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[1] Sediment storage in alluvial valleys can strongly modulate the downstream migration 
of sediment and associated contaminants through landscapes. Traditional methods for 
routing contaminated sediment through valleys focus on in-channel sediment transport but 
ignore the influence of sediment exchanges with temporary sediment storage reservoirs 
outside the channel, such as floodplains. In theory, probabilistic analysis of particle 
trajectories through valleys offers a useful strategy for quantifying the influence of 
sediment storage on the downstream movement of contaminated sediment. This paper 
describes a field application and test of this theory, using 137 Cs as a sediment tracer over 
45 years (1952-1997), downstream of a historical effluent outfall at the Los Alamos 
National Laboratory (LANL), New Mexico. The theory is parameterized using a sediment 
budget based on field data and an estimate of the 137 Cs release history at the upstream 
boundary. The uncalibrated model reasonably replicates the approximate magnitude and 
spatial distribution of channel- and floodplain-stored 137Cs measured in an independent 
field study. Model runs quantify the role of sediment storage in the long-term migration of 
a pulse of contaminated sediment, quantify the downstream impact of upstream 
mitigation, and mathematically decompose the future 137Cs flux near the LANL property 
boundary to evaluate the relative contributions of various upstream contaminant sources. 
The fate of many sediment-bound contaminants is determined by the relative timescales of 
contaminant degradation and particle residence time in different types of sedimentary 
environments. The theory provides a viable approach for quantifying the long-term 
movement of contaminated sediment through valleys. 

Citation: Malmon, D. V., S. L. Reneau, T. Dunne, D. Katzman, and P. G. Drakos (2005), Influence of sediment storage on 
downstream delivery of contaminated sediment, Water Resour. Res., 41, W05008, doi:10.1029/2004WR003288. 

l. Introduction 
[2] Chemicals in the environment commonly bind to soils 

and sediments, which are ultimately carried by rivers. The 
movement of contaminated particles through fluvial systems 
largely determines the fate of sediment-bound pollutants. 
Empirical studies over the past several decades have dem
onstrated that much of the sediment delivered to rivers 
enters short- or long-term storage in deposits such as the 
channel bed, bars, and floodplains. Floodplain storage of 
sediment in particular is recognized as an important com
ponent of the sediment budget in many fluvial systems [e.g., 
Meade, 1982; Kesel eta/., 1992; Dunne eta/., 1998]. A 
number of studies have demonstrated that floodplains can 
be dominant sources or sinks of sediment-bound contami-

nants in rivers [e.g., Grafet a/., 1991; Marron, 1992; Miller 
et a/., 1999; Coulthard and Macklin, 2003]. Temporary 
storage of sediment in alluvial sediment storage reservoirs 
must influence the downstream delivery of particle-bound 
pollution, though this effect has not been quantified. 
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[3] Despite observations that sediment exchange with 
floodplains is significant in many alluvial valleys, traditional 
approaches to routing sediment through valleys have focused 
on in-channel processes such as sediment transport, erosion, 
and deposition. Exchanges with the floodplain are usually 
ignored or treated qualitatively [Vanoni, 1975]. As a result, 
the capability for quantitatively predicting the fate of sedi
ment and associated constituents residing in floodplains is 
limited, 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 
temporary storage in the downstream routing of sediment in 
river valleys [Dietrich eta/., 1982; Kelsey eta/., 1987]. This 
approach was formalized in an earlier paper [Ma/mon eta/., 
2003], and can be parameterized using a sediment budget of 
the valley floor. This technique offers considerable potential 
as a means of quantifying the role of sediment storage in the 
long-term movement of sediment and associated contamina
tion through alluvial valleys. 

[4] The theoretical framework for stochastic modeling of 
particle trajectories has been established [Malmon et a/., 
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2003], but it has yet to be rigorously tested in a field setting. 
This paper provides a field test of the method, using the 
particle-bound radionuclide 137Cs as a sediment tracer in an 
alluvial valley at Los Alamos National Laboratory (LANL), 
New Mexico. Sediment trajectories are modeled by consid
ering the frequency and duration of particle storage in 
channels and floodplains. The probabilistic model is param
eterized using a sediment budget based on field measure
ments [Malmon, 2002; Matmon et at., 2004]. The model 
simulates the redistribution and radioactive decay of parti
cle-bound 137Cs discharged into upper Los Alamos (ULA) 
Canyon over several decades. We test the model by com
paring the modeled distribution of 137Cs in 1997 with an 
independent estimate determined for that year based on 
geomorphic mapping and sampling (based on field data 
from Reneau et at. (1998] and LANL [2004R We conduct 
numerical simulations to predict the fate of 7Cs currently 
residing in the valley, and quantify the impact of remedia
tion on the downstream delivery of sediment-bound con
tamination from the watershed. The paper concludes with a 
discussion of the extent to which this approach is transfer
able to other rivers. 

2. Field Area 
[s] The ULA Canyon watershed (28 km2 above its 

confluence with Pueblo Canyon) drains a mainly volcanic 
landscape that contains portions of the Jemez Mountains 
and the Pajarito Plateau [Smith et at., 1970]. The watershed 
(Figure 1) contains contamination resulting from point 
source discharges of low-level radioactive liquid waste. 
One of the most important of the contaminants from the 
perspective of potential human health risk is 137 Cs [Reneau 
et al., 1998], which binds to sediment and decays radioac
tively with a half-life of 30.2 years. The main source of 
137Cs was a wastewater treatment plant at LANL Technical 
Area (TA) 21 that discharged into DP Canyon, a major 
tributary to ULA Canyon at the head of the study reach 
(Figure 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. 

[6] For the purpose of the model, the Los Alamos 
Canyon valley below DP Canyon is divided into four 
reaches, varying in length between 0.7 and 1.6 km 
(Figure I). The average channel &rradient in these reaches is 
0.02, and there are no major changes in gradient. Several 
factors influence valley geometry in the study area, including 
a base level set by basalt outcrops near the confluence with 
Pueblo Canyon and a large bouldery deposit (dated at circa 
1300-1650 A.D. by Reneau and McDonald [1996)) that 
occupies much of the space in the valley floor. The active 
portion of the valley floor is inset into the bouldery unit and is 
usually between 5 and 20 m wide, containing an ephemeral 
channel averaging 1.9 m wide (Figure 2). 

[1] Sediment is stored beneath the channel bed and 
within floodplain deposits along the channel margins 
(Figure 2b ). 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 
(particles with diameter 0.25 mm or larger). The flood
plain deposits are dominated by finer-grained sediment, 
generally consisting of medium sand and finer particles 

(particles smaller than 0.5 mm) [Reneau et ai,; 1998]. 
The particle size distributions of the channel arid flood
plain correspond well with those of the bed load and 
suspended load, respectively [Malmon et ar; 2004). 
Because these two components of the sediment load are 
generally supplied from different sources, transported by 
different mechanisms, and stored in different cypes of 
deposits, the model treats the two classes of sediment as 
separate populations of particles with different i:rnjectories 
through the valley floor. The distinction is also ifuportant 
because 137Cs adsorbs preferentially onto fine sediment. 

