measuring the 

abrasion rate of each sample with tumbling mill experiments (this was attempted by 

Jones and Humphrey (1997)). Then the fundamental matrix could be used to deter-

mine the amount of time available in the floodplains for weathering processes to act, 

and thus quantify the role of floodplain weathering in downstream fining in gravel 

rivers. 

Flushing times for reservoirs and evacuation of the valley alluvium 

Next I evaluate the timing of cumulative delivery of the mass of active fluvial 

sediment from a valley floor in steady state. Let hi(t) be the mass of sediment entering 

the absorbing state at timet (mass/time) which originated in transient state at time 0. 

Then 
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hj(t) = gj(t)* mi (15) 

where mi is the mass of sediment in deposit i. The cumulative mass flux of sediment 

into the absorbing state over time is computed by adding the contributions from each 

of the original deposits and integrating over time: 

(16) 

where H(t) is the cumulative mass flux of valley-stored of sediment into the absorbing 

state over time. In this context 'valley-stored sediment' refers to all the particles which 

were stored in the valley at time 0. Note that the value H(t) is not the same as the 

sediment flux into the absorbing state, because it does not account for future sources 

of sediment from sources outside the valley floor (hillslopes and tributaries). In a 

steady-state valley, the total sediment flux into the absorbing state will remain constant 

through time, but the relative proportion of valley-derived sediment to external sedi-

ment will decrease. Figure 3.6 (computed using equations 15 and 16) shows the 

relative proportions of channel, floodplain, and external sediment at the downstream 

boundary of the hypothetical valley over time. 

Using equations 15 and 16 one can compute the rate at which sediment in the 

valley floor is evacuated and replaced with new sediment. For example, the replace-

ment time for half the sediment in the valley can be computed by solving equations 15 

H(t) 
and 16 for L mi = 0.5. The rate of overturn of sediment for the hypothetical valley 

ieB 

system is plotted in Figure 3.7. In this example, 50% of the sediment initially stored in 
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Figure 3.6 Relative sources of sources of sediment flux into the absorbing state over 
time. Although the total sediment efflux from the system is constant (5 x 105 T/yr, 
Table 3.2), the origin of that sediment changes over time. Modeled proportion of 
sediment flux into the absorbing state from channels and floodplains refers to the 
proportion of the sediment flux at the downstream boundary that was stored in those 
deposits at time 0. 
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Figure 3. 7 Modeled rate of overturn of sediment in the valley floor. Half the 
sediment stored in the six transient states in the valley at time 0 reaches the absorbing 
state within 109 years, 90% within 396 years, and 95% within 478 years. 
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the valley floor is evacuated within 109 years, 90% in 396 years, and 95% in 478 

years. 

Experimentation using field data from upper Los Alamos Canyon, New Mexico 

(Chapter 4), showed that the time required to evacuate 90% of the sediment in the 

valley floor (denoted T90) provides a useful index to compare the relative rates of 

· sediment overturn under various conditions. T90 is used as an index of the sensitivity 

of alluvial sediment storage to varying geomorphic process rates in Chapter 4. 

Fate and decomposition of particle-bound constituents 

Even if a valley floor can be considered to be in steady state with respect to 

sediment storage, the constituent load of this sediment can vary over time. The proba-

bilistic approach for routing sediment through valley floors is useful for tracking the 

redistribution and decay of sediment-bound constituents such as tracers and contami-

nants. Let w,{t) be the inventory of a stable constituent in storage reservoir i at time t. 

Then 

(17) 

where c;(t) is the concentration of the constituent on sediment in i at timet. If W(t) 

denotes the [1 x (b +a)] vector containing the values w;(t), then the inventory over 

time can be computed by iteratively applying the transition probability matrix to W(t) 

and adding the external contribution of the constituent to each reservoir: 

W(t) = W(t -1)P + L(t) (18) 

where the ith entry in the vector L(t) is the amount of the constituent which entered 

each reservoir from upstream and lateral (i.e., non-valley floor) sources during the time 
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increment between t-1 and t. 

The entries in L(t) can be computed by partitioning the influx of constituents 

according to the distribution of deposition probabilities downstream of the source 

area, using equations 5 through 8. For example, assume that a constituent is intro-

duced into a reach from a tributary at a known rate, such that the time-varying influx 

of the constituent into the reach, k(t), is 

(19) 

where Crrib(t) is the time-varying concentration of the constituent on sediment entering 

from the tributary, q1rib is the sediment influx from the tributary (assumed to be con-

stant, in keeping with the steady state case described here), and L(t) is a vector con-

taining the amount of the constituent which is deposited in each ofthe downstream 

transient states and the absorbing state during the time increment between t-1 and t, as 

defined above. Further assume the tributary discharges into a reach of valley which 

contains a channel and a floodplain, and that the following quantities are also known: 

( 1) the rates of deposition into the channel and the floodplain, QDch and QDch; and (2) 

the downstream sediment flux Q0 . In this case the constituent influx k(t) is partitioned 

into three fractions and vector L(t) has three entries, corresponding to: deposition in 

the channel (L 1(t)), floodplain (Lit)), and transport downstream (the absorbing state 

(L3(t))). These values are computed from the conditional deposition probabilities 

(equation 5 for a single reach; for multiple reaches the approach outlined in equations 

5-8 can be applied): 
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LI(t)=k(t) QDch 
QDch +QDIP +Qo 

QD 
L2 (t) = k(t) iP 

QDch +QDfp +Qo (20) 

L3 (t) = k(t) Qo 
QDch +QDIP +Qo 

where the sum of the vector L(t) is equal to the quantity k(t). 

If the constituent decomposes appreciably with time as a result of physical, 

chemical, or biological processes this decomposition can be accounted for after each 

time increment. For example, in the case of radioactive decay, the rate of decay is 

proportional to the amount of the substance which is present. Then the concentration 

Xi(t) of an unstable constituent in state i at time tis 

x;(tJ = x/ (r )e-A. (21) 

where A. is the radioactive decay constant for t~e substance, and Xi' (t) is its concentra-

tion on sediment at time t prior to accounting for decay. The inventory at time tis 

computed by substituting Xlt) for ci(t) in equation 17, and its redistribution in time 

increment t+ 1 is given by equation 18. Then decay is recomputed after the next time 

increment with equation 21. For other types of decomposition processes, appropriate 

relationships must be substituted for equation 21. 

The probability model can also be used to compute the fluxes and concentra-

tion of sediment-bound constituents into the absorbing state (i.e., past any point of 

interest along the valley). This capability would be useful in many applications related 

to tracers and contaminants in river valley floors. For example, contaminants are 
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present in floodplain sediment along many river channels, constituting non-point 

sources of pollution downstream. The ability to predict fluxes and concentrations 

downstream under a range of management and climatic scenarios could improve the 

, basis for decision-making in many situations, by identifying the most important con-

taminant sources and the sensitivity of each to various climatic conditions or proposed 

remediation strategies. 

For simplicity assume that there is only one absorbing state, at the downstream 

boundary ofthe model. The flux over time.fi(t) (mass/time) of a constituent into the 

absorbing state from each transient state i is 

(22) 

In this way, it is possible to compare the relative contributions from different valley 

floor sources to the downstream flux of a constituent. The total flux of the constituent 

past the downstream model boundary is 

(23) 

where Lx(t) is the last entry in L(t), which is the mass of the constituent supplied to the 

system from external sources during time t that immediately enters the absorbing state. 

Potential Model Enhancements 

This chapter presented a basic theoretical framework for analyzing the trajecto-

ries of sediment and associated chemical constituents in alluvial valley floors in steady 

state. The approach incorporates the stochastic nature of sediment movement through 

alluvial valleys, which are composed of fluvial deposits of varying mobility. Carefully 

applied, the model as presented above can provide useful information for some valleys 
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over appropriate time scales. However, the current version of the theory simplifies or 

ignores aspects of sediment routing which are important in many valley floors, includ-

ing: (1) selective transport and deposition as a result of particle size sorting; (2) 

transient conditions, in which significant changes in sediment storage cause systematic 

changes in the transition probabilities; and (3) the stochastic nature of forcing mecha-

nisms which govern the sediment budget of the valley floor. In this section I elaborate 

on each of these limitations and discuss ideas for adapting probability theory to valleys 

where these factors are significant. 

Multiple particle size classes 

In many rivers, the fate of sediment delivered to streams is largely determined 

by particle size. This effect is particularly important in gravel-bed rivers, where par-

ticle size determines the mechanism by which sediment is transported and the types of 

the deposits in which sediment can be stored. Coarse particles such as gravel are 

usually only exchanged with the channel bed. Fine particles, including sand, silt, and 

clay, generally travel suspended in the water column, and are more likely to interact 

with the floodplain. Treating all particles equally fails to capture mechanisms which 

are dominant in many rivers. Furthermore, many important environmental issues in 

rivers relate to the particle-size dependent behavior of sediment and its influence on 

fluvial and riparian ecosystems. For example, deposition of fine sediment in gravel-bed 

channels can smother spawning gravel (Cordone and Kelly 1961, Lisle 1989) and 

rearing habitat in pools, and inhibit food production from riffles (Williams and Wolman 

1984). Also, particle-bound contaminants preferentially adhere to fine-grained sedi-
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ment which is stored in large quantities within floodplain deposits (e.g., Marron 1992). 

One relatively simple way to incorporate this effect would be to subdivide 

sediment storage reservoirs by particle size. Each particle size fraction could be 

treated as a distinct transient state, with characteristic probabilities for erosion and 

subsequent deposition. In this way one could account for differential transport in 

mixed-load river channels. This approach could also be used to simulate particle 

abrasion, where it is significant, by allowing sediment transfer among transient states 

that represent particle size classes. 

Another approach which can be useful for simulating particle size sorting 

processes in rivers is to simply develop separate models (i.e., compute separate sedi-

ment budgets and transition matrices) for each particle size class of interest. The 

sediment load of a mixed-load river is often divided into the bed material load, which 

interacts with the bed, and the wash load, which is generally not found in the bed but 

can interact with the floodplain. By estimating sediment budgets for each of these two 

classes, separate transition matrices could be computed for bed material load and for 

wash load. Then the analyses presented above could be performed for both classes. 

This approach is adopted in the next chapter for simulating two particle size fractions 

in upper Los Alamos Canyon. 

Transient case 

• The steady state model presented in this chapter incorporates an important 

assumption which is not valid in many valley floors of scientific and practical interest, 

namely that the transition probability matrix remains constant over time. The basic 
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calculations in equations 4 through 8 assume that sediment fluxes and the amount of 

sediment in storage (m;) are constant when averaged over multi-year time increments. 

However, non steady-state conditions affect the erosion probabilities in at least three 

ways: (1) changing masses of sediment reservoirs lead to time varying erosion prob-

abilities (through the denominator in equation 4); (2) storage changes may alter valley 

geometry sufficiently to affect rates of sediment exchange processes such as floodplain 

sedimentation and erosion, thereby affecting the deposition probabilities (equations 5-

8); and (3) temporal and spatial variations in downstream sediment flux also affect 

deposition probabilities (equations 5-8). 

There are many applications in which it would be useful to route sediment 

through valley floors containing reservoirs which dynamically adjust to sediment 

supply and transport capacity. Fluctuations in the amount of sediment stored in some 

alluvial valleys might be an inherent property of fluvial systems in semiarid regions 

(e.g., Schumm and Hadley 1957). In upland catchments in both. humid and arid re-

gions, transient sediment storage is driven by spatial and temporal variability in sedi-

ment supply (e.g, Benda and Dunne 1997b ). Anthropogenic perturbations such as dam 

construction (Williams and Wolman 1984) and removal can produce transient condi-

tions in large river valleys. Non-steady state conditions can also be instigated by 

natural but infrequent events, such as extreme climatic events or fires. 

The transient case can be modeled by changing the entries in the transition 

matrix according to observed or predicted changes in the sediment budget. The 

Chapman-Kolmogorov equation (equation 12) does not apply in this case, but the 

205 



same results can be achieved numerically using a time-varying transition matrix. Thus 

the main task is to improve the scientific basis for quantifying changes in erosion and 

deposition rates in response to changes in sediment storage. 

This topic has recently attracted research interest. Lisle and Church (2000) 

proposed that the "sediment transport capacity" of alluvial sediment storage reservoirs 

is a unique positive function of storage volume. For example, the transport rate of 

sediment through the channel bed is significantly affected by channel gradient and 

particle size, both of which can adjust to changes in sediment storage (e.g., Dietrich et 

al. 1989). Transport-storage functions for alluvial reservoirs, constrained in field 

settings, could be used to model how the erosion probability in equation 4 would 

change over time in non-steady state river valleys. 

Quantitative relationships between sediment transport, storage, and deposition 

in alluvial reservoirs are needed to route particles through valley floors undergoing 

geomorphic changes. An important area of research is to constrain such relationships 

• in field settings. It will be relatively easy to incorporate these relationships into the 

probabilistic context proposed here. 

Stochastic nature of forcing mechanisms 

Even in the absence oflong term trends, the forcing mechanisms of fluvial 

systems are characterized by significant temporal variability (Benda and Dunne 1997a). 

The off-diagonal transition probabilities in equation 9 are likely to be larger during wet 

years than during dry years. The model presented above simulates sediment trajecto-

• ries using a long term average sediment budget. This neglects the role of interannual 
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variability and extreme events or ofhydrologic "persistence", all of which may be 

significant factors controlling sediment redistribution in valleys. 

Statistical methods referred to as hidden Markov models (Rabiner 1989) may 

offer a theoretical framework for incorporating this sort of variability into probabilistic 

modeling of particle trajectories. Hidden Markov models (HMMs) are probabilistic 

functions of Markov chains; in other words, models in •vhich the transition probabili-

ties themselves are random variables. The basic theory ofHMMs was first published 

in the late 1960s (Baum and Petrie 1966, Baum and Egon 1967), and has more re-

cently been applied to problems in machine recognition of speech. These models could 

potentially be useful for generating random particle trajectories in valleys driven by 

stochastic external forcings. Rabiner (1989) provides an excellent overview ofthe 

theory intended for researchers outside the field of mathematics. 

For the application ofHMMs to model particle trajectories in an alluvial valley 

floor, the model would be specified by the following: (1) a finite. number of 'hidden' 

or unknown states, corresponding to different event magnitudes (e.g., wet or dry years 

or small and large events); (2) the number of 'observation symbols' in each state, 

corresponding to the number of sediment storage reservoirs accessible during each 

flow event; (3) the transition probabilities among hidden states (i.e., the probability of 

each event occurring); and ( 4) the transition probabilities among observation symbols 

or sediment storage reservoirs given each event has occurred (equivalent to those 

derived from equations 1 through 8 using the sediment budget). Given these four 

pieces of information, the HMM can be used to generate random particle trajectories 
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through the valley following the steps outlined by Rabiner (1989). The statistical 

properties of the trajectories generated in this way could be analyzed to compute 

sediment residence times, the locus and duration of intermediate sediment storage, and 

the timing of delivery of sediment from alluvial valley floors. The probabilities of the 

'hidden' states could be adjusted to reflect longer term changes in climatic or water-

shed characteristics. Also, the transition probabilities among observation symbols 

could vary through time to simulate valley floors undergoing major changes in sedi-

ment storage or channel geometry. 

The primary limitation to applying more sophisticated and realistic probability 

models to landscapes is the lack of sufficient field data or geomorphic process models 

with which to estimate the terms in the sediment budget. Advances in theory and 

measurement technology are making both of these more available for many field sites. 

As the basis for modeling and measuring the sediment budget improves, it should be 

relatively simple to incorporate them into this stochastic framework. 

Conclusions 

The fate of sediment in fluvial systems is determined by the sediment budget of 

the valley floor. In this chapter I presented a theoretical framework for using probabil-

ity theory to analyze the trajectories of particles as they move through alluvial valley 

floors. The theory is parameterized using an estimate of the sediment budget of the 

valley floor. A stochastic treatment of sediment routing can be a powerful tool for a 

wide variety of scientific and management applications. Quantitative predictions of 

sediment residence time, the loci and duration of intermediate storage, and the rate of 

208 
.. 

'•'"! 

:., .·, .' ;~~1 .:..._,:· ~ '-i .·~ 

; ·/ !1'.:~·,.::(: -?:.:~· i·:( 
:, 
'i . 
' 



overturn of alluvial sediment in valley floors emerge directly from the information in 

the sediment budget using equations presented above. I also presented simple equa-

tions for accounting for the redistribution and decay of particle-bound constituents, 

such as tracers, contaminants, and nutrients, which are often associated with sediment 

in fluvial environments. 

The equations developed in this chapter assume the valley is in steady state, in 

the sense that volume and distribution of sediment in the valley floor do not undergo 

significant changes over time. Many field sites can be identified for which the steady 

state condition is a reasonable approximation. In these places the theory is relatively 

simple to apply, given an adequate conceptual model of sediment transfer in the valley, 

and reasonably accessible field data. However, there is widespread interest in the fate 

of sediment within valley floors undergoing major geomorphic change as a result of 

climatic or anthropogenic perturbations. In theory, probabilistic models can be used to 

simulate such situations, and I have proposed several possible techniques. In practice, 

applications of this sort are limited by insufficient data or models of transient geomor-

phic processes. As the quantitative understanding of fluvial processes improves, the 

theory of stochastic processes can offer powerful tools for examining how alluvial 

valleys regulate sediment delivery from watersheds. 
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Notation used in Chapter 3 

(units of quantity noted in parentheses: M- mass, L -length, T- time) 

State space, e''ents, and transition probabilities 

A Set of all the absorbing states in state space. 

a Number of absorbing states in A. 