3. Model Development and Parameterization 
3.1. Conceptual Model 

[ s] The trajectory of a particle through the fluvial system 
consists of a series of short-duration hops separated by 
periods of temporary storage in sediment storage reservoirs 
such as channel bars and floodplains. Each of ihese hops 
has an annual probability called the transition probability. 
For reasonably well mixed sediment reservoirs, Mdlmon et 
a/. [2003] show how the transition probabilities can be 
computed from (I) the masses of the sediment reservoirs, 
and (2) the annual rates of downstream sediment i.tansport 
and exchange among the temporary storage reservoirs. 
Collectively, these two sets of quantities are knoWh as the 
sediment budget of a valley floor [Dietrich et at., 1982] and 
can be estimated using a variety of empirical and theoretical 
methods [e.g., Reid and Dunne, !996]. For the sake of 
brevity, the equations for computing and anaiyzing the 
transition probabilities are not included in this paper. For 
a more thorough explanation of the theory, we refer the 
reader to the original paper [Malmon et at., 2003]. 

[9] The model framework developed for ULA Canyon 
is depicted in Figure 3, which shows all the possible 
particle exchanges that can occur in a given year. The 
sediment reservoirs are referred to as transient states, and 
sediment transported past the downstream boundary is said 
to have entered the absorbing state. The model shown in 
Figure 3 does not allow particles to move betWeen the 
channel bed and the floodplain, reflecting the interpretation 
by Malmon et at. [2004] that the sediment load is 
partitioned into two distinct fractions that are transported 
by different mechanisms and stored in distinct locations. A 
previous, simpler version of the model [Malmoh et at., 
2002] permitted sediment exchanges between the channel 
bed and the floodplain by assuming that all parlicies were 
suspendible and, once mobilized, could be deposited in 
either the channel or floodplain. The current veniion of the 
model only allows coarse sediment to deposit in the 
channel and fine sediment in the floodplain. This concep
tual model is more realistic because it differentiates 
between the two fractions of the sediment load for the 
reasons noted above. 

[10] The model depicted in Figure 3 ignores a component 
of the fine sediment in the channel bed and a component of 
coarse sediment in the floodplain. While both of these have 
been noted in the field they were judged to be seeofid-order 
influences on long-term sediment migration through the 
valley floor. Fine particles (<0.25 mm) account for less 
than 15% of the channel bed sediment [Reneau et ai,, 1998]; 
these are probably deposited during the waning stages of 
flow and remobilized quickly during subsequent events, and 
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.-------------Transient States----------, 

Css(P=1) 0 Transported Past 
Pueblo Canyon 

(Absorbing State) 

Transient States 

0 f55 (P=1) 

W05008 

Figure 3. Model of particle trajectories through four reaches ofULA Canyon. This model recogniZes 
two distinct classes of sediment: (I) coarse sediment, which can be exchanged with the channel bed (via 
transitions c;;), and (2) fine sediment, which interacts with the floodplain (transitions /y). The model Is 
specified by two separate transition matrices, C and F (Tables 2a and 2b). The transition probabilities P;; 
can be computed from the values in the sediment budget (see text for explanation). 

[Malmon, 2002, p. 98]. While the steady state assumption 
may be valid locally and in many other field areas, it is an 
important condition that limits the ability of the model to be 
used without modification in many other settings, such as 
aggrading rivers. Malmon eta/. [2003, pp. 540-541] further 
discuss the possibility of adapting the approach to transient 
sediment storage conditions. 

3.2. Sediment Budget 

The sediment budget considers sediment storage in two 
reservoirs (the channel and the floodplain), along four 
contiguous reaches of valley floor. Two distinct transport 
mechanisms were quantified for the coarse- and fine
sediment fractions using relationships based on field data 
collected from flash floods during the summer monsoon 
season [Malmon et a/., 2004]. These relationships were 
integrated over a probability distribution of hydrographs 
(derived from rainfall-runoff modeling calibrated to basin 
hyetographs and hydrographs [Malmon, 2002]) to deter
mine the long-term average fluxes of coarse and fine 
sediment. The sediment budget also contains rates of 

[12] The sediment budget of the valley floor, computed 
by Malmon [2002] and Malmon et a/. [2004] using field 
data and simple process models, is summarized in Table I. 
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Table 1. Estimated Sediment Budget of Upper Los Alamos Canyon 

Mass of sediment in the channel bed," t 
Floodplain mass,b t 
Rate of channel bed erosion/deposition; tfyr 
Rate of overbank sedimentation/bank erosion,d t/yr 
Bed load; t/yr 
Suspended load,< t/yr 

Reach I 

3100 
2000 
2500 
40 

1100 
1100 

Reach 2 

9400 
6500 
5600 
130 
1100 
1100 

Reach 3 

6200 
3600 
6100 

70 
1100 
1100 

Reach 4 

5000 
2700 
5000 
50 

1100 
1100 

"Assumes bulk density for channel sediment is 1.23 g/cm3
, based on data from Reneau eta/. (1998]. Active channel is assumed to be 

0.5 m thick, corresponding to lhe approximate maximum deplh of scour during lhe largest observed flow events, measured using scour 
chains from 1998 to 2000. Active coarne sediment in channel bed is assumed to extend benealh lhe floodplain to an average depth of0.5 rh 
(see figure 2b). 

b Assumes bulk density for floodplain sediment is 1.04 g!cm3
, based on data from Reneau et a/. ( 1998]. Active floodplain area i~ the 

area mapped as c2 and c3 by Reneau eta/. (I 998] and LANL (2004]. Floodplain lhickness is assumed to be 0.5 m, lhe area-weigliied 
average mean thickness of fine sediment on units mapped as c2 and c3 in sampling reaches LA-2 East and LA-3 [Reneau eta/., 1998}. 

"Refers to the modeled annual rate of channel bed erosion and deposition (they are equal to one another because channel is neither 
aggrading or degrading and therefore assumed to be in steady state). This value was computed by Malmon (2002] using an empirical 
event scour model based on scour chain data and integrated over the probability distribution of modeled hydro graphs. 

"Based on a vertical sedimentation rate of I cm/yr, derived from dendrochronological and stratigraphic data (Reneau et a/., 1998; 
LANL, 2004], and an overbank sedimentation model applied to the probability distribution of flow [Malmon, 2002]. Mass rate of bank 
erosion is assumed to be equal to the floodplain sedimentation rate based on lhe steady state assumption (see text for explanation). 

e Annual suspended and bed load fluxes from rating curves based on field measurements during thunderstorm-generated flash floods 
and integrated over lhe probability distribution of flow events [Malmon eta/., 2004]. 

exchange between the flow and the floodplain (by overbank 
sedimentation and bank erosion) and between the flow and 
the channel bed (by vertical scour and fill of the bed). The 
notes in Table I briefly describe the methodology used to 
obtain the estimated values. 

[ tJ] The transition probabilities were computed from the 
values in Table I using previously published equations 
[Matmon et at., 2003]. The transition probabilities were 
arranged in two matrices, C and F (Tables 2a and 2b ), 
corresponding to coarse (channel) sediment and fine (flood
plain) sediment. The calculations in the rest of this paper are 
based on simple manipulations of the matrices in Tables 2a 
and 2b (Ma/mon et at., 2003]. 

3.3. Cesium-137 Input History 
[14] In order to test the model using 137Cs as a tracer, it 

is necessary to estimate the amount of tracer input into the 
system over time. Among the facilities in the ULA 
watershed was an industrial wastewater treatment plant at 
TA-21 that discharged low-level radioactive effluent into 
DP Canyon (Figure I) beginning in 1952 and ending in 
1986. On the basis of Department ofEnergy records, Stoker et 
a/. (1981, p. 29] reported a total release of 18 millicuries 
(mCi)of137Cs at TA-21. However, more recent investigations 
estimated that 137Cs inventories in DP and ULA Canyons 
were approximately 109 and 275 mCi, respectively, in 1997 
[Reneau et al., 1998; Katzman eta!., 1999; LANL, 2004]. 
Therefore the release records are incomplete and unreliable 
for reconstructing a release history, other than to define the 
approximate timing of release of various radionuclides. 
Furthermore, because the model requires the 137Cs input at 
the mouth of DP Canyon, not at the contaminant source 
at TA-21, we used sedimentologic evidence in the lower 
portion of DP Canyon rather than estimates of contami
nant release at the outfall to define the 137Cs input 
history. This approach makes the following assumptions: 
(1) that decay-corrected 137Cs concentrations in samples 
of datable deposits of coarse and fine sediment near the 
mouth of DP Canyon are representative of concentrations 

on sediment ·discharged from DP Canyon the time the 
sediments were deposited; and (2) that postdepositional 
disturbances that would affect 137 Cs concentrations (other 
than radioactive decay) have been minimaL Matmon 
[2002, Appendix C] detailed these analyses and tabulated 
the original data. 

[ts] The reconstructed history of 137Cs concentration on 
sediment leaving DP Canyon is plotted in Figure 4. Cesium 
discharges began in 1952, and peaked sometime lrt the late 
1950s [Reneau eta!., 1998; Katzman et al., 1999j. Cesium 
concentrations on sediment in transport (both sUspended 
load and bed load) and in recent deposits (both fine- and 
coarse-grained) generally vary between I and I 0 pCi/g, and 
appear to be decreasing [Malmon et al., 2002]. 

(t6] Contaminant concentrations in sediment deposits on 
the Pajarito Plateau are characterized by significant vari
ability as a result of differences in age, particle size, and 
distance from contaminant source [Reneau et al., 2004]. 
This variability leads to large uncertainties in the recon
structed 137Cs concentration history (Figure 4), which are 
especially large for the estimate of peak 137Cs concentra
tion on coarse sediment. However, the 137Cs concentra
tion histories in Figure 4 remain the best avaiiable data 
for computing the input of the tracer to test the model. 
The impact of these uncertainties on the model results is 
analyzed in a sensitivity analysis discussed later. 

[11] Concentrations were converted to fluxes by multi
plying 137Cs concentrations by estimates of the coarse- and 
fine-sediment discharge from DP Canyon. By Integrating 
empirical sediment transport relations over modeled hydro
graphs, Ma/mon [2002] computed that DP Canyon contrib
uted an average of 50% (550 T/yr) of the coarse and 80% 
(900 T/yr) of the fine sediment entering the modeled 
reaches. Using these values and the curves in Figure 4, an 
estimated 6,500 mCi of 137Cs entered ULA Carlyon from 
DP Canyon between 1952 and 1997, a large amount 
compared with the estimated 275 mCi that remained in 
ULA Canyon in 1997 [Reneau eta/., 1998). In the follow
ing sections, the model is used to simulate the movement of 
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Table 2a. Transition Probabilities for Upper Los Alamos Canyon Model: Coarse Sediment Transition Probability 
Matrix (Matrix q• 

Particle Location at Time t + I U) 

Particle Location at Time t (I) Reach I Channel Reach 2 Channel Reach 3 Channel Reach 4 Channel Absorbing State 

Reach l channel 0 79 0.16 0.04 0.009 0.00:3 
Reach 2 channel 0 0.91 O.D? 0.02 0.005 
Reach 3 channel 0 0 0.86 O.ll 0.03 
Reach 4 channel 0 0 0 0.83 0.11 
Absorbing state 0 0 0 0 l 

"Tmnsition probabilities arc computed using the values in the sediment budget (Table I) and the equations derived by Maim oil el a/. 
[2003 ]. All rows sum to one. Values are annual tmnsition probabilities Py. defined as the probability that a particle starting in i will be inj 
after a single increment of time (I year). Values in italics are those used to compute the fundamental matrices (C8 in equation (I)). 

this sediment through the 5 km stretch of ULA Canyon 
from DP to Pueblo Canyon. 

4. Particle Trajectories and Sediment Evacuation 
[1s] 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. Kelsey eta/. [1987] showed 
that flushing times can be computed with fundamental 
matrices. The fundamental matrices for coarse and fine 
sediment, Sc and SF are 

Sc = (I- Cu)-1 

(I) 

where C8 and F 8 are the upper left 4 x 4 submatrices of C 
and F (Tables 2a and 2b ), consisting of transition probabil
ities among transient states, and I is the identity matrix (a 
4x4 matrix in which values along the main diagonal equal 
one; the remaining entries equal zero). 

[ 19] Calculated flushing times (Tables 3a and 3b) for coarse 
sediment decrease downstream, from 23 years (for sediment 
initially stored in Reach 1) to 6 years (for sediment initially in 
Reach 4). The downstream decrease in flushing time for fine 
sediment is less pronounced, declining from 63 to 52 years. 
Flushing times were computed in this way for deposits in 
Redwood Creek, California [Kelsey eta/., I 987]. In that study 
the flushing times were considerably longer (l<Y- 104 years), 
which is to be expected because the amount of sediment 
stored in Redwood Creek is much greater than in ULA 
Canyon, the reaches are longer, and the return period of 
dominant geomorphic events is presumably longer. 

[20] The matrices Scand SF(Tables 3a and 3b) contain the 
avemge amounts of time that particles will spertd in each of 
the transient states in the valley floor, starting froth each of the 
deposits. However, each deposit contains partides that will 
follow many different pathways through the valley, so there is 
a probability distribution of transit times for each deposit. 
Because these distributions are probably not rtortnally dis
tributed [Dietrich et a/., 1982; Malmon et ar, 2003] the 
flushing time (i.e., the mean transit time) may not be a 
sufficient indicator of residence time for sediment in the 
valley floor. The probability distributions of particle transit 
times were computed from the Chapman-Kolmogorov equa
tions, usingequations(12)-(13)ofMa/monetat [2003). The 
transit time distributions for both coarse and fine sediment are 
strongly right skewed (Figure 5). For coarse sediment the 
distributions become more strongly skewed ih the down
stream direction (Figure Sa). For fme sediment, the distribu
tions for all reaches are nearly identical (Figure 5b ); reflecting 
the low probability that fine particles, once mobilized, are 
redeposited in the floodplain (i.e., low off-diagohai transition 
probabilities in matrix F, Table 2b). The right-skewed nature 
of the distributions is significant because of the interaction 
between transit time and the nonlinear process of contaminant 
degradation (in this case radioactive decay) in determining the 
mass flux of chemicals out of the system, and the 
exposure of the humans and other organisms to them 
during their transit. 