B Set of all the transient states in state space. 

Br Subset of B which is located in reach r. 

b Number of transient states in B. 

Ei The event that a particle is eroded from i. 

D; The event that a particle is deposited inj. 

g;(t) Probability that a particle reaches the absorbing state at timet (i.e., the 

P(E;) 

P(D;IEJ 

pij 

I 

p 

transit time mass density at time t) 

The event that a particle is transported out of reach r 

Probability per unit time that event E; occurs. 

Probability per unit time that event D1 occurs, given that E; occurred. 

Probability that a particle moves from ito j in an increment of time. 

Set of all states in state space(= A +B). 

Identity matrix. 

Matrix ((b+a) x (b+a)) containing transition probabilities Pu among all 

states in state space W 

.· 
:t 

·:<- . .. ... 
•. f.'. ~ 

: ', ... 
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Ps Submatrix ofP (b x b) containing only the transition probabilities from 

transient states to transient states. 

S The fundamental matrix ( = (1- P8)-I ). 

siJ The expected length of time a particle starting in i will spend in transient 

state j before reaching the absorbing state. 

:Masses, concentrations, and fluxes 

C(t) Row vector (1 x b) containing the concentration of a constituent in all the 

transient storage reservoirs at timet. 

c;(t) Concentration of stable constituent on sediment in state i at time t (MIM). 

X;(t) Concentration of constituent which decays on sediment in state i at time t 

(M/M). 

F(t) Flux of constituent from all transient states into the absorbing state at time 

t. 

Ji(t) Flux of constituent from transient state i into the absorbing state at timet. 

h;(t) Sediment flux from unit i into the absorbing state at time t (MIT). 

H;(t) Cumulative sediment flux from all the sediment reservoirs into the 

absorbing through time t (M). 

k(t) Time-varying influx of a constituent into a reach from a tributary (M) 

L(t) Row vector [1 x (b+a)] containing the amount of constituent which enters 

the valley floor from external sources at timet and is immediately 
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deposited in the transient and absorbing states (M/T). 

Mi Row vector (1 x b) containing the masses of sediment in each of the 

transient sediment storage reservoirs. 

mi Mass of sediment stored in transient state i (M). 

QE; Rate of sediment erosion from transient state i (MiT). 

QD; Rate of sediment deposition into transient state i (MIT). 

Q Sediment flux rate at downstream boundary of reach r (MIT). 
0, 

W(t) Row vector (1 x (b+a)) containing the inventory of a constituent in all the 

sediment storage reservoirs (including the absorbing state) at timet. 

w/t) Inventory of a constituent (mass times concentration) in state i at time t. 

Subscripts and superscripts 

i "From" reservoir. 

j "To" reservoir. 

n Number of reaches in model. 

t Time units. 

X Index of the absorbing state. In the case where there is only one absorbing 

state (the downstream boundary), a = 1 and x = b + 1. 

Abbreviations of statements 

i E S State i is an element within spaceS. 

Space Sx is a subset of space S. 
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EnF The intersection of events E and F. 
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Chapter 4. Sediment and Contaminant Migration Through Upper Los Alamos 

Canyon 

Summary 

This chapter examines the trajectories of sediment through upper Los Alamos 

(ULA) Canyon, New Mexico. The stochastic theory developed in Chapter 3 was 

tested using radioactive 137Cs discharged by the Los Alamos National Laboratory 

(LANL) as a sediment tracer. Cesium-137, which was discharged in liquid effluent 

from a facility in a tributary canyon, bound to sediment and has since been redistrib-

uted downstream by fluvial processes. The analysis considers the long term migration 

of sediment and contaminants in a small alluvial valley with an ephemeral channel and a 

narrow floodplain. Two populations of sediment are considered: a coarse fraction, 

which is transported by rolling, sliding, and saltation and is exchanged with sediment in 

the channel bed, and a fine fraction, which generally travels in suspension where it can 

be deposited on the floodplain. 

Expected particle residence time in the valley (transit time) depends on where 

the particle is initially stored, varying from 6 years in the downstream chmmel to 62 

years in the upstream floodplain. Probability distributions of particle transit times are 

right-skewed for coarse/channel sediment, and approach exponential distributions for 

fine/floodplain sediment. The time required to evacuate half the active sediment in 

ULA Canyon is 18 years. Ninety percent of the sediment currently stored in the valley 

floor is delivered to the downstream boundary in 82 years and 95% in 126 years, 

according to the calculations. 
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The model is tested by simulating the redistribution ofLANL-derived 137Cs 

between 1956 and 1997. The temporal distribution of 137Cs discharge into ULA 

Canyon was reconstructed using stratigraphic and isotopic data, and the model was 

used to compute the subsequent redistribution of this tracer in the downstream envi-

ronment. The model predicted that 513 mCi of 137Cs should be stored in the valley 

floor in 1997, which exceeds the measured inventory of 176 mCi (Reneau et al. 1998) 

by a factor of3. However, this discrepancy is relatively small compared with the total 

amount of 137Cs introduced from upstream (estimated at 6,500 mCi). The model 

reproduced the relative distribution of the 1997 I37Cs inventory throughout the valley. 

Calculations using I37Cs as a tracer illustrate the nature oflong term sediment 

migration for the two populations of sediment. Coarse sediment moves gradually 

through the valley in a wave-like fashion. In contrast, some of the fine particles move 

rapidly through the system while the trajectories of others involve long term storage in 

the floodplain. About 50% of the 137Cs which remained in the valley in 1997 is ex-

pected to decay radioactively before reaching the San Ildefonso Pueblo, located 

downstream of LANL. The model is also used to compare the relative sources of 

sediment-bound 137Cs near the LANL/San Ildefonso property boundary, and to evalu-

ate the potential influence of upstream sediment excavation on the downstream con-

taminant flux. 

The analysis demonstrates how the fate of sediment-bound contamination in 

the downstream environment is determined by the relative time scales of particle 

trajectories in the valley floor and any degradation the contaminant may undergo. The 
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residence time of sediment in alluvial valley floors depends on the rates of sediment 

exchange processes, the grain size distribution ofthe sediment in transit, and on the 

volumes of the sediment reservoirs on which these processes operate. 

Introduction 

Episodes of particle transport through valley floors alternate with temporary 

storage in fluvial deposits such as the channel bed, bars, and floodplains. The ages of 

these deposits (and therefore the residence time of sediment within them) vary over 

many orders of magnitude. Therefore the rate of downstream delivery of a particle 

entering the fluvial system depends on which deposits it moves through. The sediment 

load measured at a river cross section consists of particles which have arrived at that 

place following a range oftrajectories through the valley floor. While the trajectory of 

an individual particle is random and unpredictable, the probabilities of particle trajecto-

ries are determined by the rates ofthe geomorphic processes exchanging sediment 

among deposits and transporting it downstream. The rates of these sediment exchange 

processes, including stream bank erosion and floodplain sedimentation, vary systemati-

cally from place to place and over time due to differences in valley configuration and 

environmental variables. Thus the trajectories of particles through fluvial systems 

should be predictable, at least in a probabilistic sense. 

Understanding the nature of particle trajectories through fluvial systems is 

critical to formulating a coherent theory of how sediment is redistributed on the 

landscape. Well-documented and significant discrepancies between landscape erosion 

rates and sediment yields at downstream locations (e.g., Trimble 1974, Meade 1982) 
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clearly demonstrate that sediment is temporarily stored and subsequently remobilized 

within river valley floors. However, to date there are no generalizable theories of 

sediment delivery from watersheds. A primary obstacle to such a theory is the lack of 

a quantitative understanding oflong term sediment migration through fluvial systems. 

Human activities have loaded landscapes with a variety of environmental 

contaminants, many of which bind to soils and sediments. Anthropogenic pollutants 

such as heavy metals, agricultural pollutants, and radioactive elements are often fixed 

on sediment downstream of point sources such as mine tailings (Marron 1992) and 

liquid effluent disposal sites (Hakanson et al. 1980, Graf 1994). Anthropogenic 

radionuclides are also present in fluvial and deltaic sediment globally as a result of 

atmospheric weapons testing (Foster and Hakanson 1984). Because many environ-

mental contaminants break down through processes such as radioactive decay or 

bioprocessing, their long-term fate is controlled by the relative time scales of contami-

nant degradation and sediment residence time in the valley floor. Thus the fate of these 

pollutants in the environment is primarily determined by the trajectories of sediment 

through alluvial valley floors. 

Many particle-bound constituents preferentially adhere to fine-grained particles 

such as silt and clay, due both to their greater surface area-to-volume ratios and the 

high cation exchange capacity of clay minerals (Eisen bud 1987). Fine-grained particles 

are generally transported through rivers in suspension, and are deposited on river bars 

and floodplain surfaces during overbank flooding. Thus contaminated sediments tend 

to accumulate in floodplains adjacent to river channels. These deposits become impor-
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tant non-point sources of downstream pollution (Marron 1992) as well as local 

sources for assimilation into plants and animals. 

Particles stored in floodplains generally have long residence times compared 

with channel-stored sediment because they are Jess accessible to erosion. Thus flood-

plain construction and destruction are important mechanisms affecting the trajectories 

of particles and their pollutant load in the landscape (Dunne et al. 1998). There is 

widespread evidence that exchanges of sediment with the floodplain can be large 

relative to the total downstream sediment flux (Duysings 1985, Kesel et al. 1992, 

Dunne et al. 1998), so there is a high probability that particles will interact with the 

floodplain. 

Despite observations that sediment exchange with the floodplain is significant 

in many alluvial valleys, traditional approaches to modeling sediment transport through 

valleys have focused on in-channel processes such as sediment transport, erosion, and 

deposition. Exchanges with the floodplain are either ignored or treated qualitatively 

(Vanoni 1975). As a result, there is no scientific capability for predicting the fate of 

sediment and associated constituents residing in floodplains, even though floodplains 

contain most of the sediment and contaminants in many valley floors. 

Probability theory has been proposed as a strategy for analyzing the role of 

out-of-channel storage in the downstream routing of sediment in river valleys (Dietrich 

et al. 1982, Kelsey et al. 1987). This approach was formalized in Chapter 3. Although 

this technique has not been widely adopted, it offers considerable potential as a means 

of quantifying the role of floodplain sediment storage in the long term movement of 
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sediment through alluvial valleys. 

Probability models of sediment routing in alluvial valley floors treat the move-

ment of stored sediment as a stochastic process. The strategy is to model the trajecto-

ries of individual particles, rather than track the amount of sediment stored in fluvial 

deposits over time. This aspect of the modeling strategy is particularly well suited to 

the problem ofunderstanding the fate of sediment-bound contamination, since the fate 

of specific particles is explicitly considered. 

Although the theoretical framework for stochastic modeling of particle trajec-

tories has been established (see Chapter 3), it has yet to be rigorously tested in a field 

setting. This chapter provides a field test ofthe method, using radioactive 137Cs as a 

sediment tracer in an alluvial valley near Los Alamos National Laboratory (LANL), 

New Mexico. Sediment trajectories are modeled by computing the probable frequency 

and duration of particle storage in channels and floodplains, using the sediment budget 

estimated in Chapter 2 and the equations developed in Chapter 3. The model is used 

to predict the redistribution and radioactive decay of particle-bound 137Cs discharged 

into upper Los Alamos (ULA) Canyon over several decades. The model is tested by 

comparing the modeled distribution of I37Cs in 1997 with an independent estimate 

determined from geomorphic mapping and sampling in that year (Reneau et al. 1998). 

Calculations ofthe redistribution of I37Cs-tagged particles in ULA Canyon illustrate 

the long term migration oftwo populations of sediment in a small canyon with an 

ephemeral channel and a narrow floodplain. Sensitivity analyses are employed to 

quantify the relative influence of different geomorphic process rates on sediment and 
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contaminant residence time in the valley floor, and numerical experiments are con-

ducted to predict the impact of remediation and changing environm.ental conditions on 

the downstream delivery of sediment-bound contamination from the watershed. 

Field Area and Model Parameterization 

. Geomorphic setting 

The ULA Canyon watershed (28 km2 above its confluence with Pueblo Can-

yon) drains portions of the Jemez Mountains and the Pajarito Plateau. The watershed 

contains some sites previously used by LANL to dispose oflow-level radioactive liquid 

effluent. The most important of these contaminants from a risk perspective is 137Cs 

(Reneau et al. 1998), which binds to sediment and decays radioactively with a half-life 

of 30.2 years. The main source of 137Cs is a site in a tributary called DP Canyon 

(Figure 4.1 ). Effluent releases at that site occurred from 1952 through 1986 (Katzman 

et al. 1999). Cesium-contaminated sediment has since been dispersed throughout DP 

and Los Alamos Canyons by fluvial processes. 

The hydrology, sedimentology, and geomorphology of upper Los Alamos 

Canyon are described in more detail in earlier chapters, and only the relevant conclu-

sions are summarized here. For the purpose ofthe model, the valley below DP Can-

yon is divided into four reaches, varying in length between 0. 7 and 1.6 km (Figure 

4.1 ). The average channel gradient is 0.02, and there are no major breaks in slope 

between DP Canyon and Pueblo Canyon (Figure 4.2). Several factors determine the 

gradient through the study area, including a base level set by a basalt outcrop near the 
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Figure 4.1 Map of study area, showing locations of modeling reaches and the extent 
of the subreaches mapped as part of Los Alamos National Laboratory's Environmental 
Restoration Project (Reneau et al., 1998, and P. Drakos and others, unpublished data). 
Map also shows locations of the main source of 137Cs to the study reach, and the 
LANL property boundary. 
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Figure 4.2 Longitudinal profile along upper Los Alamos Canyon. Profile shows 

sites of modeling reach boundaries and confluences with main tributaries. 
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confluence with Pueblo Canyon (Figure 2.3) and a large bouldery deposit (dated at ca. 

1300-1650 yr b.p., Reneau and McDonald (1996)), which occupies much of the space 

in the valley floor (Figure 2.4). The active portion of the valley floor is inset into this 

unit and is usually between 5 and 20m wide, containing an ephemeral channel averag-

ing 1.9 m width. 

Sediment is stored beneath the channel bed and within floodplain deposits 

along the channel margins (Figure 4.3). While there are significant local variations in 

the texture of the channel bed, in general it is composed of particles of medium sand 

through gravel. The floodplain deposits are dominated by finer sediment, consisting of 

mostly medium sand and smaller particles (Reneau et al. 1998). The particle size 

distributions ofthe channel and floodplain correspond well with those of the bed load 

and suspended load, respectively (see Chapter 2). The distinction between the two 

types of sediment is explained and the long term fluxes of each were computed in 

Chapter 2. In summary, coarse sediment (medium sand and coarser particles) moves 

as bed load and is exchanged with the channel, while fine sediment (medium sand and 
" 

finer) is transported in suspension where it can be deposited on the floodplain. Such a 

distinct separation appears to characterize small, steep channels whereas in large 

lowland rivers much of the bed material is also suspendible (Dunne et al. 1998). 

Because these two fractions of sediment are transported by different mechanisms and 

stored in different types of deposits, I modeled the two classes of sediment as separate 

populations of particles with different trajectories through the valley floor. The dis-

tinction was particularly important in this application because I37Cs adsorbs preferen-
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Figure 4.3 Schematic cross section ofULA Canyon. In the model, channel-stored 

sediment is coarse sediment below the channel bed and the adjacent floodplain surface, 

to a probable maximum scour depth of 0.5 m (discussed in Chapter 2). Floodplain

stored sediment refers to the fine-grained layers in units mapped by Reneau et al. 

(1998) as c2 and c3. The dashed line outlines the particles whose trajectories are 

analyzed by the model; this excludes sediment in the fl/f2 units (fine sediment not 

overlying recent coarse sediment), which accounts for 10% of the mapped sediment in 

the valley floor . 
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tially onto fine sediment. The model framework is depicted in Figure 4.4, which shows 

all the possible particle exchanges which can occur in a given year. The sediment 

reservoirs are referred to as transient states, and sediment transported past the down-

stream boundary is said to have entered the absorbing state. 

Note that the model depicted in Figure 4.4 does not allow particles to move 

between the channel and the floodplain. A previous, simpler version of the model 

(Malmon et al. 2002) permitted sediment exchanges between the channel and the 

floodplain by assuming that all particles were suspendible and, once mobilized, could · 

be deposited in either the channel or floodplain. The current version of the model 

differentiates between coarse and fine sediment for the reasons noted above, and only 

allows coarse sediment to deposit in the channel and fine sediment in the floodplain. 

This conceptual model is more realistic in the sense that it differentiates between the 

two fractions of the sediment load. However, it ignores a component ofthe fine 

sediment which infiltrates into the channel bed during flow events and a component of 

coarse sediment which is deposited in the floodplain when flows are exceptionally 

large. While both of these have been noted in the field they were judged to be second-

order influences on long term sediment migration through the valley floor. Fine 

particles account for less than 15% of the channel bed sediment (Reneau et al. 1998), 

and these are probably deposited during the waning stages of flow and remobilized 

quickly during subsequent events. Coarse particles (coarse sand and larger) account 

for about 25% of the floodplain sediment (see Chapter 2). However, much of the 

coarse sediment in the floodplain may be post-depositional material mixed into flood-
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Figure 4.4. Model of particle trajectories along 4 reaches ofULA Canyon. This 
model recognizes two distinct classes of sediment: (1) coarse sediment which 
exchanges with the channel bed (via transitions cv) and (2) fine sediment which 
interacts with the floodplain (transtionsiy). This model is specified by two separate 
transition matricies, C and F. The transition probabilities, computed from the 
equations in Appendix B, are given in Table 4.2. 
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plain deposits by bioturbation (S. Reneau, LANL, pers. comm.), and travels as bed 

load after being mobilized from the floodplain. 