[21] It is possible to quantify the timescale over which 
sediment currently stored within the valley is evacuated and 
replaced with new sediment from upstream, usirtg the transit 
time probability distributions (Figure 5) and the masses of 
the sediment reservoirs [see Malmon eta/., 2003, equations 
(15)-(16)]. The time required for all the particles in the 
active channel and floodplain to reach the absorbing state 

Table 2b. Transition Probabilities for Upper Los Alamos Canyon Model: Fine Sediment Transition Probability Matrix 
(Matrix F)" 

----------------------------------------------------------~==-
Particle Location at Time t + I U) 

Particle Location at Time t (i) Reach I Floodplain Reach 2 Floodplain Reach 3 Floodplain Reach 4 Floodplain Absorbing Siate 

Reach I floodplain 
Reach 2 floodplain 
Reach 3 floodplain 
Reach 4 floodplain 
Absorbing state 

0.98 
0 
0 
0 
0 

0.002 
0.98 

0 
0 
0 

0.001 
0.001 
0.98 

0 
0 

0.0008 
0.0008 
0.0009 

0.98 
0 

0.02 
0.02 
0.02 
0.02 

I 

"Tmnsition probabilities are computed using the values in the sediment budget (Table I) and the equations derived by Malmon et a/. 
[2003]. All rows sum to one. Values are annuallrdllsition probabilities p 9, defined as the probability that a particle starting in i will be inj 
after a single increment of time (I year). Values in italics are those used to compute the fundamental matrices (F8 in equation (I)). 
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Figure 4. Reconstructed history of 137Cs discharge into 
the model area at the upstream boundary, based on data 
compiled by Malmon [2002]. Cesium-137 concentration is 
plotted over time for both (a) coarse sediment and (b) fine 
sediment. Data points are averages of samples of datable 
deposits and suspended sediment samples in lower DP 
Canyon, decay-adjusted to 1997. Nu~crals in parcnthe~es 
indicate the number of samples avatlable for each bm. 
Dashed lines are one standard deviation around the mean 
concentration values. 

approaches infmity, but most of the sediment is evacuated 
over a timescale of decades. Half the 38,500 metric tons of 
sediment currently residing in the active part of the 5 Jan 
study reach is expected to reach the confluence with Pueblo 
Canyon in the next I 8 years, 90% in 82 years, and 95% in 
126 years [Ma/mon, 2002]. 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 active geomorphic units in the valley 
floor (Table I). Rates of sediment evacuation are probably 
several orders of magnitudes longer for lowland rivers with 
wide valleys (large sediment masses) and low gradients 
(relatively slower geomorphic process rates). 

5. Historical Redistribution of 137Cs 
5.1. Cesium-137 Inventory Over Time 

[22] The model can track the redistribution of sediment
bound 137Cs in the channels and floodplains of ULA 
Canyon, by iteratively solving the equation: 

W(t) = W(t- l)P +L(t- I) (2) 

where W(t- I) is the 137Cs inventory in each reach and in 
the absorbing state at time t - 1, P is the relevant transition 
probability matrix (C or F), and L(t - I) is a I >< 5 vector 
containing the amount of 137Cs from DP Canyon that is 
immediately deposited in each reach and in the ~bsorbing 
state during the appropriate time step. The sum of L(t- I) 
is equal to the total amount of 137Cs discharged at the mouth 
of DP Canyon during the increment of time between t - I 
and t. The entries in L(t - 1) were computed by multiplying 
the total 137Cs input for the year by the distribution of 
depositional probabilities downstream of the confluence 
with DP Canyon (for further details see Ma/moil et al. 
[2003, equations (19)-(20)]). Radioactive decay of 137Cs 
was computed at the end of each time step. . 

[23] The model predicts the rate and timing of contami
nation and decontamination of the valley frorri 1950 to 
2100. Figure 6 depicts the modeled 137Cs distributions in 
color for four separate years: (I) 1950, prior to tel.eases at 
TA-21· (2) 1969, the year when the valley contained the 
most 1

'
37Cs; (3) 1997, the year when the 137Cs distribution 

was estimated by Reneau eta/. (1998] and LANL (2004]; 
and {4) 2050, nearly 100 years after the releases began and 
65 years after they ceased. Prior to effluent releases at TA-21 
(Figure 6a), 137Cs was not present in significant tjuan~ities 
within the floor of ULA Canyon. Although cotitammant 
concentrations on sediment entering ULA Canyon peaked 
ca. 1957, the modeled peak inventory did not ~ccur until 
I969, when approximately 1,000 mCi arc thought to have 
been stored in the valley floor (Figure 6b). By 1997 
(Figure 6c), the modeled 137Cs inventories had b7en 
reduced to about half this amount, due to the combmat10n 
of downstream sediment migration and radioactive decay. 

. h 137c Accordmg to the model, about 95% of t e · s present 
in 1969 will have either left the valley or decayed 
radioactively by 2050 (Figure 6d). 

[24] The modeled histories of 137Cs storage over time 
reveal a fundamental qualitative difference betweeit the two 
modes of sediment transport over several decades (figure 7). 
Coarse sediment generally moves near the channel bed, and 
the rate of sediment exchange with the bed is high com
pared with the downstream flux of coarse se~ime~t 
(Table 1 ). While the annual probability that a particle m 
the bed is mobilized is nearly or equal to one, the proba
bility that it is redeposited in the bed in the same reach is 
also high. Because of the frequency of sediment exchange 
with the channel, the 137Cs bound to the coarse sediment 
moves downstream gradually as a downstream-attenuating 

I 137 . . • wave (Figure 7a). Modeled peak channe Cs mventones 
occur in 1961, 1966, 1969, and 1973, for reaches 1 through 
4, respectively. 

[ 25] In contrast, the relatively small fraction of the fine
sediment load that deposits in the floodplain (14%, see 
Table 1) likely remains there for many decades before being 
remobilized (the average residence time of a particle in the 
floodplain prior to being mobilized is approximately 50 years 
[Malmon, 2002]). When floodplain sediment is fmally remo
bilized by bank erosion, there is a relatively small probability 
(<14%) of being redeposited, either locally or in a do~
strcam reach. In contrast with the gradual downstream mi
gration that characterizes the long-term movcmclit of coarse 
sediment, the entire floodplain is contaminated and decon
taminated simultaneously (Figure 7b). This characteristic 
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Table 3a. Expected Particle Residence Times in Upper Los Alamos Canyon: Coarse Sediment (Matrix Sc)• 

Expected Duration in Transient States, years 

Particle Initial Location Reach I Channel Reach 2 Channel Reach 3 Channel Reach 4 Charmel Flushing time• 

Reach I channel 5 8 5 4 23 
Reach 2 channel 0 II 5 4 21 
Reach 3 channel 0 0 7 4 12 
Reach 4 channel 0 0 0 6 6 

"Values computed with the fundamental matrices (see text for explanation). 
"Flushing time for each storage reservoir is the expected amount of time a particle will remain in the valley floor, starting in the 

specified location. This is equal to the sum of durations in the trimsient states. Discrepancies between the sums and the corripi.ited 
flushing times are due to rounding errors. 

results from the relatively infrequent exchange of sediment 
with the floodplain. The amount of contaminant storage in the 
floodplains over time reflects the balance between the time
varying input ofthe contaminant from DP Canyon (of which a 
fraction is deposited overbank), gradual bank erosion of the 
floodplain, and radioactive deca~ of the stored 137Cs 
inventory. The modeled peak 13 Cs inventories in the 
floodplain occur about the same time in all four reaches 
(1976- l 977). Reach 2 stores the greatest amount of 
137Cs on fine sediment because it has the widest flood
plain [Malmon, 2002]. 

5.2. Modeled and Measured 137Cs Storage in 1997 
[26] The model can be tested by comparing the modeled 

distribution of 137Cs in 1997 with the inventory estimated 
independently by Reneau et al. [1998] and updated in 2003 
with new data from previously unsampled reaches. For 
simplicity, the field estimates are referred to here as "mea
sured" values, with the understanding that they were not 
directly measured but estimated based on extensive field 
and laboratory measurements, mapping, averaging, and 
interpolation. The model was parameterized using a sedi
ment budget and a reconstructed 137Cs input history, while 
the measured values are based on stratigraphic and geomor
phic data from ULA Canyon. Thus the model predictions 
are being compared with completely independent field data 
(i.e., the model was not calibrated). 

[21] The modeled 137Cs inventory in the ULA Canyon 
reaches in 1997 is 515 mCi, compared with an estimated 
inventory from field measurements and sample analyses 
of about 275 mCi (Table 4). Although the total modeled 
inventory is 87% higher than the measured inventory, 
the discrepancy of240 mCi is less than 4% of the 6500 mCi 
estimated to have entered the valley from DP Canyon, 

indicating that the model yields results of the appropriate 
magnitude. Both the modeled and measured Inventories 
show that the amount of 137Cs stored in the canyon since 
the late 1990s accounts for only a small portion of the 
inventory introduced from DP Canyon; the remainder has 
already left the study reaches or decayed radioactively. 

[2s] The model reasonably reproduces most of the 
major spatial patterns of 137Cs storage in ULA Canyon 
in 1997 (Figure 8). The model predicted that 82% of the 
contaminant inventory would reside in the floodplain in 
1997, compared with 73% of the measured inventory. 
The longitudinal distribution of 137Cs in the channel in 
1997 differs somewhat from the modeled distribution 
(Figure Sa): the model underpredicted 137Cs Inventories 
in the two upstream reaches and overpredicted them in 
the downstream reaches. This discrepancy stiggests that 
coarse sediment moves more slowly through the channel 
than the model predicts, and might reflect an overestima
tion of the coarse-sediment flux in the originai sediment 
budget, or the observation (discussed eariier) that a 
fraction of the coarse sediment can be temporarily stored 
in the floodplain during exceptionally large events or as a 
result of bioturbation. These mechanisms are iiot included 
in the model and would tend to decrease the rate of 
coarse-sediment migration through the valley floor. 

[29] Although the model overpredicted the absolute inven
tory of 137 Cs stored in the floodplain, it replicates the relative 
longitudinal distribution of storage in the floodplain almost 
exactly (Figure Sb). This is expected because both the 
measured and modeled floodplain sedimentation rates (and 
consequent deposition probabilities) primarily reflect down
stream variations in floodplain width, which can be an 
important variable determining the rate of particle migration 
through a valley. 

Table 3b. Expected Particle Residence Times in Upper Los Alamos Canyon: Fine Sediment (Matrix SF)" 

Expected Duration in Transient States, years 

Particle Initial Location Reach I Floodplain Reach 2 Floodplain Reach 3 Floodplain Reach 4 Floodplain Flushing Time• 

Reach I floodplain 52 6 3 2 63 
Reach 2 floodplain 0 56 3 2 61 
Reach 3 floodplain 0 0 53 2 56 
Reach 4 floodplain 0 0 0 52 52 

"Values computed with the fundamental matrices (sec text for explanation). 
"Flushing time for each storage reservoir is the expected amount of time a particle will remain in the valley floor, starting in the 

specified location. This is equal to the sum of durations in the transient states. Discrepancies between the sums and the conipi.ited 
flushing times are due to rounding errors. 
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Figure S. Probability density functions of particle transit 
time in the valley floor. Transit time is the length of time for 
a particle to reach the confluence with Pueblo Canyon, 
starting from a given deposit. Calculated distributions are 
shown for (a) channel sediment and (b) floodplain sediment 
residing in each of the four reaches at a point in time. 
Numerals in parentheses are the mean values of the 
corresponding probability distributions in years. 

5.3. Sensitivity Analysis 
[3o] In order to better understand how the components 

of the sediment budget impact the migration of particles 
and contaminants through the system, and also to explain 
the source of the discrepancy between the measured and 
modeled 137Cs inventories, we conducted a sensitivity 
analysis by repeating the calculations while varying each 
of the components of the sediment budget over two orders 
of magnitude. After each repetition, we recorded the total 
amount of 137Cs predicted to reside within channel and 
floodplain sediment in the valley floor in 1997, a value 
that can be compared with the inventories estimated from 
field data (Figure 9). Note that this method only analyzes 
the sensitivity of the total predicted 137Cs inventory, and 
not its longitudinal distribution. The calculations were 
conducted using the original estimated 137Cs input history 
(Figure 4, solid lines), then repeated using the mean 

concentration plus and minus one standard deviation 
(Figure 4, dashed lines). 

[31] The analysis shows that model predictions are 
significantly affected by the estimated rates of Sediment 
transport and exchange with the floodplain, but that the 
magnitude of exchange with the channel bed does not 
strongly impact the calculations (Figure 9). The impact of 
changing the downstream sediment flux in this steady 
state model is twofold: on one hand, increasing sediment 
flux into the system (while keeping the 137Cs concentra
tion constant based on the curves in Figure 4) introduces 
more of the contaminant into the system from the 
upstream boundary; on the other hand .increasing the 
fluxes leads to greater rates of sediment migration 
through the valley. For the coarse sediment (Figure 9a) 
this leads to a nonmonotonic relationship between sedi
ment flux and predicted inventory, while for the fine 
sediment (Figure 9b), there is a general increase in the 
predicted inventory with increased sediment fluiL The rate 
of sediment exchange with the channel bed has a negli
gible impact because, in a steady state model, increasing 
the amount of sediment mobilized from the channel bed 
(and therefore the mobilization probability of coarse 
particles) will be offset by a higher likelihood that 
particles are redeposited in the bed within the same 
reach. In contrast, exchanges with the floodplain have a 
greater impact on the movement of fine sediment and 
associated contaminants through the valley. Increasing the 
rate of floodplain sedimentation significantly increases the 
probability that suspended particles will deposit some
where in the valley floor rather than immediately exiting 
the study reach, leading to higher inventories (Figure 9b). 

[32] The sensitivity analysis suggests that an overesti
mation in the 137Cs concentration on fine sediment 
entering the upstream end of the study reach is the most likely 
cause of the discrepancy between the modeled and measured 
inventories (515 mCi and 275 mCi, respectively); The dis
crepancy for coarse sediment only accounts for 22 tnCi of the 
difference (Table 4) and could be explained by underestima
tion of the coarse-sediment flux, overestimation of the 137Cs 
concentration on coarse sediment entering the teach, or 
secondary geomorphic processes not included in the model 
(although accounting for overbank deposition of coarse 
material and bioturbation, processes observed in the field that 
deposit coarse sediment in the floodplain, should iead to a 
further increase in the predicted inventory, not a decrease). In 
contrast, no reasonable adjustments to the estimated geomor
phic process rates could account for the discrepancy between 
the measured and modeled inventory on fine sediment. The 
modeled 137Cs inventories computed using the loWer bound 
estimates of the 137Cs input history lie close to measured 
values (Figure 9b). Thus it is reasonable to hypothesize that 
the main source of the discrepancies between the modeled and 
measured inventories is an overestimation of the 137Cs 
input into the system, an error that is not modei-related 
but results from an inadequate record of contaminant 
releases. 