I assume the valley floor is in steady state with respect to sediment storage 

over time scales relevant to the analysis, namely several decades. This approximation 

greatly simplifies the analysis and reduces the amount of data necessary for parameter-

· ization. The assumption is based on (1) LANL ground photographs of the channel 

which show little change in channel morphology since the 1940s (S. Reneau, LANL, 

unpublished data); (2) observations that abandoned channel bed deposits beneath the 

floodplain lie at approximately the same elevation as the present channel bed; and (3) 

measured thicknesses of fine sediment on the floodplain are symmetrically distributed, 

as would be expected for a floodplain in steady state. This assumption is elaborated in 

Chapter 2. 

Model parameterization 

The sediment budget ofthe valley floor, computed in Chapter 2 using field data 

and simple models, is summarized in Table 4.1. The notes in Table 4.1 briefly describe 

the methodology used to obtain the estimated values. The italicized values in Table 4.1 

were used to compute the annual probabilities of particle exchange along each of the 

pathways shown in Figure 4.4. The theory underlying the derivation of transition 

probabilities is that each particle transition consists of a mobilization (or erosion) event 

and a deposition event. For reasonably well-mixed sediment reservoirs, the annual 

probabilities of erosion and deposition events can be computed from the masses of the 

sediment reservoirs and the annual rates of sediment transport and exchange, using 
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Table 4.1. Sediment Budget of Four Reaches in Upper Los Alamos Canyon 

Reach 1 Reach 2 Reach 3 Reach 4 

Reach length (km): 0.68 1.50 1.62 1.54 

Channel width 1 (m): 1.9 1.9 1.9 1.9 

Floodplain area2 (m2/km): 5600 8300 4300 3400 

Average floodplain thickness3 (m): 0.5 0.5 0.5 0.5 

'Effective' average annual scour depth 4 (m/yr): 1.6 1.6 1.6 1.6 

Vertical sedimentation rate5 (m/yr): 0.01 0.01 0.01 O.Ql 

Mass of sediment in the channel bed6 (T): 3100 9400 6200 5000 
Floodplain mass7 (T): 2000 6500 3600 2700 

Rate of channel bed erosion/deposition (T/yr): 2500 5600 6100 5000 
Overbank sedimentation rate (T/yr): 40 130 70 50 

8 Bed load (T/yr): 1100 1100 1100 1100 
8 

Suspended load (T/yr): 1100 1100 1100 1100 

Notes: 

Numerals in italics are the values used to parameterize the model 

1. Channel widths based on field survey measurements. 

2. Floodplain area is mapped c2/c3 area (m2/km) from Reneau et al. (1998) and P. Drakos and 

others (unpublished data) times reach length. Calculations assume the following 

relationships between floodplain area in modeled reaches and sampled reaches 

(sample reach locations in Figure 4.2): 
Reach 1 = LA 2 E 
Reach 2 = LA 2 FE 
Reach 3 =average of LA 3 Wand LA 3 
Reach 4 =LA 3 

3. Floodplain thickness is assumed to be equal to 0.5 m, the area-weighted average mean 

thickness of fine sediment on c2/c3 units (Reneau et al., 1998). 

4. 'Effective' annual scour depth is the annual rate of channel bed erosion/deposition (T/yr) 

divided by channel width, reach length, and bulk density of channel sediment. 

This value was computed in Chapter 2 using an empirical model of scour and fill 

computed over the probability distribution of modeled hydrographs. 

5. Vertical sedimentation rate of I cm/yr based on dendrochronological and stratigraphic 

data, supported by a simple model of overbank sediment flux discussed in Chapter 2. 

6. Assumes bulk density for channel sediment is 1.23 g/cm3 (Reneau et al., 1998). Active 

channel bed sediment reservoir is assumed to be 0.5 m thick, corresponding to 

the maximum recorded scour depth during largest flow events between 1998 and 2000 

'Mass of sediment in the channel bed' includes the sediment underlying the active 

channel bed and also the coarse sediment underlying the floodplain (see Figure 4.3). 

7. Assumes bulk density for floodplain sediment is 1.04 g/cm3 (Reneau et al., 1998) 

8. Suspended and bed loads from rating curves based on field measurements and integrated 

over the probability distribution of flow events (Chapter 2). 
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equations 1-8 in Chapter 3. Appendix B contains the equations used to compute the 

probabilities in Figure 4.4 from the values in Table 4.1. 

The transition probabilities were arranged in two matricies, C and F, corre-

sponding to coarse (channel) sediment and fine (floodplain) sediment (Table 4.2). The 

calculations in the rest ofthis chapter are based on simple manipulations of the 

matricies in Table 4.2, using equations 12-23 in Chapter 3. 

Migration of Sediment Through Upper Los Alamos Canyon 

Particle trajectories 

The amount of time a particle spends in the valley floor (before entering the 

absorbing state) is called the transit time for that particle. The expected (mean) transit 

time for all the particles in a particular deposit is the .flushing time of that deposit. 

Flushing times for the channels and floodplains in upper Los Alamos Canyon were 

computed with the fundamental matrix (Resnick 1992). The fundamental matrices for 

coarse and fine sediment, Sc and Sp are 

Sc =(I-cBti 

Sp =(1-FBtl 
(1) 

where Cs and Fs are the upper left 4x4 submatricies ofC and F (Table 4.2), consist-

ing of transition probabilities among transient states, and I is the identity matrix. 

Flushing times (Table 4.3) for coarse sediment decrease downstream, from 23 years 

(for sediment initially stored in Reach 1) to 6 years (sediment initially in Reach 4). The 

downstream decrease in flushing time is less pronounced for fine sediment. Flushing 
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Table 4.2. Transition Probabilities1 for Upper Los Alamos Canyon Model 

ParticJe location at time t+ 1 (j ): 

cl. c2. c3. c4. c5. 
Coarse Sediment (matrix C): Reach 1 Reach 2 Reach 3 Reach 4 Absorbing 

channel: channel: channel: channel: state: 

Particle location at timet (i): 1-step transition probabilities2
: 

cl. Reach 1 channel: 0.79 0.16 0.039 0.009 0.003 
c2. Reach 2 channel: 0 0.91 0.069 0.016 0.005 
c3. Reach 3 channel: 0 0 0.86 0.11 0.034 
c4. Reach 4 channel: 0 0 0 0.83 0.17 
c5. Absorbing state: 0 0 0 0 

Particle location at time t+ 1 (j_ ): 

fl. f2. f3. f4. 5. 
Fine Sediment (matrix F): Reach 1 Reach 2 Reach 3 Reach 4 Absorbing 

floodplain: floodplain: floodplain: floodplain: state: 

Particle location at timet (i): 1-step transition probabilitiei: 

fl. Reach I floodplain: 0.981 0.0020 0.0010 0.0008 0.016 
f2. Reach 2 floodplain: 0 0.982 0.0011 0.0008 0.016 
f3. Reach 3 floodplain: 0 0 0.981 0.0009 0.018 
f4. Reach 4 floodplain: 0 0 0 0.981 0.019 

5. Absorbing state: 0 0 0 0 
Notes: 
1. Transition probabilities computed using the sediment budget (Table 4.1) and equations 

in Appendix B. 
2. Probability that a particle starting in i will be in} after a single increment of time (1 year) . 
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Table 4.3. Expected Duration ofParticle Storage in Upper Los Alamos Canyon1 

Expected duration in transient states (yr): 

Coarse Sediment (matrix Sc) : 
cl. c2. c3. c4. 

Reach 1 Reach 2 Reach 3 Reach 4 
channel: channel: channel: channel: 

Particle initial location: 

cl. Reach 1 channel: 5 8 5 4 
c2. Reach 2 channel: 0 11 5 4 
c3. Reach 3 channel: 0 0 7 4 
c4. Reach 4 channel: 0 0 0 6 

Expected duration in transient states (yr): 

Fine Sediment (matrix SF) : 
fl. £2. f3. f4. 

Reach 1 Reach 2 Reach 3 Reach 4 
floodplain: floodplain: floodplain: floodplain: 

Particle initial location: 

fl. Reach 1 floodplain: 52 6 3 2 
£2. Reach 2 floodplain: 0 56 3 2 
f3. Reach 3 floodplain: 0 0 53 2 
f4. Reach 4 floodplain: 0 0 0 52 

Notes: 
I. Values computed with the fundamental matrix (see text for explanation). 
2. Flushing time for each storage reservoir, as defined in text. 
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times were computed in this way for deposits in Redwood Creek, CA (Kelsey et al. 

1987). In that study the flushing times were considerably longer (102- 104 years), 

which is to be expected because the amount of sediment stored in Redwood Creek is 

much greater than that in ULA Canyon. The computed flushing times are short for 

ULA Canyon because the annual rates of geomorphic processes are large compared 

· with the amount of sediment stored in the valley (Table 4.1 ). 

The matricies Sc and SF (Table 4.3) contain the expected amounts oftime that 

particles will spend in each of the transient states in the valley floor, starting from each 

of the deposits. Each temporary storage reservoir or fluvial deposit contains particles 

with a distribution of transit times. Because these are probably not normally distrib-

uted (Dietrich et al. (1982), Chapter 3) the flushing time may not be a sufficient indica-

tor of residence time for sediment in the valley floor. The probability distributions of 

particle transit times were computed from the Chapman-Kolmogorov equations, using 

equations 12-13 in Chapter 3 (substituting C and F for P). 

The transit time distributions for both coarse and fine sediment are strongly 

right-skewed (Figure 4.5), and become more strongly skewed for coarse sediment in 

the downstream direction (Figure 4.5a). The right tails on the distributions in Figure 

4.5a primarily reflect the influence of particles which are mobilized and then redepos-

ited one or more times before reaching the absorbing state. Particles are less likely to 

re-enter transient states as they approach the downstream boundary. 

The modal transit time for fine sediment is one year for all reaches, leading to 

transit times which are nearly exponentially distributed (Figure 4.5b ). These distribu-
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Figure 4.5 Probability density functions of particle transit time in the valley floor, and 

reservoir flushing times. Transit time is the length of time for a particle to reach the 

confluence with Pueblo Canyon, starting from a given deposit. The mean transit time 

for a sediment storage reservoir is called the flushing time of that unit. Calculated 

distributions are shown for channel sediment (a) and for floodplain sediment (b) 

currently residing in each of the four reaches. 
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tions are approximately identical in the downstream direction, reflecting the low 

probability that fine particles, once mobilized, are redeposited in the floodplain (i.e., 

low off-diagonal transition probabiEties in matrix F, Table 4.2). Figure 4.5b predicts 

that the expected transit time of floodplain sediment through ULA Canyon is about 50-

60 years, and is almost independent ofhow far upstream the particle is initially stored. 

Evacuation of valley alluvium 

It is reasonable to expect that coarse sediment stored in the channel bed is 

evacuated from the valley floor more rapidly than sediment stored in the floodplain 

deposits. The modeled rates of sediment overturn in ULA Canyon, computed using 

equations 15-16 in Chapter 3, express this hypothesis (Figure 4.6a). Nearly all the 

coarse sediment currently residing in the channel ofULA Canyon will be evacuated 

and replaced with new sediment within less than 50 years, according to the model. In 

contrast, about 25% of the fine sediment will still remain in the system after 100 years. 

Figure 4.6b is the mass-weighted total of the two curves in Figure 4.6a. The 

time required for all the particles in the active channel and floodplain to reach the 

absorbing state approaches infinity. However, half the 38,500 metric tons of sediment 

currently residing in the ULA Canyon study reaches is expected to reach the 

confluence with Pueblo Canyon in the next 18 years, 90% in the next 82 years, and 

95% in 126 years. This apparently rapid rate of sediment overturn reflects the fact that 

geomorphic process rates in ULA Canyon are high relative to the mass of sediment 

stored in the valley floor (Table 4. I). To my knowledge there are no comparable 

estimates of the time scales required for evacuation of sediment from valley floors in 
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Figure 4.6 Modeled rates of evacuation of active sediment from ULA Canyon. (a) 
Curves show the cumulative proportion of coarse and fine sediment stored in study 
reaches at time zero reaching the confluence with Pueblo Canyon over time. (b) 
Cumulative mass curve depicting the estimated timescale of sediment evacuation from 
the valley floor. T

50
, T

90
, and T

95 
refer to the amounts of time required for 50%, 90%, 

and 95% of the particles in the study reaches at time zero to reach the absorbing state . 
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other environments. However, it is reasonable to expect that rates of sediment evacua-

tion are probably several orders of magnitudes longer for lowland rivers with wide 

valleys (large sediment masses) and low gradients (relatively slower geomorphic 

process rates). 

Controls on the rate of sediment evacuation 

The time required to replace 90% of the active sediment in the valley bottom, 

T90, is used as a metric to examine the sensitivity oflong term sediment routing to the 

components in the sediment budget. If all other variables are held constant, the prob-

ability that a particular particle will be deposited decreases as the amount of sediment 

moving through the valley increases. Thus as the sediment flux increases, the resi-

dence time of sediment (and therefore T90) decreases (Figure 4.7a,b). T9o decreases by 

60% as coarse sediment flux increases over two orders of magnitude (Figure 4.7a), 

and decreases nearly 70% as fine sediment flux increases over the same range of values 

(Figure 4.7b). 

T90 is relatively insensitive to the rate of channel bed erosion, changing less 

than 20% as the 'effective' scour depth (the mass ofbed sediment mobilized and 

replaced each year by vertical erosion and deposition in the channel bed in each direc-

tion divided by the channel bed area) varies over two full orders of magnitude (Figure 

4.7c). Because the channel is in steady state, increasing the rate of channel erosion 

results in an equivalent increase in the rate of sedimentation in the channel. Therefore 

changing the rate of exchange with the channel bed in both directions increases both 

the deposition probabilities and the erosion probabilities, and the net effect on the rate 
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Figure 4. 7 Sensitivity of rates of sediment evacuation in ULA Canyon to geomorphic 
process rates. T

50
, T

90
, and T

95 
refer to the amount of time required for 50%, 90%, and 

95% of the particles in the study reaches at time zero to reach the absorbing state. The 
following values are varied over two orders of magnitude: (a) Coarse sediment flux (b) 
Fine sediment flux; (c) The 'effective' depth ofbed sediment mobilized and replaced 
each year by vertical erosion and deposition in the channel bed (see Table 4.1 ); and (d) 
The vertical rate of sedimentation on the floodplain. 
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of sediment overturn in the valley is small over the reasonable range of values. 

The rate of sediment exchange with the floodplain is the most significant factor 

determining T9o, which decreases by 85% as the sedimentation rate increases from 

0.003 to 0.7 m/yr (Figure 4.7d). Although higher sedimentation rates are accompanied 

by higher bank erosion rates (in order to satisfy the steady state assumption), higher 

rates ofbank erosion shorten the residence time of particles in floodplain deposits. 

Since the probability is low that fine sediment, once mobilized, is redeposited in the 

valley floor, increasing the rate of exchange with the floodplain significantly shortens 

the time required for sediment to exit ULA Canyon. 

The sensitivity analysis demonstrates that the rate of sediment overturn in ULA 

Canyon is most sensitive to the rate at which sediment is exchanged with the flood-

plain. Fortunately, the floodplain sedimentation rate is the best constrained parameter 

in the sediment budget: dendrochronological data, stratigraphic data, and a simple 

model of overbank sedimentation (Chapter 2) independently suggest that the vertical 

accretion rate of the floodplain in ULA is between 1 and 2 em/yr. 

Cesium-137 as a Sediment Tracer 

Reconstruction of 137 Cs discharge history from DP Canyon 

In this section I use radioactive 137Cs as a tracer to test the model and to 

examine the long term movement of sediment through the valley floor. Several sites in 

the ULA Canyon watershed have contributed radioactive contamination over the past 

half century, but the dominant source of 137Cs has been Technical Area (TA-) 21, 
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located in the DP Canyon watershed about 1 km east of the center of the present day 

Los Alamos townsite (Figure 4.1 ). Compared with the releases at TA-21, global 

atmospheric fallout has been a relatively insignificant source of 137Cs. 

Among the installations at TA-21 was an industrial wastewater treatment plant 

that discharged both radioactive and nonradioactive effluents into DP Canyon begin-

'ning in 1952 and ending around 1986 (Reneau et al. 1998). Based on Department of 

Energy records, Stoker et al. (1981, p. 29) reported a cumulative release of 18 mCi of 

137Cs (decay-corrected) at TA-21. However, recent geomorphic investigations esti-

mated current 1 37Cs inventories in DP and ULA Canyons at 105 and 186 mCi, respec-

tively (Reneau et al. 1998, Katzman et al. 1999). Therefore it appears that release 

records are incomplete and oflimited use for reconstructing a release history, other 

than to define the approximate. dates of initial release ofvarious radionuclides. Fur-

thermore, because the model requires the 137Cs input at the mouth ofDP Canyon, 

rather than at the contaminant source at TA-21, I depend on 137Cs concentrations from 

sedimentologic evidence and suspended sediment samples collected in the lower 

portion ofDP Canyon rather than on institutional estimates of contaminant release at 

the outfall. 