5.4. Influence of Alluvial Storage on Downstream 
Contaminant Delivery 

[33] One purpose of this paper is to demonstrate how 
sediment storage in the valley floor modulates the down-
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Figure 7. Modeled 137Cs inventory over time in the eight 
temporary sediment storage reservoirs. (a) Cesium stored in 
channel deposits; (b) cesium stored in floodplain deposits. 
The timing of contaminant storage is compared with the 
timing of contaminant input at the upstream end of the study 
reach (dashed lines, units on right vertical axis). 

the floodplain (note the different vertical scales on 
Figures lOa and lOb). 

6. Future Movement and Delivery of 137Cs 
[34] Although most of the 137Cs that entered the study 

reaches probably exited them on suspended sediment since 
the 1950s, the future fate of the remaining cesium remains a 
question. A quantitative prediction of the amount, sources, 
and timing of future contaminant fluxes in Los Alamos 
Canyon may be useful ror guiding management decisions. 

Table 4. Modeled and Measured Distribution of 137Cs in 1997 

Channel Sediment 

Risk models are used to evaluate whether there is an 
unacceptable risk to human health or ecosystems from 
137Cs and other contaminants present on and transported 
off LANL property, and whether remedial actions are 
necessa/1- to reduce contaminant transport. Predictions of 
future 1 7Cs concentrations and inventories can support 
these risk assessments and the design of future monitoring 
programs by quantifying the nature of downstream contam
inant remobilization. 

6.1. Model Setup 

[3s] Recent field estimates indicate that about 275 mCi 
of 137Cs remained in alluvial sediment in 1997; including 
73 mCi associated with coarse sediment and 202 mCi on 
fmc sediment (see Table 4, "Measured" colulhhs). This 
measured 137Cs distribution was adopted as the initial 
condition for the model predictions in this section. We 
assumed future 137Cs discharges from DP Canyori (at the 
upstream end of the model) would decrease lineatly from 
present rates to zero in 2050 [Malmon, 2002]. A scenario 
with linearly decreasing fluxes is the simplest model. The 
choice of 2050 as the date when concentrations effectively 
reach zero is considered a conservative estimate; allowing 
the radioactive decay of 70% of the curtehl 137Cs 
inventory in DP Canyon and the probable evacuation of 
much of the remainder. 

[36] There arc some differences between the spatial extent 
of mapped inventories and the spatial extent of the model. 
The model does not separately account for layerS of recent 
fme sediment stored farther from the channel and mapped as 
fl and f2 (the fine-grained layers outside the box labeled 
"Active Sediment" in Figure 2b) by Reneau et ai. [ 1998]. 
These deposits are generally farther from the channel and 
less susceptible to mobilization than those underlain by 
recent coarse-facies deposits. These units contain about 
20% of the total 137Cs inventory, and are most prevalent 
in Reach 2. For the sake of simplicity, the model assumes 
these units have the same probability of being mobilized 
as the overbank deposits inside the box marked "Active 
Sediment" in Figure 2b. This approximation will cause 
some overprediction of the future transport rates of 137Cs 
associated with fine sediment because residence times in 
these units are longer than in the units closer to the 
channel. However, the approximation was necessary as a 
result of a lack of appropriate field data to cornpute a 
separate set of transition probabilities for sediment stored 
in these deposits. 

Floodplain Sediment Combined 137Cs Inventory 

Measured, mCi Modeled, mCi Measured, mCi Modeled, mCi Measured, mCi t..1odeled, mCi 

Amount Discharged from Upstream' 850 
Amount Stored Within the Four Study Reachesb 

5,700 6,500 

Reach I !2 5 32 60 45 65 
Reach 2 45 31 118 186 163 217 
Reach 3 10 27 37 101 47 128 
Reach 4 6 32 16 74 21 106 

Total 137 Cs inventory in study area in 1997 73 95 202 420 275 515 
Amount stored downstream of study area 310 2,500 2,800 
Amount radioactively decayed as of 1997 440 2,800 3,200. 

'Estimated amount of 137Cs discharged from DP Canyon into the study reaches; values computed by integrating under the solid lines iri Figure 4. 
"Measured and modeled distributions of 137 Cs in I 997 within the study reaches. 
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Figure 8. Comparison of measured and modeled 137Cs 
distribution in 1997. (a) Inventories in the channel bed. 
(b) Inventories in the floodplain. The inventories arc 
normalized by reach length (mCi/km) to display down
stream variations in the amount of 137Cs storage. 

[37] Model predictions in this section account for the 
removal in summer 2000 of a small deposit of relatively 
highly contaminated sediment near the mouth of DP Can
ron. The impact of this sediment removal on downstream 

37Cs transport rates is discussed further below. 

6.2. Future Sources and Transport of 137Cs 

[38] Assuming historical sediment transport conditions 
prevail (i.e., using the same probability matrices C and F 
that were used in previous sections), the model predicts that 
more than 50% of the 275 mCi of 137Cs associated with 
active sediment in the valley floor in 1997 will decay 
radioactively before reaching the confluence with Pueblo 
Canyon (Figure II). Presently, the channel and floodplain 
contribute nearly equally to the modeled downstream con
taminant flux. After the wave of 137Cs-contaminated coarse 
sediment has passed the downstream model boundary 
(about 2030), sediment currently stored in floodplains will 
contribute nearly all the ULA-derived 137Cs flux near the 
property boundary (Figure 11 ). 

[39] The model predicts that in the next half century, 60 
to 80% of the 137Cs flux at the downstream boundary will 
be transported on fine sediment (Figure 12a). Coarse 
sediment is predicted to transport a relatively higher pro-

portion of the total 137Cs flux over the next two decades (up 
to 35% in 2008, Figure 11), but fine sediment dominates 
long-term contaminant discharge (Figure 12a). 

[40] The calculations provide a mathematical decompo
sition of the future contaminant effiux from the study 
reach, and allow us to compare the relative contributions 
of various upstream sources to downstream contaminant 
fluxes. Sediment initially stored in the channels; the flood
plains, and in DP Canyon are predicted to each account for 
about a third of the 137Cs discharge from ULA Canyon 
over the next decade. Over several decades, however, the 
floodplains will contribute much more than the channels to 
contaminant discharges (Figure 12b). The calculations can 
also provide a spatial picture of future contaminant sour
ces: the model predicts that most of the 137 Cs flux over the 
next half century will originate in Reach 2 aiid in DP 
Canyon (Figure 12c). Reach 2 initially containS the great
est amount of 137Cs, and therefore contributeS the most to 
downstream contaminant fluxes over the next 20 years. 
After that, 137Cs currently stored in DP Canyon is pre
dicted to dominate the contaminant effiux at the down
stream boundary. 