It was necessary to estimate the coarse and fine sediment discharge from DP 

Canyon in order to convert 137Cs concentrations to fluxes at the upstream model 

boundary. The computed fluxes of coarse and fine sediment through ULA Canyon is 

11 00 T/yr (Table 4.1 ), but sediment is supplied to the upstream end of the model from 

both DP and ULA Canyons (Figure 4.1 ). Sediment influxes from DP Canyon for 
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coarse and fine sediment were computed by integrating the sediment rating curves for 

each fraction (Chapter 2) over the synthetic distribution ofhydrographs for DP Can-

yon (see Chapter 1). The portion of the sediment flux through ULA Canyon which 

originates in DP Canyon were computed to be 550 T/yr (50%) for coarse sediment and 

900 T/yr (80%) for fine sediment. The proportion of the coarse sediment load derived 

from DP Canyon is lower than the proportion of fine sediment because all snowmelt 

runoff (which transports coarse but not fine sediment) at the DP-ULA Canyon 

confluence is assumed to originate in the ULA Canyon watershed. 

While sediment discharge from DP Canyon is treated as a constant, the 137Cs 

concentration on that sediment has changed over time in response to changing research 

activities and treatment practices at the release site. Thus the task is to reconstruct the 

concentration history of 137Cs on sediment discharged at the mouth ofDP Canyon, 

which I did by compiling data from three sources: (1) analytical data from samples 

collected by LANL's Environmental Restoration Project from fluvial deposits of 

varying age in the lower part ofDP Canyon (sampling reaches DP- 3 and DP- 4, 

Katzman et al. (1999)); (2) surveillance data collected from the channel bed by 

LANL's Environmental Safety and Health (ESH) Division, which document concentra-

tions on bed material; and (3) 137Cs concentrations on six suspended sediment samples 

collected between 1998 and 2000 by ESH and by the New Mexico Environment 

Department (NMED). 

The samples were binned by particle size distribution into two populations 

representing coarse and fine sediment. Within each of these two size classes, the 
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samples were further binned into age categories based on stratigraphic relationships 

and the ratios of isotopes which have varied over time. The details of the binning 

process are discussed further and the binned data are presented in Appendix C. The 

average and standard deviations of 137Cs concentration in these 8 bins are graphed in 

Figure 4.8. 

Cesium concentrations in sediment deposits in lower DP Canyon are character-

ized by significant variability as a result of differences in age, particle size, and the 

source areas of sampled sediment. This leads to large uncertainties around the recon- . 

structed 137Cs concentration history (Figure 4.8). The uncertainty is especially large 

for the estimate of peak 137Cs concentration on coarse sediment. These uncertainties 

inhibit a precise analysis of the success of the model in reproducing the measured 

distribution of I37Cs in 1997. Possible errors in the estimates of average sediment 

discharge from DP Canyon also contribute to uncertainties in the amount of 137Cs 

input to the model. However, the 137Cs concentration histories in Figure 4.8 and the 

estimates of sediment discharge remain the best available data for computing the input 

of the tracer into the model. The impact of the uncertainties of the 137Cs input func-

tion is discussed further in a later section. 

Temporal changes in 137Cs storage in the valley floor from 1950 to 1997 

The model can track the temporal evolution of l37Cs storage in the channels 

and floodplains ofULA Canyon, using equations 17-19 in Chapter 3. Each year the 

model partitioned the 137Cs input from DP Canyon (concentration from Figure 4.8 

times sediment discharge from DP Canyon) into the transient and absorbing states 



• 

, 

Figure 4.8 Reconstructed history of 137Cs concentration on sediment discharged from 
DP Canyon, based on data in Appendix C. (a) Cesium-13 7 concentration on coarse 
sediment; (b) Cesium-137 concentration on fine sediment. Solid lines show 
concentrations at the time sediment was discharged, corrected for radioactive decay. 
Dashed lines are one standard deviation around the mean concentrations for samples 
binned according to isotope ratios and stratigraphic relationships. Uncertainties 
around reconstructed concentrations are large due to high variability in concentrations 
in measured samples, and low sample size in some bins (Appendix C). 
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according to the distribution of deposition probabilities. For each sediment fraction, 

the inventory of 137Cs residing in each reach and in the absorbing state at timet (con-

tained in the 1 x 5 vector W(t)) was computed as 

' W(t) = W(t -I)P +L(t -1) (2) 

where W(t -1) is the 137Cs inventory in each reach and in the absorbing state at time t 

-1, Pis the relevant transition probability matrix (Cor F), and L(t- 1) is a 1 x 5 

vector containing the amount of 137Cs from DP Canyon which is immediately depos-

ited in each reach and in the absorbing state during the appropriate time step. The sum 

of L(t- 1) is equal to the total amount of 137Cs discharged at the mouth of DP Canyon 

during the increment oftime between t-1 and t (concentration from Figure 4.8 times 

sediment discharge at the mouth of DP Canyon). The entries in L(t- 1) were com-

puted by mu1tiplying the total 137Cs input for the year by the distribution of deposi-

tional probabilities downstream of the confluence with DP Canyon (see Chapter 3, 

equations 19-20). Radioactive decay of 137Cs was computed at the end of each time 

step. 

The modeled inventories of 137Cs-tagged sediment over time demonstrate 

major differences between the two modes of sediment transport (Figure 4.9). Coarse 

sediment generally moves by saltation, rolling, and sliding near the channel bed. The 

rate of sediment exchange with the channel bed is high compared with the downstream 

flux of coarse sediment {Table 4.1 ), so while the annual probability that a particle in 

the bed is mobilized is nearly or equal to one, the probability that it is redeposited in 

the bed in the same reach is also high (see Chapter 3, equations 2, 4, and 5). As a 
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Figure 4.9 Modeled 137Cs inventory over time. (a) and (b): In channel units, with and 

without radioactive decay correction. (c) and (d): In floodplain units, with and 

without decay correction. Cesium-13 7 delivered to the study reaches associated with 

coarse sediment progresses gradually downstream in a wave-like fashion, with peak 
inventories occurring in 1961, 1966, 1969, and 1973 in reaches 1-4, respectively. In 

contrast, modeled 137Cs inventories in the floodplain reflect the balance between the 
input of the contaminant from DP Canyon over time (of which a fraction is transported 

overbank), gradual bank erosion of the floodplain, and radioactive decay of the stored 
137Cs inventory. Modeled peak 137Cs inventory in the floodplain occurred about the 

same time in all four reaches (1976-1977). The time-varying inventory of 137Cs 

illustrates the implications of the estimated sediment budget on the nature oflong term 

migration of two populations of sediment through the valley floor. Coarse particles 

typically move gradually through the valley over many years, because of frequent 

interactions with the channel bed. In contrast, some fine particles move rapidly with 
very little interaction with sediment in the valley floor, while the trajectories of others 

are punctuated by long periods of storage in the floodplain. 
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result, the I37Cs bound to the coarse fraction moves downstream gradually in a wave-

like manner (Figure 4.9a,b ). Modeled peak channel I 37Cs inventories occur in 1961, 

1966, 1969, and 1973, for reaches 1 through 4, respectively. 

In contrast, only 14% ofthe fine sediment and associated I37Cs discharged 

from DP Canyon in a given year is deposited in one of the transient states before 

reaching the absorbing state. This is the case because the estimated downstream flux 

of fine sediment is large relative to the floodplain deposition rate (see Chapter 2, and 

Table 4.1 ). However, the particles which are deposited in the floodplain tend to 

remain there an average of 50 years before being remobilized (the estimated annual 

floodplain erosion rate is about 2% of the floodplain mass, Table 4.1 ). When the 

particles are finally remobilized from the floodplain, there is a small probability of 

being redeposited, either locally or in a downstream reach. Thus modeled 137Cs 

inventories in the floodplain reflect the balance between the input of the contaminant 

from DP Canyon over time, of which a fraction is transported overbank, gradual bank 

erosion of the floodplain, and radioactive decay of the stored 137Cs inventory (Figure 

4.9c,d). The modeled peak I37Cs inventories in the floodplain occur about the same 

time in all four reaches (1976-1977, Figure 4.9d). If the tracer did not decay, peak 

inventories in the floodplain would be higher and occur later (between 1982 and 1984, 

Figure 4.9c ). Reach 2 has the largest floodplain surface area (Table 4.1) and therefore 

stores the greatest amount of I37Cs on fine sediment. 

The time-varying inventory of I 37Cs illustrates the implications of the estimated 

sediment budget on the nature of long term migration of two populations of sediment 
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through the valley floor. Coarse particles typically move gradually through the valley 

over many years, because of frequent interactions with the channel bed. In contrast, 

while some fine particles move rapidly through the valley floor with little or no interac-

tion with sediment in storage, the trajectories of others are punctuated by long periods 

of storage in the floodplain. 

Comparison of modeled and measured 137Cs inventories and concentrations 

The modeled inventory estimates can be compared with the values measured by 

Reneau et al. (1998) in 1997 (Table 4.4). The model overpredicts the amount of 137Cs 

stored in ULA Canyon by a factor of3. However, the discrepancy of337 mCi be-

tween the modeled and measured inventories is small compared with the estimated 

6500 mCi which entered the valley (Table 4.5). 

The model reproduces the spatial distribution of 137Cs inventory in ULA 

Canyon reasonably well. The floodplains contain 70-80% of the 137Cs inventory in 

both the measured and modeled distributions (Table 4.4). The model also correctly 

predicts that inventories should be highest in the middle reaches (Reaches 2 and 3) in 

1997. Measured 137Cs inventories may change as a result of recent analyses of 

samples collected in locations LA 2FE and LA 3W(Figure 4.1) during summer 2001 

(S. Reneau, LANL, personal communication). Additional sampling in these areas was 

undertaken as a result of radiation surveys conducted by airborne instruments, which 

showed relatively high levels of gamma radiation in the area of model reach 2. Mod-

eled t37Cs inventories are highest in this reach (Table 4.4), and the new field data may 

reduce the discrepancy between the modeled and measured inventories. 
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Table 4.4. Measured and Modeled 137Cs Inventories in 1997 

/37 I Measured Cs Inventory - 1997 Modeled 137 Cs Inventory -1997 

Maximum Miriimum 
Modeled Modeled 

Reach Coarse/ Fine/ Coarse/ Fine/ 2 Inventory lnventorf 
Length Channel Floodplain Total Channel Floodplain Total Total Total 
(km) (mCi) (mCi) (mCi) (mCi) (mCi) (mCi) (mCi) (mCi) 

Reach I 0.68 12 29 41 5 60 65 101 29 
Reach 2 1.5 16 39 55 31 186 217 341 95 
Reach 3 1.62 18 42 60 27 101 128 202 54 
Reach 4 1.54 6 14 20 32 74 106 161 41 

Channel Floodplain Total Channel Floodplain Total Total Total 
Study Area Inventory: 52 124 176 95 420 515 805 219 

Notes: 
1. Measured inventories per unit channel length were estimated from Reneau, et al. (1998) assuming channel inventory= inventory in cl 

and floodplain inventory= c2 + c3 inventory. 'Measured' inventories corresponding to modeled reaches were computed assuming: 
Reach 1 = LA 2 E 
Reach 2 = average of LA 2E AND LA 3 
Reach 3 = average of LA 2E AND LA 3 
Reach 4 =LA 3 

2. Maximum and minimum modeled results computed using the 1-cr uncertainties on the estimated u'Cs concentration history (Figure 4.8). 
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Table 4.5. Summary ofEstimated 137Cs Discharges and Inventories Through 1997 

Notes: 

Estimated Discharges of m Cs Through 1997 (mCi): 

Estimated dischage from DP Canyon 2: 

Modeled discharge past Pueblo Canyon
3

: 

Modeled Inventory of 137 Cs in 1997 (mCi): 

Stored within upper Los Alamos Canyon 3
: 

3 Stored downstream of upper Los Alamos Canyon : 

Proportion 
of Original 

137c D. h s 1sc arge 

Mean from DP Maximum 1 

Estimate Canyon Estimate 
(mCi) _ (mCi) 

6,517 

5,382 

515 

2,830 

I 

0.83 

0.08 

0.43 

9,593 

8,031 

805 

4,260 

Amount of 137 Cs Radioactively decayed by I 9973
: 3,172 0.49 4,528 

Minumum 1 

Estimate 
(mCi) 

3,449 

2,743 

219 

1,409 

1,821 

I. Maximum and minimum modeled results computed using the 1-cr uncertainties on the estimated 137
Cs concentration history (Figure 4.8). 

2. Estimate based on reconstructed history of 137Cs concentration on DP Canyon sediment (Figure 4.8) and the computed 
average sediment discharge from DP Cyn (-1400 T/yr, see Chapter 2). 

3. Estimates based on model results . 



Measurements ofl37Cs concentration in the channel bed ofULA Canyon 

provide another source of data for testing the model. The model accurately predicts 

that I37Cs concentrations on coarse sediment are between 1 and 15 pCi/g over the 

sampled period, and that concentrations have been decreasing since the late 1970s 

(Figure 4.1 0). Within this range, the model overpredicts measured 137Cs concentra-

tions on coarse sediment in the channel bed, especially for the downstream reaches. 

The discrepancy between modeled and measured concentrations is relatively small for 

the upper reaches (Figure 4.1 Oa), suggesting that using the estimated average concen..: 

tration on coarse sediment discharged by DP Canyon (Figure 4.8a and Appendix C) is 

accurate. In the lower reaches, modeled 137Cs concentration is significantly higher and 

peaks sooner than the measured values (Figure 4.1 Ob ). This may indicate that the 

model overpredicts the rate at which coarse particles move through the upper reaches. 

I conducted a sensitivity analysis to better understand the source of the dis-

crepancy between the measured and modeled 137Cs inventories. The total137Cs 

inventory in 1997 was computed while varying each ofthe components in the sediment 

budget. These calculations were repeated for the mean, minimum, and maximum 

estimates of the 137Cs concentration on sediment discharged from DP Canyon (Figure 

4.11). 

The sensitivity analysis showed that uncertainties in the estimate of the 137Cs 

discharge history, especially for the fine fraction, may have had a greater influence on 

modeled I37Cs inventories than uncertainties in the sediment budget. Increasing the 

estimate ofthe coarse sediment flux could reduce the overestimation of the 137Cs 
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Figure 4.10 Measured and modeled 137Cs concentration on coarse sediment. 

Measured values are 11-year moving averages of concentrations on channel bed 

sediment as measured by the LANL's Envirorunental Safety and Health Division (data 

provided by S. Reneau, LANL). Modeled concentration is inventory in channel 

sediment (Figure 4.1 0) divided by channel mass (Table 4.1 ). (a) Average measured 

and modeled values for the upstream reaches; (b) Average measured and modeled 
values for the downstream reaches. 
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Figure 4.11 Sensitivity of modeled 1997 137Cs inventory to the magnitude of 
components in the sediment budget: (a) Coarse sediment flux (b) Fine sediment flux; 
(c) The 'effective' depth ofbed sediment mobilized and replaced each year by vertical 
erosion and deposition in the channel bed (see Table 4.1 ); and (d) The vertical rate of 
sedimentation on the floodplain. Dashed lines are model results computed using the 
minimum and maximum estimates of 137Cs concentration (i.e., dashed lines in Figure 
4.8) to specify the concentration history on sediment discharged by DP Canyon. The 
measured 1997 137Cs inventories (Table 4.5) are noted on each plot by a filled circle. 
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inventory on coarse sediment (Figure 4.11 a). However, no reasonable adjustments to 

the estimated geomorphic process rates could improve the discrepancy for fine sedi-

ment: the modeled 137Cs inventory on fine sediment in ULA Canyon remains larger 

than the measured value over two orders of magnitudes of variation in the sediment 

budget parameters (Figure 4.11 b,d). However, the modeled 137Cs inventories com-

puted using the lower bound estimates of the 137Cs input functions lie close to the 

measured values (Table 4.4). Thus it is reasonable to hypothesize that the main source 

of the discrepancies between the modeled and measured inventories, at least on fine 

sediment, is an overestimation of the I37Cs input into the model system. 

Influence of alluvial storage on downstream delivery of I 37 Cs 

Sediment exchange with the valley floor modulates the downstream delivery of 

sediment and contaminants. The influence of alluvial storage on downstream delivery 

of sediment-bound contamination can be illustrated by comparing the estimated con-

taminant fluxes at the upstream boundary with the modeled fluxes at the downstream 

boundary. The 137Cs flux into the absorbing state over time was computed using 

equation 2. The flux of the contaminant past the downstream boundary at time tis the 

difference between the inventory in the absorbing state (last entry in vector W) at time 

t minus the inventory at time t- 1. This flux consists of contributions derived from 

both the valley floor (last entry in the first term on the right hand side of equation 2) 

and directly from DP Canyon (last entry in the second term). 

The contaminant influx from DP Canyon is moderated downstream by ex-

changes of sediment within ULA Canyon (Figure 4.12). Sediment storage both dif-
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• 

Figure 4.12 Estimated 137Cs influx to and modeled 137Cs efflux from the study reach. 