6.3. Management Implications of Model Predictions 

[41] In many management scenarios involving contami
nated sediment, a primary objective is to reduce contaminant 
fluxes or concentrations at a particular downstream boundary. 
In such cases, probabilistic calculations of sediment redistri
bution could support decision making. In May 2000, the 
Cerro Grande fire burned the headwaters of many of the 
canyons that cross the Pajarito Plateau, increasing the fre
quency and magnitude of floods through LANL property 
[Shaull eta/., 2004]. The potential flood threat raised con
cerns that high flows would cause significant erosion and 
downstream transport of contaminated sediment. These con
cerns motivated two remediation measures in ULA Canyon in 
summer 2000 to reduce 137Cs discharges at the LANL 
property boundary: (I) excavation of a small deposit of 
relatively highly contaminated sediment in ULA Canyon just 
below the DP Canyon confluence; and (2) constttiction of a 
porous rock-gabion barrier ("low-head weir") and an up
stream settling basin to trap scdim~t in the loWer portion of 
ULA a short distance upstream of the Pueblo Canyon con
fluence (Figure 1 ). The model provides a tool that can be used 
to quantify the potential long-term effects of these projects 
and support recommendations for management strategies 
based on model predictions of future contaminant transport. 

[42] The excavation project removed about 440 m3 of 
sediment located just downstream of the mouth of DP 
Canyon. The excavation targeted deposits that contained 
the highest measured 137Cs concentrations in ULA Canyon, 
and that were also susceptible to erosion by floods. The 
excavated site contained approximately 14 mel of 137Cs. 
[Reneau eta/., 1998], or 5% of the estimated total 137Cs 
inventory in the valley floor, concentrated along a 50 m 
length of channel in modeling reach 1. We mOdeled the 
excavation by reducing the initial 137Cs inventory in the 
reach I channel and floodplain by 5 and 9 mCi, respectively, 
and repeating the calculations. The modeled impact of the 
excavation on 13 7 Cs concentrations and fluxes neat the LANL 
boundary was minor (Figure 13). This example shows how 
the model can provide a quantitative prediction of the poten-

13 of 17 



W05008 MALMON ET AL.: FLUVIAL SEDIMENT STORAGE AND CONTAMINATION WOS008 

A 

c:o 
·~ .§. 300 Inventory Estimated from 

n::/;:s~·\ 
~ Q) .. , * ~ ~----------- ~ "8 g 0 
:::!: .1¥ 0.1 1 10 

u Multiple of Estimated 
Coarse Sediment Flux 

8 
...... 
0 

c: .§. Inventory Estimated from 
-~"'" 100° Field Data (202 mCi) 
c:..-
.9 8l -\ 1 ~ 500 -------------- ------

~{31 ~ _____ \ ___ _ 
i r;:; 0 +-~~~u.o.r-~~~ 
~~ 0.1 :Eg 

u:: 

1 

Multiple of Estimated 
Fine Sediment Flux 

10 

300 

200 --------- --- ---- ----------
100f------

--------------------------o+-~~~.........,-~~~......, 

0.1 1 
Multiple of Estimated 

Scour/Fill Rate 

1000 -------
-

500 -~ 

10 

" "'I 
o+-~~~~~~~--

0.1 10 

Multiple of Estimated 
Floodplain Accretion/Erosion Rate 

Figure 9. Sensitivity of modeled 137Cs inventory in 1997 to the components of the sediment budget and 
the estimation of the 137Cs input to the model system at the upstream boundary. (a) Sensitivity to 
variations in coarse-sediment flux and the rate of sediment exchange with the bed. (b) Sensitivity to 
variations in fine-sediment flux and the rate of sediment exchange with the floodplain. Dashed lines ate 
model results computed using the estimated 137Cs concentration on incoming sediment, plus and minus 
one standard deviation (see Figure 4). The corresponding measured inventories are noted on each plot 
with a horizontal line. 

tial effecL~ of upstream remediation actions (such as the 
excavation) on contaminant delivery to downstream areas. 

[43] The low-head weir was designed to capture primarily 
the gravel and sand fractions of the load during a calculated 
postfire, I 00-year flood. However, fire-related flooding in 
ULA Canyon was small compared with that in other water
sheds, largely because floods initiated in the upper burned 
portions of the watershed were dissipated in the Los Alamos 
Reservoir (Figure 1 ), which lies below most of the burned 
area. Figure 11 shows that most of the 137Cs load in the next 
half century will be carried by fmc sediment, and a long-term 
sediment budget [Malmon eta/., 2004] indicates that most of 
this will probably be transported by small to moderate floods. 
The efficienc-1. of the weir to trap finer-grained sediment and 
associated 13 Cs in small and moderate floods is not known. 
However, the analyses suggest that the effectiveness of a 
sediment trapping structure as a measure to reduce long-term 
contaminant transport might have been maximized by focus
ing the design on deposition of the finer-grained fraction 
during relatively small floods, rather than the coarse fraction 
of very large floods. Though these modeling results were not 
available prior to construction of the weir, this example shows 
how simple probabilistic calculations based on a sediment 
budget (specifically the ability to mathematically decompose 
the future contaminant load) could be used to aid in the 
engineering design of mitigation measures. 

[ 44] According to these calculations, a long-term strate
gy to reduce contaminant discharge from the study reaches 
should emphasize solutions that reduce transport of the 
fine component of the sediment load, particularly during 
relatively small events (i.e., those with recurrence intervals 
of ~2 years). The calculations support remediation strat
egies that reduce the probability of floodphiin-stored 
contaminated sediment being mobilized in smali to mod
erate floods, or measures that enhance its redeposition 
downstream. In addition to alternatives involving sediment 
removal or engineered structures, bank stabilization and 
vegetation enhancement strategies may be appropriate in 
some settings. Because the primary goal of such activity 
would be to reduce floodplain erosion and increase sedi
ment deposition during ·small to moderate floods (rather 
than protecting against extremely large floods); the goal 
could possibly be achieved with relatively inexpensive and 
nonintrusive actions. Probabilistic analysis of particic trajec
tories such as the example presented in this paper would have 
utility in designing and targeting areas for such work. 

7. Discussion and Conclusions 
[45] Contaminant fate in the fluvial environment is 

determined by the relative timescales of contaminant 
degradation and long-term sediment movement through 
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Figure 10. Estimated 137Cs influxes (sec Figure 4) and 
modeled 137Cs effluxes from the study reach over time. 
(a) Contaminant flux carried by coarse sediment. 
(b) Contaminant flux carried by fine sediment. 

the sediment reservoirs in the valley floor. The theory 
formalized by Malmon et a/. [2003) computes sediment 
trajectories through alluvial sediment storage reservoirs, 
and provides a convenient framework for analyzing the 
fate of contaminated sediment in valleys. This paper tested 
that theory in a field setting, using sediment-bound 137Cs 
as a sediment tracer over the past 50 years. 

[46] In our field area the approach realistically repro
duced the approximate current magnitude and distribution 
of 137Cs in the study reach from an estimate of the influx 
from upstream. The model illustrates how channel and 
floodplain storage modulate 137Cs delivery from upper 
Los Alamos Canyon, and provides insight into the long
term migration of sediment and contaminants through a 
small, alluvial valley in a semiarid environment. The 
portion of the contaminant load associated with the coarser 
bed material sediment (generally sand particles larger than 
0.25 mm diameter) is exchanged frequently and for rela
tively short durations with the channel bed; as a result the 
contaminant pulse on coarse sediment moves through the 
valley as a downstream-attenuating wave. Frequent storage 
of coarse sediment allows the contaminant wave to diffuse 
and much of the 137Cs to radioactively decay before reach
ing the downstream boundary. 