(a) Contaminant fluxes associated with coarse/channel sediment; (b) Fluxes associated 

with fine sediment. Most of the coarse sediment entering the study reach interacts 

with the channel bed, while most of the fine sediment passes through without 

depositing in the floodplain. However, because the concentration of 137Cs on fine 

sediment is higher than on coarse sediment, and the duration of particle storage in the 

floodplain is longer than that in the channel, most of the measured 137Cs inventory in 

1997 was located in the floodplain (Table 4.5) . 
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fuses the wave of 137Cs which enters the modeled reaches and reduces the total 

amount delivered downstream, by allowing some of the contaminant to decay radioac-

tively in transit. This influence is relatively more important for coarse sediment (Figure 

4.12a) than for fine sediment (Figure 4.12b ), because coarse particles move more 

gradually through the modeled reaches. In contrast, fine sediment deposition in the 

floodplain along the 5.3 km reach between DP and Pueblo Canyons amounts to less 

than 15% of the suspended sediment flux through the valley (Table 4.1 ). Therefore 

most of the I37Cs associated with fine sediment from DP Canyon immediately reaches· 

the absorbing state. However, because the concentration of 137Cs on fine sediment is 

higher than on coarse sediment, and because the duration of particle storage in the 

floodplain is longer than that in the channel, most of the modeled and measured 137Cs 

inventories in 1997 reside in the floodplain (Table 4.4). 

Location ofDP Canyon-derived 137Cs as of 1997 

According to these calculations, only about 8% of the 13~Cs which entered 

ULA Canyon from DP Canyon after 1950 was residing there in 1997 (Table 4.5). The 

model estimates that 43% ofthe total amount ofl37Cs discharged from DP Canyon 

was stored downstream of the confluence with Pueblo Canyon (lower Los Alamos 

Canyon or the Rio Grande) in 1997, and the remaining 49% had radioactively decayed 

into daughter products. 

The total amount of 137Cs discharged from DP Canyon is estimated to have 

been between 3 and 10 Ci, on the basis of the reconstructed 137Cs concentration 

history and the estimates of coarse and fine sediment discharged from DP Canyon 
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(Table 4.5). Because an estimated 87% of the 137Cs from DP Canyon was associated 

with fine sediment, which has a low probability of depositing in the valley floor, most 

of the 137Cs discharged from DP Canyon was never stored in ULA Canyon; Thus 

future fluxes of 137Cs at the confluence with Pueblo Canyon will be relatively small 

compared with historical contaminant fluxes. 

Fate of 137Cs in upper Los Alamos Canyon 

Future 137Csjluxes and concentrations at the confluence with Pueblo Canyon 

Although most of the 137Cs which entered ULA Canyon has probably already 

left the system, there continues to be concern about the fate of the contaminant that 

remains in the channel and floodplain along the study reaches. The amount, sources, 

and timing of future contaminant fluxes from the study reaches have important man-

agement implications because the property boundary between LANL and the San 

Ildefonso Pueblo lies near the confluence with Pueblo Canyon (Figure 4.1 ). Risk 

models are used to determine whether there is an unacceptable risk to human health or 

ecosystems from 137Cs and other contaminants transported offLANL property, and 

whether remedial actions are necessary to reduce contaminant transport. Quantitative 

estimates of future 137Cs discharges can help improve these risk assessments. Also, 

examining the relative importance of upstream contaminant sources could help deter-

mine how best to allocate resources dedicated to environmental restoration. 

Graf (1994, 1996) studied the distribution of Plutonium in Los Alamos Canyon 

and modeled the transport of the contaminant on channel sediment during the 25 year 
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event. His work demonstrated that sediment-bound contamination concentrates in 

discrete reaches where sediment is deposited. However, at least two primary limita-

tions prevented his results from being used in a context related to risk and remediation: 

(1) the stated purpose of his research (Graf 1996) was to explain the present distribu-

tion of contamination in terms of geomorphic processes, not to attempt to predict the 

fate of sediment-bound contamination in the downstream environment; and (2) his 

model did not analyze the fate of floodplain-stored sediment, which contains most of 

the contamination of interest. I used the probability model to address both of these 

issues by modeling the future fate of particles stored in the valley in 1997. 

Reneau et al. ( 1998) estimated that 186 mCi of 137Cs remained in alluvial 

sediment in 1997, 176 mCi of which was residing in the channel and floodplain units 

considered in the model (the remaining 10 mCi resides in the fl/£2 units, which were 

not considered). The measured 137Cs distribution in Table 4.4 was adopted as the 

initial condition, and the model was used to compute the eventual delivery of this 

sediment at the confluence with Pueblo Canyon (Figure 4.13). Assuming historical 

sediment transport conditions prevail (i.e., using the same probability matricies C and 

F that were used in previous sections), the model predicts that 49% of the 176 mCi of 

the 137Cs associated with active sediment in the valley floor in 1997 will decay radio-

actively before reaching the confluence with Pueblo Canyon (Figure 4.13), and the 

total amount of 137Cs delivered from the valley will be 89 mCi. Of this amount, 

contaminant fluxes from the channel total 37 mCi, and contributions from the flood-

plains amount to 52 mCi. 
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Figure 4.13 Modeled fluxes of valley-derived 137Cs at the confluence with Pueblo 
Canyon. Valley-derived fluxes are defined as contamination associated with sediment 
which was stored in the study reaches in 1997 (Table 4.5). Heavy solid line is the 
modeled flux of valley-derived 137Cs over time, and the lighter solid lines show the 
relative contributions of the channel and floodplain to the total. The dashed line is the 
total flux of valley-derived contaminant computed without accounting for radioactive 
decay. Approximately 50% of the 137Cs inventory in the valley floor in 1997 is 
expected to decay radioactively before reaching the confluence with Pueblo Canyon. 
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While it is useful to model the amount of contamination which will be trans

ported past a point along a river in the future, human health and ecological risk assess

ments incorporate contaminant concentrations as opposed to absolute fluxes. Predic

tions of contaminant concentrations are required for assessments of potential future 

remediation work. Future concentrations on sediment at the confluence with Pueblo 

Canyon will be affected by contributions from sediment initially stored in the valley and 

also from future discharges from DP Canyon. Future 137Cs influx from DP Canyon is 

not known, but concentrations are assumed to decrease linearly from current values 

(see Appendix C) to zero by 2050 (Figure 4.14, dashed lines). A scenario with linearly 

decreasing fluxes is the simplest model. The choice of2050 as the date when concen

trations effectively reach zero is considered a conservative estimate, allowing the 

radioactive decay of 70% of the current 137Cs inventory in DP Canyon and the prob

able evacuation of much ofthe remainder. Predicted concentrations on sediment 

reaching Pueblo Canyon (Figure 4.14, solid lines) account for dilution by clean sedi

ment entering from ULA Canyon at the confluence with DP Canyon, and exchanges of 

sediment with the valley floor along the study reaches. Eventually, 137Cs concentra

tions are predicted to be higher downstream than upstream, due to the contribution of 

valley-floor sources. 

Relative magnitudes of different sources to the downstream flux of 137Cs 

Fluxes rather than concentrations are plotted in Figure 4.15 in order to examine 

the relative magnitude of different sources at the downstream boundary. Initially the 

flux of 137Cs on coarse sediment at Pueblo Canyon is dominated by valley-floor 
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Figure 4.14 Modeled 137Cs concentration over time on sediment discharged from DP 
and ULA Canyons. (a) Coarse sediment; (b) Fine sediment. Future 137Cs 
concentrations on DP Canyon sediment are not known, but are assumed to decrease 
linearly from current values (see Appendix C) to zero by 2050 (dashed lines). The 
modeled concentration on sediment discharged from ULA Canyon (solid lines) 
includes future contributions from DP Canyon as well as contributions from sediment 
initially stored in the study reaches in 1997. 
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Figure 4.15 Relative contributions to 137Cs flux at the confluence with Pueblo Canyon 
over time. (a) Fluxes associated with coarse sediment; (b) Fluxes associated with fine 
sediment. Heavy lines show the total modeled fluxes of 137Cs and lighter lines show 
relative contributions of valley and external sources to the total downstream flux. 
'Valley' sources refer to 137Cs which was stored on sediment in ULA Canyon in 1997. 
'External' sources refer to 137Cs discharged from DP Canyon after 1997, assuming 
concentrations decrease linearly from current values to zero in 2050. 
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sources (Figure 4.15a), but this contribution drops rapidly as the contaminant initially 

stored in the channel bed is depleted. The flux ofDP Canyon-derived 137Cs on coarse 

sediment rises gradually (reflecting the wave-like movement of coarse particles) and 

then decreases after 2030. 

The modeled flux of 137Cs on fine sediment is composed of nearly equal contri-

'butions from valley and external sources, and both are predicted to decrease over time 

(Figure 4.15b ). The concave-upward shape to the curve depicting the floodplain 

contribution mirrors the distributions of particle transit time in those deposits (Figure 

4.5). The nearly linear decrease in the curve depicting the DP Canyon contribution 

reflects the assumption that 137Cs concentrations on DP Canyon sediment decrease 

linearly until 2050. After this date, the modeled contribution from DP Canyon-derived 

sediment is small, limited to sediment which was discharged from DP Canyon after 

1997, deposited in the floodplain along the study reaches, and subsequently remobi-

lized. 

The relative magnitudes of 137Cs contributions from the different model 

reaches to the downstream over time can also be compared. Figure 4.16 shows the 

contributions of 137Cs from sediment initially stored in the eight transient states. These 

plots were computed using equations 15-21 in Chapter 3. For coarse sediment, the 

contribution to the 137Cs discharge at Pueblo Canyon depends both on the amount of 

137Cs initially stored in the channel bed (Table 4.4) and on proximity to the basin outlet 

(Figure 4.16a). Because of the amount of time required for coarse sediment to reach 

Pueblo Canyon from Reaches 1 through 3, the contributions of these reaches initially 
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Figure 4.16 Relative contributions of the four model reaches to the flux of 137Cs at the 

confluence with Pueblo Canyon over time. (a) Contributions of channels to the flux 

on coarse sediment; (b) Contributions offloodplains to the flux on fine sediment. 
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• increase over time, while the contribution from Reach 4 decreases monotonically over 

time. Reach 3 contributes the greatest amount to the 137Cs flux on coarse sediment 

because it contained the highest initial inventory and is relatively close to the 

• confluence with Pueblo Canyon. 

Distance from the outlet is a less important factor determining the 137Cs contri-

bution associated with fine sediment. Because fine sediment is transported rapidly 

• through the system after being mobilized, fluxes derived from all reaches decrease over 

time (Figure 4.16b ). The relative magnitudes of their contributions vary directly with 

• initial 137Cs inventory (Table 4.4) . 

Impact of sediment excavation 

In May, 2000, the Cerro Grande fire burned some of the headwater area of 

• ULA Canyon, increasing the risk of flooding downstream. The potential threat raised 

local concerns that large floods would cause significant erosion and downstream 

• transport of contaminated floodplain deposits in ULA Canyon. As a result, about 440 

m3 of floodplain sediment just downstream of the mouth ofDP Canyon was excavated 

and removed from the canyon. The excavation removed deposits containing the 

• highest measured 137Cs concentrations in the study area. Removal of this sediment 

was undertaken with the stated purpose of reducing contaminant transport offLANL 

property. Quantitative analyses ofthe potential downstream impact of the excavation 

• on contaminant transport were not available at the time, but the model developed in 

this chapter is well suited for analyzing this scenario. 

• The site contained approximately 16 mCi of 137Cs (Reneau et al. 1998), or 9% 
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of the estimated totall37Cs inventory in the valley floor, concentrated along a 50 m 

reach of channel in modeling Reach 1 (Figure 4.1 ). I modeled the excavation scenario 

by reducing the initiall37Cs inventory in the Reach 1 floodplain by 16 mCi and repeat-

ing the calculations. Although large fire-induced floods have occurred in other can-

yons draining the bum area, in ULA Canyon floods have been moderated by a reser-

voir located downstream of most of the affected area but upstream of the modeled 

reaches. During the first two rainfall seasons, the effect of the fire on flooding, sedi-

ment transport, and floodplain erosion in the study area was relatively minor. 

Stormflow in the study reach after the fire continued to be dominated by the urbanized 

but unburned DP Canyon watershed (as was the case before the fire, see Chapter 1), 

rather than the burned upper portion of the Los Alamos Canyon watershed. Therefore 

I used the original sediment budget to model the post-fire scenario. These calculations 

are not meant to imply that the fire had no effect on the sediment budget. Rather, the 

purpose ofthese calculations was to isolate the impact of the excavation on the con-

taminant flux, so only one variable (initial 137Cs distribution) was altered. 

The modeled contribution of valley-stored sediment to the 137Cs flux at the 

confluence with Pueblo Canyon is plotted for both scenarios in Figure 4.17. Over 

time, removing 16 mCi of 137Cs from Reach 1 reduces the total offsite transport of the 

contaminant by an estimated 8 mCi. According to these calculations, the remaining 8 

mCi of the excavated 137Cs would have decayed radioactively before leaving the study 

area. The modeled impact of the excavation on 137Cs concentrations near the LANL 

boundary is small (Figure 4.17). 
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Figure 4.17 Modeled impact of sediment excavation undertaken in summer 2000. 

About 440m3 of 137Cs-contaminated sediment (containing approximately 15 mCi of 
137Cs) was removed from the floodplain just downstream ofthe mouth ofDP Canyon. 

Calculation assumes concentration on DP Canyon sediment decreases linearly to zero 

by 2050 (Figure 4.14). These calculations indicate that the excavation should have 

minimal impact on the concentration of 137Cs on sediment leaving LANL property. 
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Impact of changing watershed conditions 

Because the model presented above assumes steady state conditions with 

respect to sediment storage, its use for anticipating the impacts of changing watershed 

conditions over time is limited. There is no reason to assume that changes in climatic 

and land cover conditions can be expected to affect each of the components in the 

sediment budget equally, and therefore such perturbations may invalidate the steady 

state assumption. Current geomorphic theory is not adequate for anticipating the 

effects of watershed perturbations on each of the components in the sediment budget 

over time. When such analyses become more realistic, they can be incorporated into 

the probabilistic framework by recomputing the transition probabilities and sediment 

redistribution iteratively rather than using the Chapman-Kolmogorov equations (Chap-

ter 3). 

In general, however, wetter climatic conditions might be expected to increase 

the rates of geomorphic processes and drier conditions are likely, to reduce geomorphic 

process rates. This statement is probably true for both erosion and deposition pro-

cesses as well as sediment transport. Thus, to the extent that rainfall may be expected 

to be proportional to geomorphic process rates, different climates may be simulated by 

changing all the components in the sediment budget by the same amount. Figure 4.18 

compares predicted sediment fluxes for conditions in which geomorphic processes are 

doubled and halved with the original calculations. The assumed concentrations on 

sediment discharged by DP Canyon were the same in all model runs, however the flux 

• of sediment from DP Canyon was allowed to vary with the assumed process rates, 
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Figure 4.18 Modeled impact of different climatic conditions on 137Cs flux over time. 
A 'wet' climate is simulated by doubling each of the geomorphic process rates in Table 
4.1, and a 'dry' climate is simulated by halving each. Concentrations on sediment 
discharged by DP Canyon were the same in all model runs, but the amounts of 
sediment entering and leaving the reach were varied. 
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leading to differences in the amount of 137Cs supplied to the study reaches, and differ-

ences in the amount delivered at Pueblo Canyon (Figure 4.18a). Under wetter condi-

tions, approximately 257 mCi of 137Cs are expected to reach the confluence with 

Pueblo Canyon, while in a drier climate the total delivery amounts to 90 mCi. 

Conclusions 

Sediment and contaminant delivery from watersheds can be strongly influenced 

by sediment exchanges within the valley floor. In this chapter, probability theory was 

employed to model the long-term migration of sediment through a small alluvial valley 

in a semiarid environment. The study area, upper Los Alamos Canyon, drains sites 

previously used by LANL to dispose of radioactive effluent. Radioactive 137Cs was 

used as a sediment tracer to test the theory over the period between 1952, when 

releases began, and 1997, when the distribution of the contaminant in active fluvial 

deposits was mapped in detail. The model was also used to examine the controls on 

sediment overturn in the valley floor, and to predict the future fate of the 137Cs-

contaminated sediment stored in the valley in 1997. Two distinct varieties of sediment 

were considered: (1) coarse sediment (medium sand and coarser), which moves as bed 

load and is exchanged with sediment stored in the channel, and (2) fine sediment 

(medium sand and finer), which travels in suspension, is exchanged with the floodplain, 

and is generally not found in large quantities in the channel bed. Coarse sediment is 

characterized by lower contaminant concentrations than fine sediment because it 

contains less surface area per unit mass. 

The model was parameterized using the sediment budget developed in Chapter 
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2. Based on model calculations, average particle transit time through the valley floor 

(flushing time) varies between 6 and 23 years for channel-stored sediment and between 

52 and 63 years for floodplain sediment. Mean particle transit time to the basin outlet 

decreases in the downstream direction. The downstream trend is more pronounced for 

coarse sediment (which is likely to be redeposited after being mobilized) than for fine 

sediment (which is less likely to enter intermediate storage after being eroded from the 

floodplain). Modeled transit time probability distributions for both types of sediment 

are strongly right-skewed. The probability distributions of particle transit times imply 

that 50% of the sediment stored in the 5.3 km-long study reach is evacuated and 

replaced by new sediment every 18 years, 90% in 82 years, and 95% in 126 years. The 

rate of sediment overturn in the valley floor is most significantly affected by the rate of 

sediment exchange with the floodplain (i.e., overbank sedimentation and bank ero-

sion). Sediment overturn is less sensitive to changes in the rates ofbed load and 

suspended sediment transport, and is nearly unaffected by the rate of erosion and 

deposition in the channel bed. 

Large uncertainties about the history of 137Cs discharge from DP Canyon 

prevent precise estimates of 137Cs discharges and fluxes. The best estimates available 

suggest that between 3 and 10 Ci of 137Cs entered the study reach between 1952 and 

1997. According to the model, only about 8% of that 137Cs remained in the valley in 

1997. About h(l.lf the remaining 137 Cs had decayed radioactively, and the remainder 

resides downstream of the study reach (in the absorbing state)- along lower Los 

t 
Alamos Canyon or in the Rio Grande valley. The model overpredicted the amount of 
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137Cs stored in the valley in 1997 by a factor of3. However, the magnitude ofthe 

discrepancy between measured and modeled 137Cs inventories (0.3 Ci) is small com-

pared with the total amount discharged from DP Canyon (3 - 10 Ci). 

The model predicts that 50% of the 137Cs currently residing in the valley floor 

will decay radioactively before leaving the valley. Future 137Cs concentrations should 

be higher on sediment leaving the valley than on sediment entering it from DP Canyon, 

because of remobilization of contaminated sediment in the valley floor. The relative 

contributions of different sources to the future 137Cs flux near the LANL/San 

Ildefonso property boundary were compared. While sediment stored in the ULA 

Canyon channel should contribute most of the 137Cs on coarse sediment, valley floor 

and upstream (DP Canyon) sources will contribute similar amounts to the total down-

stream contaminant flux on fine sediment. The model predicted that an excavation 

program conducted in summer 2000 will have little effect on reducing the delivery of 

contaminated sediment from ULA Canyon. 

Probability theory provides a simple approach to analyzing the role of sediment 

storage in modulating the downstream delivery of sediment and contaminants from 

watersheds. The theory formalizes hypotheses about the long-term movement of 

sediment through a small alluvial valley with an ephemeral channel. Contaminant fate 

in the fluvial environment is determined by the relative time scales of contaminant 

degradation and long term sediment movement through the sediment reservoirs in the 

valley floor. The rate of sediment delivery from in alluvial valleys is controlled by the 

• rates of sediment transport, deposition, and erosion, and by the masses of the sediment 
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reservoirs on which these processes operate. In ULA Canyon, the annual rates of 

geomorphic processes are large compared with the amount of active sediment stored in 

the valley, so the timescale of sediment evacuation is short, on the order of 1 OL 102 

years. In lowland river valleys, which typically store more sediment, have lower 

gradients, and respond to seasonal signals rather than discrete events, the rate of 

sediment overturn should be much slower. 
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Appendix A. Constraints on Roughness in Upper Los Alamos Canyon 

Velocity measurements during flow events in upper Los Alamos Canyon were used 

to compute the roughness coefficient, n, using the Manning equation: 

11 %' 
s72R 

u=-
n 

where u is mean flow velocity, Sis local slope, and R is the hydraulic radius. Velocity 

measurements were available from two sources: (1) Discharge estimates at two LANL-

operated flow gages, for which mean (discharge-weighted) velocity was obtained from 

current meter measurements (data provided by D. Shaull, LANL); and (2) Surface velocity 

measurements made by measuring the velocity of floats over 20m in reach LA 2E (Figure 

2.2), downstream ofDP Canyon. The surface velocity measurements were adjusted by a 

factor of0.8 (Leopold et al., 1964) to approximate the mean velocity. 
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Appendix A (continued) 

1. Velocity measurements at LANL-operated stream gages 1 

Date 
Hydraulic Radius2 

(m) 
Mean VelocitY 

(rnls) 

Gage e030, Los Alamos Canyon above DP Canyon 

Local Slope4
: 0.01 

11/12/1994 

11114/1994 

05/03/1995 

0.14 

0.11 

0.11 

0.68 

0.42 

0.78 

Gage e042, Los Alamos Canyon above Pueblo Canyon. 

Local Slope5: 0.02 

09/06/1991 0.12 0.96 

04/22/1992 0.10 0.49 

11112/1994 0.12 1.00 

05/03/1995 0.11 0.52 

07/28/1997 0.18 1.01 

Average: 

Number of 
Measurements: 
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Computed 
Rouglmess 

0.039 

0.054 

0.029 

0.036 

0.063 

0.035 

0.061 

0.045 

0.045 
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Appendix A (continued) 

2. Smface velocity measurements at reach LA 2E (Local Slope4: 0.02) 

Date 

07/14/1999 

07/14/1999 

07/18/1999 

07/18/1999 

09/14/1999 

09/14/1999 

09/14/1999 

09/14/1999 

09/14/1999 

09/14/1999 

09/14/1999 

09/14/1999 

09/14/1999 

09/16/1999 

09/16/1999 

09/16/1999 

09/16/1999 

09/16/1999 

09/17/1999 

09/17/1999 

09117/1999 

09/17/1999 

Hydraulic Radius2 

(m) 

0.19 

0.14 

0.14 

0.13 

0.23 

0.20 

0.19 

0.19 

0.21 

0.21 

0.17 

0.14 

0.09 

0.22 

0.21 

0.19 

0.18 

0.15 

0.28 

0.28 

0.25 

0.23 

Surface Velocity6 
(m's) 

2.50 

1.11 

1.67 

1.43 

1.43 

1.60 

1.60 

1.38 

1.54 

1.67 

1.21 

1.40 

1.18 

1.18 

1.25 

1.43 

1.43 

1.43 

2.22 

2.00 

1.67 

1.54 

Estirmted Mean 
Velocity7 

(m's) 

2.00 

0.89 

1.33 

1.14 

1.14 

1.28 

1.28 

1.10 

1.23 

1.33 

0.97 

1.12 

0.94 

0.94 

1.00 

1.14 

1.14 

1.14 

1.78 

1.60 

1.33 

1.23 

CoiiJluted 
Rouglmess 

0.023 

0.042 

0.028 

0.032 

0.046 

0.038 

0.036 

0.042 

0.040 

0.037 

0.045 

0.034 

0.030 

0.055 

0.050 

0.041 

0.039 

0.035 

0.034 

0.038 

0.042 

0.043 

Average: 0.039 

Number ofMeasurements: 22 
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AppendixA(continued) 

Notes: 

1. Discharge measurement notes provided by D. Shaull, LANL. Only data from flows 

greater than 0.1 m depth are included. 

2. Hydraulic radius assumed equal to mean flow depth. 

3. Discharge weighted mean velocity measured using current meter at several verticals 

across a section near gage. 

·4. From field survey, 09/14/1999. 

5. From field survey, 09/1011998. 

6. Surface velocity estimates based on velocity of a float over 20m; all measurements 

taken at location LA 2£ (Figure 2.2), downstream ofDP Canyon. 

7. Mean velocity approximated by adjusting surface velocity by a factor of0.8 (Leopold et 

al. 1964). 
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Appendix B. Computation ofTransition Probabilities in Upper Los Alamos Canyon 

'This appendix contains the equations used to derive the entries in the transition 

matricies C and F (Chapter 4, Table 4.2) were derived from the sediment budget (Chapter 

4, Table 4.1 ). The equations are based on the conceptual model of particle transfer in 

Upper Los Alamos Canyon depicted in Figure 4.4 and equations 1-8 in Chapter 3. The 

notation used below is: 

E -the event that the particle is eroded from the channel in reach r 
chr 

E -the event that the particle is eroded from the floodplain in reach r 
JPr 

D -the event that the particle is deposited in the channel in reach r 
chr 

D -the event that the particle is deposited in the floodplain in reach r 
chr 

0 -the event that the particle is transported out of reach r 
rr 

Q -the mass rate of channel bed scour in reach r (T/yr) 
scr 

Q -mass rate of channel bed fill in reach r (Tiyr) 
fillr 

Q -mass rate ofbank erosion in reach r (Tiyr) 
ber 

Q -the mass rate of overbank sedimentation in reach r (Tiyr) 
obr 

Q -the mass rate ofbed load transport (T/yr) 
bl 

M -the mass of sediment in the channel bed in reach r (T) 
chr 

M -the mass of sediment in the floodplain in reach r (T) 
fpr 

The components in the sediment budget (Q and M terms above) were derived from 

field data and modeling in Chapter 2 and are summarized in Chapter 4 (Table 4.1 ). 
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Appendix B (continued) 

Coarse sediment - Matrix C 

row 1 : reach 1 channel 

ell= (1- P(Echd)+ P(Echl)P(Dchl I Echi)= (1- Qscl )+( Qscl ) *( Qjil/1 J 
M chi M ch2 Q filll + Qbl 

'CJ2 = P(EchdP(Orii EchdP(Dchii orl)=( Qscl )*( Qbl ]*( Qfi//
2 J 

M ch2 Q filii + Qbl Q fi//2 + Qbl 

c13 =P(Ech )P(oriiEchi)P(Or210ri)P(Dch310r2)=( Qsc
1 ]*( Qbl ]* 

I . M ch2 Qfil/1 + Qbl 

( Q fil~:~ ~~ J • ( Q fi~::3Qbz J 
CJ4 = P(Ech )P(ori I Echi )P(Or2 I ordP(Or3 I or2 )P(Dch4 I Or3) = ( Qscl J * 

1 Mch2 
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AppendixB (continued) 

row 2: reach 2 channel 

row 3: reach 3 channel 
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row4: reach4 channel 

C41 =0 

c42 =0 

c43 =0 

Appendix B (continued) 

c44 = P(1- P(Ech4))+ P(Ech4)P(Dch41 Ech4)= (1- Qsc4 ) +( Qsc4 ) * ( Qfzl/
4 J 

Mch4 Mch4 Qfzl/4 +Qbl 

c45 =P(Ech4)P(Or41Ech3)=( Qsc
4 )*( Qbl J 

M ch4 Qfzl/4 + Qbl 

row 5: absorbing state- coarse sediment 

c51 = o 
cs2 =0 

cs3 =0 

cs4 =0 

css == 1 
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AppendixB (continued) 

Fine sediment- Matrix F 

row 1: reach 1 floodplain 

• 
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Appendix B (continued) 

row 2: reach 2 floodplain 

row 3: reach 3 floodplain 
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Appendix B (continued) 

row 4: reach 4 floodplain 

row 5: absorbing state- fine sediment 

fs1 == 0 

fsz ==0 

fs3 == O 

fs4 == O 

Iss == 1 
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Appendix C. Reconstruction of 137Cs Discharge History from DP Canyon 

Ths appendix contains a detailed desciption and a table of samples used to recon-

struct the concentration history on coarse and fine sediment discharged from DP Canyon 

since the mid-20th century. Discharges of 137Cs from TA-21 began in 1952; concentrations 

prior to this date are assumed to have been zero. To estimate the concentrations at subse-

quent dates, data from three sources were compiled in the table below: (1) analytical data 

from samples collected by LANL's Environmental Restoration (ER) group from fluvial 

deposits of varying age in the lower part ofDP Canyon (sampling reaches DP- 3 and DP-'-

4, [Katzman et al. 1999]); (2) surveillance data collected from the channel bed by LANL's 

Environmental Health and Safety (ESH) Division, which document concentrations on bed 

material; and (3) 137Cs concentrations on six suspended sediment samples collected be-

tween 1998-2000 by ESH and by the New Mexico Environment Department (NMED). 

The samples were sorted into four age bins, according to the dates the samples are 

known or presumed to represent. While the ESH and NMED data represent con centra-

tions of sediment in active transport at known dates, the ages of the ER samples must be 

inferred from isotopic and stratigraphic information. In addition to 137Cs, the effluent 

discharged from the wastewater plant at TA-21 contained various other radionuclides 

(including 241 Am, 238Pu, and 239,240Pu) whose relative proportions have changed over time 

as a result of changing scientific activities at TA-21. Research at TA-21 using both 241 Am 

and 238Pu apparently began around 1962, resulting in low but detectable concentrations of 

241Am and238Pu contamination in the effluent [Reneau 1999]. Major decreases in Cs/Am 

ratios in effiuent monitoring data occurred in 1978, suggesting significant increases in 241 Am 

., 
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Appendix C (continued) 

discharge around that time. Stratigraphic evidence in the Los Alamos Canyon watershed 

also documents decreasing 239,240puf238Pu ratios over time [Reneau et al. 1998], providing 

additional isotopic evidence concerning the relative ages of many samples. 

The ER samples were assigned to age bins on the basis ofCs/ Am and 239,240puf 

238Pu ratios: (1) Cs/ Am> 60 (with 239,240puf238Pu > 30) inferred to have been deposited 

during the period 1952- 1962 (average 1957); (2) 10 < Cs/ Am< 60 (with 5 < 239,240puf 

238Pu < 30), inferred to date between 1962- 1978 (average 1970); and (3) Cs/ Am< 10 

(with 239,240puf238Pu < 5), inferred to date between 1978- 1997 (average 1988). In 

general, the two isotope ratios tended to place each sample in the same age bin. However, 

in a few cases, conflicting isotope evidence was resolved using the stratigraphic context of 

the questionable sample (S. Reneau and D. Katzman, LANL, personal communication). 

In addition, because of the particle size influence on contaminant concentration, the 

samples were further binned by particle size distribution (coarse and fine facies, which are 

presumed to represent bed load and suspended load, respectively). The facies of each of 

the ER samples was reported from field estimates and confirmed from laboratory particle 

size analyses. Particle size data from the other two sources were not reported. However, 

ESH surveillance samples collected from the channel bed are reasonably assumed to 

represent the coarse facies, while the ESH and NMED suspended sediment samples are 

grouped with the fine grained sediments. 

The 137Cs concentration for each sample was adjusted to 1997 equivalent values, 

assuming the reported values represent the concentration during the year the sample was 

316 
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Appendix C (continued) 

collected (e.g., a surveillance sample collected in 1978 with 12 pCi/gwould only be 7.75 in 

1997). Finally, the 1997 values were adjusted to the average age in each bin to provide 

estimates ofl37Cs concentration in 1957, 1970, 1988, and 1998 (see table). Concentra-

tions for intermediate years are interpolated between those dates for which I 37 Cs concen-

trations have been estimated. However, extrapolating the rate of decrease between 1988-

1998 would predict a 137Cs concentration ofO pCilgin 2000, which is inconsistent with 

field evidence. In chapter 4 I assumed the 137Cs concentration will reach a value ofO pCilg 

in 2050. Although there is no quantitative basis for this assumption, it is considered to be a 

conservative estimate (50 years represents nearly two half-lives) and it does not affect the 

computed 1997 inventories used to test the model. 
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(data from various sources) 

Sample Geomorphic Sample description/ 
SampleiD date Reach Unit Facies 

FINE-GRAINED FACIES SAMPLES: 

bin 1 -inferred age between 1952- 1962 (average 1957) 
0121-97-1354 1997 DP-4 c2b 
0121-97-1355 1997 DP-4 c2b 

mean value: 
number of samples: 

bin 2- inferred age between 1962- 1978 (average 1970) 
CA21-98-0110 1998 DP-3 c3b 
CA21-98-0105 1998 DP-3 c3b 
CA21-98-0104 1998 DP-3 c3b 
CA21-98-0 I 06 1998 DP-3 c3b 
04LA-96-1 040 1996 DP-4 fl 
0121-97-1353 1997 DP-4 c2b 
CA21-98-0 131 1998 DP-4 c2b 

mean val11e: 
number of samples: 

bin 3- inferred age between 1978- 1997 (average 1988) 
CA2 I -98-0115 1998 DP-3 fl 
CA21-98-0114 1998 DP-3 fl 
0121-97-1432 1997 DP-3 c3b 
CA21-98-0 119 1998 DP-3 f2 
CA21-98-0108 1998 DP-3 c3b 
CA21-98-0109 1998 DP-3 c3b 

fine 
fine 

fine 
fine 
fine 
fine 
fine 
fine 
fine 

fine 
fine 
fine 
fine 
fine 
fine 

Decay
IJ7 

Cs cone. adjusted 
• ]]7 139 137 at t1me of Cs cone. Pu/ Cs/ 

sampling 
(pCilg) 

109 
133 

192 
85 
Ill 
2 
88 
149 
78 

64 
58 
93 
2 
10 
90 

in 1997 
138 

Pu 
241 

Am 
(pCilg) ratio ratio 

109.00 
133.00 

121 
2 

196.47 
86.98 
113.58 
2.54 
85.82 
149.00 
79.81 
102 

7 

65.49 
59.14 
93.20 
2.25 
10.64 
92.09 

49 
46 

11 
14 
22 
23 
6 
10 
5 

5 

3 
3 

75 
31 

27 
20 
19 
12 
32 
22 
12 

8 
5 
3 
2 
l 
l 

> 
"0 
"0 
~ 

= Q.. 
~· 
~ 
';;' 
0 

= s· 
= 
~ 



-···-....... ~ 
.:!!!' J.' l ~:-·. : ·~ ~.· .. .... ... ·~ .... ·~ 
·~ ......... .• : .... ·I'.• . 
:-._~, . ...," 

..... ?:~; ~ ..... 

~--

•·_._:• ... 
... :'.L·,.: 

::(::~~ .. : 

·>~-.~:.-~ .:. .. _;.... \.. 