[47] By contrast, most of the 137Cs associated with fine 
sediment passes through the valley within hours after 
entering it from DP Canyon; only 14% of the fine 
sediment in floods is predicted to be deposited on the 
floodplain within the study reach. However, these particles 

will be gradually eroded from floodplain storage over 
periods of decades, making the floodplain a long-term 
contaminant source. The amount of 137Cs in the floodplain 
at a given time reflects the balance between the time
varying input of the contaminant from DP Canyon, grad
ual bank erosion of the floodplain, and radioactive decay 
of the stored 137Cs inventory. Most of the 137Cs that 
entered the study area has already passed through the 5 km 
study reach. Of the current inventory, approximately half is 
predicted to radioactively decay before reaching the down
stream model boundary. 

[48] While the theory works well in upper Los Alamos 
Canyon, it may not be immediately transferabie to many 
other settings in the form outlined by Malmon eta/. [2003], 
who point out that the equations they developed Simplify or 
ignore several important aspects of sediment roUting in river 
valleys, including (1) the influence of particle Size sorting 
and selective transport; (2) nonsteady state conditions; and 
(3) the stochastic nature of forcing mechanisms (as opposed 
to the stochastic nature of particle trajectories, Which the 
theory does represent explicitly). 

[49] The model reported in this paper differentiated 
between two particle size classes, coarse and fine sediment, 
following the observation [Malmon eta/., 2004) that these 
two populations are distinct with respect to traiistJort mech
anisms, storage reservoirs, and contaminant concentrations. 
The two particle sizes were modeled by cteating two 
separate probability models and parameterizing them with 
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Decay-Corrected 
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Contribution from Floodplains (80 mCi) 

'. ·---~ontrlbutlon from Channels (46 mCI) 
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Year 

Figure 11. Modeled future fluxes of 137Cs at the down
stream boundary (the confluence with Puebio Canyon) 
derived from sediment stored in ULA Canyon in 1997. 
Transport of 137 Cs discharged from DP Canyon after 1997 
is not included in this graph. Plots show the fluxes of 137Cs 
into the absorbing state associated with particles identified 
by their location at the beginning of the model run. The 
initial condition for this model run was the spatial 
distribution estimated in 1997 [Reneau eta/., 1998; LANL, 
2004] and accounts for the excavation and removal of a 
small, relatively highly contaminated deposit near the 
mouth of DP Canyon in summer 2000. Numerals in 
parentheses indicate the total amount of the original 137Cs 
inventory expected to reach the downstream boundary 
beginning from the channels and floodplains along the 
study reach. Dashed curve represents fluxes that would 
occur if 137Cs did not undergo radioactive decay, illustrating 
that temporary sediment storage allows more than 50% of 
the contaminant to decay before reaching the downstream 
boundary. 
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Figure 12. Decomposition of the contaminant load at the 
downstream boundary. Plots show model predictions of the 
relative amount of the 137Cs load over time contributed by 
various types of upstream sources. (a) Relative contribu
tions of coarse versus fine sediment to the future 137 Cs load. 
(b) Relative contributions of channels and floodplains along 
ULA Canyon and of DP Canyon to the future 137Cs load. 
Each line indicates the proportion of the contaminant load 
over time contributed by sediment initially stored in each of 
the indicated locations. (c) Relative contributions of the four 
model reaches and DP Canyon to the future 137Cs load. 

separate sediment budgets for the coarse- and fine-grained 
fractions. This is an advance over the single-fraction model 
outlined by Malmon et al. [2003] and appropriate to the 
local conditions. However, a two fraction model may not be 
the ideal approach for other applications, for example where 
only a fine fraction is of concern (in which case a single 
particle size model would be sufficient), or in a study of the 
long-term bed load movement, sorting, and abrasion in 
gravel bed rivers (where more than two size fractions may 
be required). 

[so) Upper Los Alamos Canyon has remained relatively 
stable over the past 50 years, which led to an assumption 
of steady state conditions that greatly simplified the 
application of the model and reduced the necessary input 
data requirements. Similar assumptions can be made for 
many, but not all, alluvial valleys over timescales relevant 
to the long-term migration of sediment and associated 
constituents. For example, in the case of a release that 

introduces contaminants to a system but does not signif
icantly change the mass of sediment moving through a 
valley, the model should be transferable to the extent that a 
reliable sediment budget can be estimated. However, the 
theory remains untested for nonsteady state field condi
tions. Such conditions are characteristic of many problems 
involving the fate of large volumes of conUiminated 
material into rivers, such as following tailings dam 
breaches or dam removal projects. Future field applications 
would help test and refine the theory for nonsteady state 
conditions. 

[s1] The current application employed a simplified model 
in which the transition probabilities remained constant 
from year to year. In reality, even in systems that remain 
in steady state, the sediment budget is driven by events 
that are themselves characterized by significant temporal 
variability. Locally, the sediment budget is dominated by 
relatively low return period events [Malmon et ai., 2004], 
so over several decades using a single transition proba
bility matrix should not impact the model predictions. 
However, in settings where the return periods of dominant 
geomorphic events are long compared with the timescale 
of interest, the migration of sediment and contaminants 
may depend on how many times a particular type of event 
occurs within the time frame represented by the model. 
Malmon et a/. [2003] propose a possible approach to 
incorporating the stochastic nature of forcing events into 
the probability framework, and other strategies may also 
be valid. Such elaborations could be useful for quantifying 
the probabilities of various outcomes in places where the 
sediment budget is dominated by high magnitude, low
frequency geomorphic events. 

[52] Sediment and contaminant delivery from watersheds 
can be strongly influenced by sediment exchanges within 
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Figure 13. Modeled impact of sediment excavation 
undertaken in summer 2000. About 440 m3 of 137Cs
contaminated sediment was removed from a deposit near 
the upstream end of reach 1. The deposit contained an 
estimated inventory of 14 mCi. The scenario was modeled 
by reducing the initial inventory in the reach I ch!rnncl by 
5 mCi and the floodplain by 9 mCi. The model predicts 
that excavation of 14 mCi of 137Cs near the mouth of DP 
Canyon will reduce the total 137Cs delivery by 6 inCi. The 
remaining 8 mCi would have decayed radioactively in 
temporary storage. 
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the valley floor. Migration of sediment and associated 
contaminants through alluvial valleys is controlled by the 
rates of sediment transport, deposition, and erosion, and by 
the masses of the sediment reservoirs on which these 
processes opemte. In our study area the annual rates of 
geomorphic processes are large compared with the amount 
of active sediment stored in the valley, so the timescale of 
sediment overturn is short, on the order of 101

- I 02 years. In 
lowland river valleys, which typically store more sediment, 
have lower gradients, and respond to seasonal signals mther 
than discrete events, the rate of sediment overturn should be 
much slower. 

[s3] In general, particles and associated pollutants enter 
temporary sediment storage reservoirs such as channels, 
floodplains, and river deltas. The fate of sediment-bound 
contamination depends on the frequency of sediment ex
change with and duration of storage in such reservoirs. 
Probabilistic analysis of particle trajectories provides a 
realistic approach for quantifying these mechanisms, and a 
useful platform for managing contaminated sediment in 
many alluvial river valleys. 
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