;;::r·~r···.:.' ___ ....... 
..... ... ..;_.i~.~· ~ -~ 

~ .. -.... ··.· .. 
·.'"X ... 
:-.~--·-,·.· . .: 

.-~t-.:~ ... ·· 
--' ,-. -~ -.~. :-·-/··-,-

~-!-:~-'~ 

v.> 
........ 
\0 

Sample description/ Sample Geomorphic 
Sample ID date Reach Unit Facies 

bin 3- inferred age between 1978-1997 (average 1988)- continued 
CA21-98-0 Ill 1998 DP-3 f1 fine 
CA21-98-0 113 1998 DP-3 f1 fine 
CA21-98-0112 I998 DP-3 f1 fine 
CA21-98-0102 1998 DP-3 c3a fine 
CA21-98-0121 1998 DP-4 f1 fine 
0121-97-1350 1997 DP-4 c2a fine 
012I-97-1347 1997 DP-4 c2b fine 
CA21-98-0 149 1998 DP-4 f1 fine 
CA21-98-0 150 1998 DP-4 f1 fine 
CA2l-98-0 122 1998 DP-4 c2b fine 

mean value: 
number of samples: 

137 Cs cone. 

at time of 

sampling 
(pCilg) 

I5 
23 
19 
10 
I3 
9 
27 
4 
26 
32 

bin 4- suspended sediment samples collected between 1998-2000 (average 1999) 
automated sample1 

- 06/02/00 2000 DP-4 fine
3 

3.4 
automated sample1

- 10112/00 2000 DP-4 fine
3 

2.2 
, 3 

grab sample-- 08/13/98 1998 DP-4 fine 1.9 
grab sample2

- 10/27/98 1998 DP-4 fine
3 

3.4 
grab sample2

- I 0/27/00 2000 DP-4 fine
3 

3.91 
grab sampleL- I 0/27/00 2000 DP-4 finej 4.80 

mean val11e: 
number of samples: 

Decay-

adjusted 
JJ? Cs cone. 239 Pu/ JJ? Cs/ 

in 1997 2JB Pu 241 Am 

(pCi/g) ratio ratio 

I5.76 I 
23.02 I 
19.14 I 
10.54 3 I > I3.20 3 3 "0 
9.18 4 3 "0 

n> 

26.90 3 3 = Q., 

4.22 5 2 ~· 
26.20 2 2 ~ -32.54 3 I !') 

0 
31 = 
16 g. 

= n> c. -
3.64 5 2 

2.36 

1.94 

3.48 
4.19 

5.14 

3 
6 
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Sample description! Sample Geomorphic 
Sample ID date Reach Unit 

COARSE-GRAINED FACIES SAMPLES: 

bin 4- inferred age between 1952- 1962 (average 1957) 
0121-97-1348 1997 DP-4 c2b 
0121-97-1349 1997 DP-4 c2b 
CA21-98-0 126 1998 DP-4 c2b 

mean value: 
number of samples: 

bin 5 - inferred age between 1962 - 1978 (average 1970) 
CA21-98-0118 1998 DP-3 fl 
CA2 1-98-0 I 07 1998 DP-3 c3b 
CA21-98-0 154 1998 DP-3 c3b 
CA21-98-0 133 1998 DP-4 c2b 
CA21-98-0 151 1998 DP-4 c2b 
0121-97-1352 1997 DP-4 c2b 

mean value: 
number of samples: 

bin 6- inferred age between 1978- 1997 (average 1988) 
CA21-98-0 1 03 1998 DP-3 c3a 
ESH surveillance sample - 1978 1978 DP-4 cl 3 

ESH surveillance sample- 1979 1979 DP-4 c!J 
ESH surveillance sample- 1980 1980 DP-4 c1

3 

Decay-
137 

Cs cone. adjusted 
• 137 239 at t1me of Cs cone. Pul 137 Cs/ 

sampling in 1997 21a Pu ui Am 

Facies (pCilg) (pCilg) ratio ratio 

coarse 65.2 65.20 27 825 
coarse 80.7 80.70 39 96 
coarse 3.32 3.40 105 2 

50 > 
"0 

3 "0 
rD 

= Q.. 
~· 

coarse 2.28 2.33 19 (") 

6.5 6.65 17 18 -r;-coarse 0 
12.9 13.20 6 17 = coarse 6· coarse 11.5 11.77 9 192 c: 
6.7 6.86 21 18 rD coarse 

~ coarse 21.2 21.20 4 23 
10 
6 

coarse 10.8 11.05 2 2 
3 

12 7.75 3 coarse 
coarse3 

17 11.24 4 
3 

0 0.00 4 coarse 



-

Decay-
137 Cs cone. adjusted 

at time of 
137 Cs cone. 239 Pu! 137 Cs/ 

Sample description! Sample Geomorphic sampling in 1997 11s Pu 241 Am 
Sample ID date Reach Unit Facies (pCi!g) (pCilg) ratio ratio 

bin 6- inferred age between 1978- 1997 (average 1988)- continued 
ESH surveillance sample- 1980 1980 DP-4 c1 3 3 1.6 1.08 4 coarse 
ESH surveillance sample- 1981 1981 DP-4 cl 3 3 16 11.07 3 coarse ::sa.::.. 
ESH surveillance sample- 1982 1982 DP-4 c1 3 3 0.14 0.10 2 0 coarse 

~":-:,:·· ESH surveillance sample- 1982 1982 DP-4 cl 3 coarse3 19 13.46 4 '"~-" ·~;. 

)::-~·~:/ : ' ..... ,. ESH surveillance sample - 1984 1984 DP-4 c1 3 3 
17 12.61 3 567 > coarse 

-- ,-,-~ .. 
ESH surveillance sample - 1985 1985 DP-4 cl 3 3 

11 8.35 3 13 
"0 

a::::::r-:.1 ~- coarse "0 .-.I.- . 

cl 3 3 ttl ~ ,. .. ESH surveillance sample- 1986 1986 DP-4 coarse 0.11 0.09 3 0 = __ ....,...,~,. 
~ 1;-· . . -~ ESH surveillance sample- 1987 1987 DP-4 cl 3 3 

10.7 8.50 3 ~· .. --.:. '.. . coarse . ., .. , .. 
ESH surveillance sample- 1988 c1 3 3 (""') ::''-"'·~·~·· 1988 DP-4 coarse 5.9 4.80 4 t?' .···· w 

cl 3 coarse3 -ESH surveillance sample - 1989 0.25 0.21 178 36 f') N 1989 DP-4 0 f~ ~ .... _.. 
c1

3 coarse3 = -~- ESH surveillance sample- 1990 1990 DP-4 1.43 1.22 3 8 s· · ......... 
;_~~-;~.'. ESH surveillance sample - 1991 1991 DP-4 c13 3 0 0.00 7 coarse c: 

cl 3 3 ttl ·-- .,......_~·· ESH surveillance sample - 1992 1992 DP-4 coarse 4 3.57 4 10 Q., .• ._ -r· ---····-~ . ··~·. ESH surveillance sample - 1993 1993 DP-4 c1 3 3 
0 0.00 •• -~'t.;.:. • coarse 

" ' ~ ESH surveillance sample - 1994 1994 DP-4 cl3 3 
1.9 1.77 4 13 ·~·.·._ .. :; . coarse 

. .- ~-J~ •• "' 

c1 3 coarse3 4 8 _ .... ~~:J •• ESH surveillance sample - 1995 1995 DP-4 2.06 1.97 
ESH surveillance sample- 1995 1995 DP-4 c1 3 3 2.06 1.97 3 9 coarse 
ESH surveillance sample - 1996 1996 DP-4 c1 3 3 3.17 3.10 5 7 coarse 
ESH surveillance sample- 1997 1997 DP-4 cl

3 coarse3 
2.15 2.15 10 11 

mean value: 5 
number of samples: 23 

:_:;.~~ 
... ;J:-. 
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Decay-
137 Cs cone . atljusted 

at time of m C 139 Pul scone. 
Sample description/ Sample Geomorphic sampling in 1997 23s Pu 

Sample ID date Reach Unit Facies (pCilg) (pCilg) ratio 

bin 7 -inferred/known age between 1998 - 2000 (average 1999) 
CA21-98-0 120 1998 DP-3 cl coarse 1.03 1.05 4 
CA21-98-0 130 1998 DP-4 cl coarse 1.11 1.14 4 
ESH surveillance sample- 1998 1998 DP-4 c1 3 3 

0.12 0.12 72 coarse 
ESH surveillance sample- 1999 1999 DP-4 cl 3 3 

1.59 1.66 4 coarse 
mean value: I 

number of samples: 4 

Notes: 
I. Unpublished data provided by K. Mullen, Environmental Health and Safety, LANL, 01/04/0 I. 
2. Unpublished data provided by M. Dale, New Mexico Environment Department, 01/31/01. 
3. Metadata not provided, but inferred from available information. 

137 Cs/ 

241 Am 

ratio 
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Appendix D. Data from Crest Stage Gages 

This appendix contains peak discharge estimates from crest stage gages installed in 

Upper Los Alamos Canyon during summers 1998-1999. Gages were attached to fence 

posts along the channel margin, with the base of gage approximately 15 em above the bed. 

Gages were vertical cylinders (2" PVC pipe) containing ground cork that was floated by 

water entering the from the bottom, and a wooden dowel inside the cylinder. Peak stage 

was measured as the maximum height of cork adhering to the dowel. Data were usually 

collected immediately after the flow event or on the following day. Stages were converted 

to discharge estimates using Manning's equation at each cross section (n = 0.04, see 

Appendix A). Cross sections were surveyed at the beginning and end of each summer, and 

resurveyed after larger events judged to have affected local channel configuration. Loca-

tions of measuring sites are shown in Figure 1.1 0. 

Number Normalized 
of Standard 

Flow Estimated Meas- Deviation 

Date Location CSG 1 CSG 2 CSG 3 CSG 4 CSG 5 Discharge urements (proportion 
(cfs) of the mean) 

7/2511998 LA 1W 25 22 19 14 20 4 0.23 

7/25/1998 LA2E 44 41 33 22 18 32 5 0.36 

7/2511998 LA3 13 14 14 2 0.05 

7/28/1998 LAlW 46 54 33 44 3 0.24 

7/28/1998 LA2W 32 16 21 23 3 0.36 

7/2811998 LA2E 59 93 42 43 59 4 0.40 

7/28/1998 LA3 22 31 20 31 26 4 0.22 

7/6/1999 LA 1W 22 33 41 32 3 0.30 

7/6/1999 LA1E 13 12 11 12 3 0.08 

7/611999 LA2E 12 14 6 11 3 0.39 
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Appendix D (continued) 
Number Normalized 

of Standard 
Estimated Meas- Deviation 

Date Location CSG 1 CSG 2 CSG 3 CSG 4 CSG 5 Discharge urements (proportion 

7/8/1999 LA1E 5 7 7 
7/811999 LA2W 2 7 
7/811999 LA2E 19 20 12 

7/911999 LA1W 35 74 103 

711411999 LA1W 10 9 10 
7/14/1999 LA1E 4 6 
7114/1999 LA2E 20 19 19 

7/2111999 LA1W 12 11 11 
7/21/1999 LA1E 6 7 6 
7/2111999 LA2E 12 14 6 

8/10/1999 LA1W 24 31 26 
8/1011999 LA1E 14 16 15 
8110/1999 LA2W 10 14 
8/1011999 LA2E 22 22 25 
8/10/1999 LA3 28 20 

8/14/1999 LAIE 6 
8/14/1999 LA2W 6 
8/14/1999 LA2E 17 
8/14/1999 Ab. TA53 Dr. 10 
811411999 LA3 15 

911411999 LA 1 W 25 
9/14/1999 LA1E 19 
911411999 LA2W 15 
9114/1999 LA2E 22 
9/1411999 Ab. TA53 Dr. 16 
9114/1999 LA3 25 

7 
10 
17 
14 
14 

56 
19 
16 
21 
13 
18 

9116/1999 LA1E 4 6 
9/16/1999 LA2E 21 11 
9/16/1999 Ab. TA53 Dr. 10 12 
9/1611999 LA3 9 8 
911611999 LA1E 23 31 
9/16/1999 LA2W 23 23 
9/16/1999 LA2E 66 64 
9/16/1999 Ab. TA53 Dr. 42 41 
9/16/1999 LA3 53 41 

7 

19 
13 

46 
16 

27 

5 

21 

61 

324 

(cfs) of the mean) 

6 
5 
17 

71 

10 
5 
19 

11 
6 
11 

27 
15 
12 
23 
24 

7 
8 
18 
12 
15 

42 
18 
16 
23 
15 
22 

5 
16 
11 
9 

25 

23 
64 
42 
47 

3 
2 
3 

3 

2 
2 
3 

3 
3 
3 

3 
3 
2 
3 
2 

3 
2 
3 
3 
2 

3 
3 
2 
3 
2 
2 

3 
2 
2 
2 
3 
2 
3 
2 
2 

0.18 
0.79 
0.26 

0.48 

0.07 
0.28 
0.03 

0.05 
0.09 
0.39 

0.13 
0.07 
0.24 
0.08 
0.24 

0.09 
0.35 
0.07 
0.17 
0.05 

0.37 
0.10 
0.05 
0.14 
0.15 
0.23 

0.20 
0.44 
0.13 
0.08 
0.21 

0.00 
0.04 
0.02 
0.18 



Appendix D (continued) 

Number Normalized 
of Standard 

Estimated Meas- Deviation 

Date Location CSG 1 CSG 2 CSG 3 CSG 4 CSG 5 Discharge urements (proportion 
(cfs) of the mean) 

9/17/1999 LAIW 25 46 43 38 3 0.30 

9/17/1999 LA2E 43 54 43 47 3 0.14 

9/17/1999 Ab. TA53 Dr. 35 38 37 2 0.06 

9/18/1999 LA1E 4 8 6 2 0.47 

9/18/1999 LA2W 6 8 7 2 0.20 

9/18/1999 LA2E 17 17 24 19 3 0.21 

9/18/1999 Ab. TA53 Dr. 12 14 13 2 0.11 

9/18/1999 LA3 9 10 10 2 0.07 

Average: 0.20 
Number: 53 

1." 
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Appendix F. Suspended Sediment Samples 

Ths appendix contains the raw data from some suspended sediment samples 

collected in reach LA 2£ in flash floods during summers 1998 and 1999. Samples col-

lected during the rising limb are separated from those collected during the falling limb. 

Discharge estimates based on field readings of two staff gages, converted to discharge 

Manning's equation (n = 0.04, see Appendix A). The samples were collected using two 

methods: ( 1) using an automated pump sampler (ISCO) and (2) using a depth integrated 

(Dl) sampler (DH-48). Samples collected concurrently using these two methods were not 

found to differ significantly (see Chapter 2). 

Total mineral concentration in samples collected in 1998 were determined after 

burning off organic material, filtering, drying, and weighing samples at Los Alamos. Using 

this methodology I was only able to obtain bulk mineral concentration for each sample. 

Analyses of the samples collected during 1999 were conducted at the soils laboratory at the 

New Mexico Institute ofMining and Technology, using an optical particle size analyzer. 

Some samples have been excluded from this table for one of several reasons: (1) 

Laboratory error (silt and clay fractions were mistakenly discarded for approximately 1/3 of 

the 1999 samples); (2) Missing instantaneous discharge estimates for events sampled by 

the pump sampler at which I was not present; (3) Suspected disturbance and sampling of 

the bed material. 

The data presented in this appendix are raw laboratory data, not corrected for the 

vertical sediment concentration profile. The figures in Chapter 2 which contain data from 

these samples have been adjusted for the suspected sediment concentration profiles using 

the Rouse equation, as explained in that chapter. 
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Total 
Estimated Mineral Organic Proportion 

Sample Type of Peak 1 
Concen- Concen- Organic 

Number Sample1 
Date Time Discharge tration tration Material 

(ems) (mg/L) (mg/L) 

Samples collected during hydro graph rising limb (before first peak) 
321 DI 9/1411999 14:50 0.65 7885 852 0.10 
364 DI 9/16/1999 14:32 0.45 9782 765 0.07 
291 ISCO 8/10/1999 13:08 0.65 18996 1565 0.08 
16 ISCO 8/13/1998 19:33 0.20 14917 
69 IS CO 7/2811998 13:36 2.21 34408 

371 DI 911611999 I 5:3 I 0.25 14924 1343 0.08 
I I 8 Dl 8/2611998 18:49 0.03 4309 

Estimated Total 
Instantan- Mineral Organic Proportion 

Sample Type of 3 
Concen- Concen- Organic eo us 

Number Sample Date Time Discharge tration tration Material 
(ems) (mg!LL_ (mg/L) 

Samples collected during hydrograph falling limb (after first peak) 
5 DI 8/13/98 19:4 7 0.20 2763 
6 DI 8/I3/98 I9:52 0.14 · 2167 
7 DI 8/13/98 19:57 0.11 2239 
8 Dl 8/13/98 20:07 0.08 1820 
10 Dl 8/13/98 20:27 0.03 1237 
12 Dl 8/13/98 20:47 O.OI 832 
19 ISCO 8/13/98 19:46 0.20 2386 

Proportion of mineral fraction by size class: 

Very Med- Very Silt 

Coarse Coarse mm Fine Fine and 

Sand Sand Sand Sand Sand Clay 

0.00 0.00 0.05 0.17 0.33 0.45 
0.00 0.00 0.06 0.17 0.48 0.29 
0.00 0.00 0.10 0.26 0.60 0.05 

0.00 0.02 0.07 0.20 0.52 0.19 

Proportion of mineral fraction by size class: 

Very Med- Very Silt 

Coarse Coarse tum Fine Fine and 
Sand Sand Sand Sand Sand Clay 
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Sample 
Number 

Type of 
Sample Date Time 

Estimated Total 
Instantan- Mineral 

eo us 3 Concen-
Discharge tration 

(ems)_ _______{_!11_g/L) 

Samples collected during hydrograplt falling limb (continued) 
20 ISCO 8113/98 19:51 0.14 2206 
21 ISCO 8/13/98 19:56 0.11 1947 
50 Dl 7/28/98 13:45 1.44 11738 
56 Dl 7/28/98 17:00 0.03 618 
57 Dl 7/28/98 17:27 0.03 316 
71 ISCO 7/28/98 13:46 1.44 10649 
86 DI 8/25/98 20;27 0.08 1769 
87 
88 
89 
90 
91 
92 
93 
108 
110 
Ill 
112 
113 
114 
115 
116 
117 
137 

DI 
DI 
DI 

ISCO 
ISCO 
ISCO 
ISCO 

DI 
DI 
DI 
DI 
DI 
DI 
DI 
Dl 
Dl 

ISCO 

8/25/98 
8/25/98 
8/25/98 
8/25/98 
8/25/98 
8/25/98 
8/25/98 
8/26/98 
8/26/98 
8/26/98 
8/26/98 
8/26/98 
8/26/98 
8/26/98 
8/26/98 
8/26/98 
8/26/98 

20:32 
20:37 
20:47 
20:27 
20:32 
20:37 
20:47 
16:47 
16:53 
16:57 
17:03 
17:09 
17:17 
17:27 
17:36 
19:47 
16:52 

0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.07 
0.06 
0.06 
0.06 
0.03 
0.01 
0.08 

1638 
1360 
1108 
1752 
1618 
1052 
1452 
747 
709 
664 
555 
532 
463 
447 
401 
535 
679 

Organic Proportion 
Concen- Organic 
tration Material 
(mg/L) 

Proportion of mineral fraction by size class: 

Very 

Coarse Coarse 
Sand Sand 

Med- Very Silt 
ium Fine Fine and 
Sand Sand Sand Clay 
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Proportion of mineral fraction by size class: 
Estimated Total 

\~ :.--::-~·· Instantan- Mineral Organic Proportion Very Med- Very Silt 
·:B-, Sample Type of eous 3 

Concen- Concen- Organic Coarse Coarse tum Fine Fine and -~.:. ' .. 
'::' ~ ·- Number Sample Date Time Discharge tration tration Material Sand Sand Sand Sand Sand Clay 

(ems) (mg/L) (mg/L) 

Samples collected during hydrograpltfalling limb (continued) 
138 ISCO 8/26/98 16:57 0.08 642 
257 DI 7/14/1999 16:18 0.31 2769 409 0.13 0.00 0.05 0.09 0.09 0.15 0.62 
258 DI 7/14/1999 I6:23 0.37 2262 266 0. I I 0.00 0.04 0.11 0.24 0.34 0.29 
259 DI 7114/1999 16:28 0.40 1836 101 0.05 0.00 0.00 0.13 0.27 0.33 0.28 > 260 DI 7/14/1999 . 16:33 0.35 1284 820 0.39 0.00 0.00 0.18 0.29 0.25 0.28 "'0 
261 DI 7/14/1999 16:43 0.25 1306 175 0.12 0.00 0.08 0.20 0.23 0.24 0.24 

"'0 
(!) 

~ 262 DI 7/1411999 16:53 0.25 1517 168 0.10 0.00 0.00 0.18 0.26 0.24 0.32 c.. 
273 D1 711811999 8:45 0.22 1815 0 0.00 0.00 0.02 0.15 0.28 0.16 0.38 ~· 

~ ... Vol 274 DI 7/1811999 8:50 0.24 1440 0 0.00 0.00 0.00 0.14 0.20 0.16 0.50 -, ....... 
t"l ... Vol 

275 Dl 7/18/1999 9:00 0.18 935 0 0.00 0.00 0.00 0.08 0.11 0.10 0.72 
0 ~~ , ... --~--. ,_. 
~ > ,.__-._--

276 Dl 7118/1999 9:15 0.22 1350 0 0.00 0.00 0.00 0.15 0.13 0.14 0.58 s· ...:· c I" :::, • .. • 322 D1 9114199 14:52 0.55 4128 552 0.12 0.00 0.01 0.09 0.14 0.23 0.52 =~·;)~ ~- (!) 

323 Dl 9/14/99 14:55 0.58 3580 523 0.13 0.00 0.01 0.08 0.15 0.20 0.56 
c.. --' ,,..... ... -~- . '• -

325 DI 9/14/99 0.57 1834 106 0.05 0.00 0.02 0.20 0.16 0.17 0.45 .i-?~-... 15:05 
---··· 326 D1 9/14/99 15:10 0.58 1361 45 0.03 0.00 0.01 0.08 0.13 0.15 0.63 ---·- .. 

r ·---· 
327 Dl 9114/99 15:15 0.51 1249 

......... -y 

. - 77 0.06 0.00 0.01 0.15 0.14 0.08 0.62 
.:"'.r .... • .. - .. 

328 DI 9/14/99 15:20 0.43 1364 0 0.00 0.01 0.01 0.11 0.12 0.11 0.64 -~,.<.~·:: .. ~: 
329 Dl 9/14/99 15:25 0.42 994 60 0.06 0.01 0.05 0.07 0.09 0.11 0.67 

--~~~-'\._ ..... \ 
,' .. 330 DI 9/14/99 15:30 0.42 984 18 0.02 0.00 0.01 0.16 0.04 0.07 0.72 ... .,. 

331 Dl 9114199 15:40 0.33 1232 67 0.05 0.00 0.01 0.08 0.12 0.09 0.70 
.. ( ..:,· 

332 DI 9/14/99 15:50 0.48 1755 185 0.10 0.01 0.00 0.16 0.15 0.16 0.52 
333 Dl 9114/99 16:00 0.59 1482 51 0.03 0.01 0.00 0.14 0.16 0.14 0.55 
334 DI 9114/99 16:10 0.46 1281 152 0.11 0.01 0.05 0.09 0.11 0.13 0.61 
335 DI 9114/99 16:20 0.42 903 96 0.10 0.00 0.01 0.11 0.09 0.19 0.60 

·.::~~- .~:-
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Sample 
Number 

Type of 
Sample Date Time 

Estimated Total 
lnstantan

eous3 

Discharge 
(ems) 

Mineral 

Concen
tration 
(mg/L) 

Samples collected during hydrographfalling limb (continued) 
336 DI 9/14/99 16:30 0.42 1204 
337 DI 9/14/99 16:40 0.33 1114 
338 DI 9/14/99 16:50 0.27 1128 
339 DI 9/14/99 17:00 0.21 1059 
340 ISCO 9/14/99 15:05 0.57 2379 
341 ISCO 9/14/99 15:10 0.58 2072 
342 ISCO 9114/99 15:15 0.51 1889 
343 ISCO 9/14/99 15:20 0.43 1641 
344 ISCO 9/14/99 15:25 0.42 1819 
345 ISCO 9/14/99 15:30 0.42 1620 
347 ISCO 9114/99 15:50 0.48 1749 
348 ISCO 9114/99 16:00 0.59 I20I 
349 ISCO 9/I4/99 16:10 0.46 1I70 
350 ISCO 9114/99 16:20 0.42 9I7 
351 ISCO 9/14/99 16:30 0.42 1272 
352 ISCO 9/14/99 I6:40 0.33 1250 
353 ISCO 9114/99 16:50 0.27 I03I 
365 DI 9/16/99 14:34 0.55 5319 
366 
367 
368 
369 
370 
385 

D1 
DI 
D1 
DI 
DI 
DI 

9/16/99 
9116199 
9116199 
9/I6/99 
9/16/99 
9/16/99 

14:39 
14:44 
14:49 
14:59 
15:11 
23:00 

0.45 
0.37 
0.30 
0.29 
0.23 
0.56 

2660 
2915 
2595 
1963 
1402 
2954 

Organic Proportion 

Concen
tration 
(mg/L) 

59 
59 
123 
37 

207 
521 
Il3 
83 
33 
66 
50 
64 
87 
87 
132 
48 
58 
345 
237 
196 
273 
I22 
9I 
I39 

Organic 
Material 

0.05 
0.05 
0.10 
0.03 
0.08 
0.20 
0.06 
0.05 
0.02 
0.04 
0.03 
0.05 
0.07 
0.09 
0.09 
0.04 
0.05 
0.06 
0.08 
0.06 
O.IO 
0.06 
0.06 
0.04 

Proportion of mineral fraction by size class: 

Very 

Coarse Coarse 
Sand Sand 

Med- Very Silt 
mm Fine Fine and 

Sand Sand Sand Clay 

0.00 0.0 I 0.09 0.12 0.16 0.62 
0.00 0.01 0.09 0.08 0.18 0.64 
0.01 0.03 0.14 0.06 0.14 0.62 
0.00 0.01 0.00 0.13 0.11 0.75 
0.00 0.01 0.04 0.09 0.20 0.65 
0.00 0.00 0.10 O.I4 0.21 0.55 
0.00 0.01 0.02 0.08 O.I5 0.74 
0.00 0.01 0.00 0.07 0.19 0. 73 
0.00 0.00 0.01 0.02 O.II 0.86 
0.00 0.01 0.01 0.05 0.13 0.80 
0.0 I 0.02 0.00 0.07 0.21 0.69 
0.00 0.01 0.04 0.14 0.27 0.54 
0.00 0.01 0.02 0.13 0.23 0.61 
0.00 0.01 0.01 O.I6 0.20 0.62 
0.00 O.OI 0.02 0.11 0.15 0.7I 
0.00 O.OI 0.02 0.04 0.15 0. 78 
0.00 0.01 0.01 0.02 0.16 0.80 
0.00 0.00 0.04 0.15 0.41 0.40 
0.00 0.00 0.02 0. 14 0.4 7 0.3 7 
0.00 0.00 0.05 0.13 0.34 0.48 
0.00 0.00 0.03 0.18 0.38 0.41 
0.00 0.00 0.09 0.16 0.35 0.40 
0.00 0.02 0.11 0.24 0.25 0.38 
0.00 0.03 0.36 0.28 0.18 0.14 
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,~:~. ~~- .. · 
;_~- . . Proportion of mineral fraction by size class: 
::;~..;:: · :., Estimated Total 
{"}_~_, .'· · Instantan- Mineral Organic Proportion Very Med- Very Silt .: ... ' : • .• 1 • 3 
:~:; :· Sample Type of eous Concen- Concen- Organic Coarse Coarse mm Fine Fine and 

:- ,.
1 

Number Sample Date Time Discharge tration tration Material Sand Sand Sand Sand Sand Clay ~~~:.-~:~_·' (ems) (mg/L) (mg/L) 
~.:. 

Samples collected during ltydrographfalling limb (continued) 
386 DI 9/16/99 23:05 0.42 1953 136 0.07 0.00 0.02 0.31 0.28 0.21 0.18 
387 DI 9/16/99 23:10 0.39 1873 81 0.04 0.00 0.02 0.14 0.22 0.16 0.45 
388 DI 9/16/99 23:15 0.34 2523 99 0.04 0.00 0.01 0.18 0.20 0.13 0.48 

r''' 389 DI 9116/99 23:20 0.32 1292 81 0.06 o.oo 0.02 0.19 0.23 0.19 0.38 > 
:~c.:~:··; 390 DI 9116/99 23:25 0.29 1680 92 0.05 0.00 0.00 0.23 0.20 0.19 0.38 :g 
~ :.; · 391 DI 9/16/99 23:35 0.26 1668 0.00 0.00 0.00 0.09 0.13 0.20 0.58 ~ ._-+:-.::::··-· 392 DI 9116/99 23:45 0.22 1254 37 0.03 0.00 0.00 0.06 0.14 0.10 0.70 ~ 
~ ,..~··: ·, 393 ISCO 9/16/99 23:00 0.56 2667 160 0.06 0.00 0.00 0.16 0.16 0.23 0.45 ..... 'tl >"- .-

"..A..J -~~.:::. ,;.: ··- w 394 ISCO 9116199 23:05 0.42 2150 214 0.09 0.01 O.Ql 0.04 0.20 0.20 0.54 n .~"r.:. . w 
. o ..... :. : w 395 ISCO 9/16/99 23:10 0.39 1781 253 0.12 0.00 0.01 0.02 0.22 0.18 0.57 g_, 

"'"·7:··~ 396 ISCO 9/16/99 23:15 0.34 1671 163 0.09 0.00 O.Ql 0.01 0.17 0.19 0.62 ::S ',, ·• ·, •,. c :-s.~:? -· · 397 ISCO 9/16/99 23:20 0.32 1636 151 0.08 0.00 0.01 0.03 0.20 0.12 0.64 g_ 
-~-,v 398 ISCO 9116/99 23:25 0.29 1346 121 0.08 0.00 0.01 0.02 0.12 0.16 0.69 ..._, l~~?;.~ .... 399 ISCO 9116/99 23:35 0.26 1030 58 0.05 0.00 0.01 0.00 0.07 0.13 0.79 .. _ ~---· ~- ..... 
:-·.:~~ . . 402 01 9117/99 15:58 1.07 3961 159 0.04 0.00 0.02 0.22 0.24 0.20 0.32 :-~( $.·. .. . 403 DI 9117/99 16:04 1.07 4456 247 0.05 0.00 0.00 0.21 0.18 0.14 0.46 
,~~ __ -=-:-::-:,... 404 DI 9/17/99 16:10 1.02 2674 225 0.08 0.00 0.02 0.32 0.19 0.15 0.31 

405 DI 9/17/99 16:15 0.96 2339 102 0.04 0.00 0.02 0.17 0.19 0.18 0.44 
·-.-.. · 406 DI 9/17/99 16:22 0.80 1820 61 0.03 0.00 0.00 0.12 0.25 0.11 0.52 --.J 1 .. · 
.~;::; ... _. 407 DI 9/17/99 16:32 0.67 1645 87 0.05 0.00 0.00 0.19 0.18 0.20 0.43 

408 DI 9117/99 16:42 0.58 1421 76 0.05 0.00 0.00 0.12 0.18 0.15 0.54 
~-:~-:;;~ ... 409 DI 9/17/99 16:52 0.56 1380 78 0.05 0.00 0.00 0.16 0.12 0.13 0.59 
::,;:::·:(·· :·~ 410 DI 9/17/99 17:02 0.56 1513 86 0.05 0.00 0.03 0.21 0.21 0.16 0.39 .::.:~·'...,! : 411 DI 9/17/99 17:12 0.56 1268 63 0.05 0.00 0.01 0.15 0.14 0.17 0.52 '-:('·~·"""-:. 
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-~~~~~~:·:, ' Proportion ofmineral.fraction by size class: 
. , ·. ·:. ·: Estimated Total '--." . 

lnstantan- Mineral Organic Proportion Very Med- Very Silt 
:;-~~ 

---~, 
.J.;:A. :,. Sample Type of 3 

Concen- Concen- Organic Coarse Coarse ium Fine Fine and :: ., ~_.~ .. ~· < . eo us ... 
Number Sample Date Time Discharge tration tration Material Sand Sand Sand Sand Sand Clay .: ·~-' ·""':' 

(ems) (mg/L) (mg/L) ' . 
...... -
'\ ............ -.... ~ . '~ Samples collected during hydrographfalling limb (continuetl) .... -· -·. . ~ 

. .t-....~·.:;~ ... _;' ~-· ;\-· 412 ISCO 9/17/99 15:58 1.07 3643 479 0.12 0.00 0.02 0.10 0.21 0.22 0.45 .?- .:-~~ /.·· '• 413 ISCO 9/17/99 16:04 1.07 2593 407 0.14 0.00 0.03 0.11 0.17 0.24 0.44 
414 ISCO 9117/99 16: I 0 1.02 2229 581 0.21 0.01 0.06 0.13 0.17 0.12 0.52 
415 ISCO 9/17/99 16:15 0.96 2093 488 0.19 0.01 0.01 0.11 0.19 0.13 0.55 > 416 ISCO 9/17/99 16:22 0.80 2133 427 0.17 0.01 0.02 0.09 0.16 0.19 0.52 "0 

"0 417 ISCO 9/17/99 16:42 0.58 1481 358 0.19 0.01 0.01 0.13 0.15 0.11 0.59 ~ 

= 419 ISCO 9/17/99 17:02 0.56 1090 91 0.08 0.01 0.01 0.05 0.19 0.15 0.62 Q.. 

420 ISCO 9/17/99 17:12 0.56 1041 124 0.11 0.00 0.01 0.01 0.15 0.22 0.61 
!;<" 
"%j -UJ 
I") UJ 
0 .,!:::.. Average, rising limb samples: 15032 1131 0.08 0.00 0.01 0.07 0.20 0.48 0.24 = Number of samples: 7 4 4 4 4 4 4 4 4 s· 
c: 
~ 
Q.. 

Average, falling limb samples: 1850 165 0.07 0.00 0.01 0.11 0.16 0.19 0.54 
.._, 

Number of samples: Ill 78 79 79 79 79 79 79 79 

Notes: 
I. Dl - Depth-integrated sample, collected using DH-48 sampler while wading in the flow; ISCO - automated pump sampler, with intake 

r•~.-=-. - < 

: ... · ......,._ ..... port situated approximately I 0 em above channel bed. 
2. Peak discharges estimated for rising limb samples because flow fluctuations too rapid to define instantaneous discharge between 

the arrival of the flood bore and peak discharge. 
3. Instantaneous discharge estimated for falling limb samples as the average discharge estimate obtained from two staff gages in -~-\·;~~· .. the sampling reach (stages converted to discharge using Manning's equation). 

··.~--·;;. ... _.~ 




