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[1] High-resolution, three-dimensional, reactive flow and transport simulations are 
caITied out to describe the migration of hexavalent uranium [U(Vl)] at the Hanford 300 
Area bordering the Columbia River and to better understand the persistence of the uranium 
plume at the site. The computer code PFLOTRAN developed under a DOE SciDAC-2 
project is employed in the simulations that are executed on ORNL's Cray XT4/XT5 
supercomputer Jaguar. The conceptual model used in the simulations is based on the 
recognition of three distinct phases or time periods in the evolution of the U(Vl) plume. 
These coITespond to (1) initial waste emplacement; (2) initial presence of both labile and 
nonlabile U(Vl) with an evolved U(Vl) plume extending from the source region to the 
river boundary, representing present-day conditions; and (3) the complete removal of all 
nonlabile U(Vl) and labile U(VI) in the vadose zone. This work focuses primarily on 
modeling Phase II using equilibrium and multirate sorption models for labile U(Vl) and a 
continuous source release of nonlabile U(Vl) in the South Process Pond through 
dissolution of metatorbemite as a sutTogate mineral. For this case, rapid fluctuations in the 
Columbia River stage combined with the slow release of nonlabile U(Vl) from 
contaminated sediment are found to play a predominant role in determining the migration 
behavior of U(Vl) with sorption only a second-order effect. Nevertheless, a multirate 
model was essential in explaining breakthrough curves obtained from laboratory column 
experiments using the same sediment and is demonstrated to be important in Phase III. 
The calculations demonstrate that U(Vl) is discharged to the river at a highly fluctuating 
rate in a ratchet-like behavior as the river stage rises and falls . The high-frequency 
fluctuations must be resolved in the model to calculate the flux of U(Vl) at the river 
boundary. By time averaging the instantaneous flux to average out noise superimposed on 
the river stage fluctuations , the cumulative U(VI) flux to the river is found to increase 
approximately linearly with time. The flow rate and U(Vl) flux are highly sensitive to the 
conductance boundary condition that describes the river-sediment interface. By adjusting 
the conductance coefficient to give a better match to the measured piezometric head, good 
agreement was obtained with field studies for both the mean flux of water of 109 kg/yr 
and U(Vl) of 25 kg/yr at the river-aquifer boundary for a computational domain 
encompassing the South Process Pond. Finally, it is demonstrated that, through global mass 
conservation, the U(Vl) leach rate from the source region is related to the U(VI) flux at 
the river boundary. 

Citation: Hammond, G. E., and P. C. Lichtner (20 I 0), Field-scale model for the natural attenuation of uranium at the Hanford 
300 Area using high-performance com puling, Water Resour. Res., 46, W09527, doi: I 0.1029/2009WR0088 I 9. 

1. Introduction 

[2] The Hanford 300 Area is located in southeastern 
Washington State just north of the city of Richland in close 
proximity to the Columbia River (F igure I). The site, initia lly 
constructed during World War II , was used for research and 
fabrication of uranium fuel rod assemblies for plutonium 
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production. Large amounts of uranium, copper and other 
contaminants were di sposed of at the site in liquid waste 
streams. Waste was deposited in two process ponds and in 
nearby trenches located near the Columbia River. The 
ponds, referred to as the No1ih (NPP) and South (SPP) 
Process Ponds, li e near the center of the site approximately 
I 00 m west of the river. Waste streams inc luding U(Vl)-Cu 
(II ) and sodium aluminate from the disso lution of spent 
nuclear fuel and fuel rod cladding were deposited in the 
ponds and trenches over a period of approximately 32 years 
from 1943 to 1975. Throughout thi s period of time, water 
mounding occurred beneath the ponds dispersing the waste 
during emplacement. The inventory of waste deposited in 
the two ponds is estimated as 58,000 kg U, 238,000 kg Cu, 
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Figure J. Map of the Hanford Site showing the location of the Hanfo rd 300 Area in the lower right. 

I , 156,000 kg F, 243 ,000 kg N03, and large amounts of A l 
[Zachara et al., 2005 ; Catalano et al. , 2006]. Small er 
undocumented amounts of Ni, Cr, Zn, and P also were 
deposited. The pH of the pond water varied over time 
ranging fro m 1.8 to 11 .4. Sodium hydroxide was added to 
the waste stream when the pH was acid ic in an attempt to 
mi nimize mobilization of Cu and U through the vadose zone 

into the underlying unconfined aqui fe r and subsequently to 
the Co lumbia Ri ver. Despite remova l of highly contami­
nated pond bottom sediments (>4.2 µmol/g or 1000 ppm U), 
a groundwater plume of U(V l) w ith concentrations in excess 
of 120 µg/L (5 .04 14 x 10- 7 mol/L), or over four times the 
EPA's max imum contaminant level (MCL) for uranium (i.e. , 
30 1-ig/L or 1.26035 x I 0- 7 mol/L [Environmental Protection 

2 of 31 



W09527 HAMMOND AND UCHTNER: MODEL FOR NATURAL ATTENUATION OF URANIUM W09527 

Agency, 1998]), has persisted at the Hanford 300 Area 
[Zachara el al., 2005]. Particularly perplex ing are the 
longevity of the uranium plume at these elevated concentra­
tions and the factors controlling uranium mobility at the site. 

[3] One of the first modeling attempts of the Hanford 300 
Area was performed by Westinghouse Hanford Corporation 
using PORFLO-3 , a 3-0 groundwater flow and contaminant 
transp011 code for variably saturated media [Run.cha! el al. , 
1992; Sagar and Runchal, 1989]. A rectangular 3-0 com­
putational domain measuring 3000 m x 2150 m x 30 m was 
used ori ented along the Columbia River. No fl ow boundary 
conditions were imposed at the top and bottom of the 
domain, and time-dependent head conditions at the sides of 
the domain to account for hourly fluctuati ons in the river 
stage. Ca lculations were carried out for constant Kc1 va lues 
of 0, 1, I 0, and 25 cm3 /g. (For an intrinsic sediment density . 
of p., = 2.65 g/cm3 and porosity of0.3, thi s is equivalent to a 
retardation factor of R = I + ( I - (f))p/ (f) = I , 7. I 8, 62.83, 
and 155.58, respectively.) Variable grid spacing was used 
ranging from IO to 65 m horizonta lly and 1- 2 m ve11ically 
employing 137,250 nodes. The calculat ions took approx i­
mate ly 2 cpu hours per year of simulation time on the 
Hanford Cray computer and were run to a max imum of 
26 years from 1992 to 20 I 8. To initi alize the calculation, an 
initia l U(V l) plume based on field observations was used in 
the ca lcul ations. The model did not include a continuous 
source of U(VI), nor was the effect of the Columbia Ri ver 
hyporhe ic zone on the flow velocity considered . The cal­
culations predicted a maximum flux to the Co lumbia River 
of4.2 x 107 {igld, or approximately 15 kg/yr [DOE, 1994a, 
Table 5-4]. Jn addition, the calculations were consistent with 
a reduction in the U(Vl) concentration in the saturated zone 
to 20 µg/L within 3- 10 years [DOE, 1994b, p. 4-22]. Based 
on this and other analyses it was concluded that substantial 
removal of U(Vl) would occur w ithin thi s time period of 
3- 10 years [DOE, 1994b; ROD, 1996] through natural 
attenuation using a Kd va lue of I cm3/g. This estimated time 
peri od fo r substantial removal of U(VI) turned out to be 
highly unrealisti c. However, this estimate was contingent on 
sources w ithin the 300-FF- l and 300-FF-2 Operable Unit 
having negligible contributions, or being remediated to 
protect groundwater [DOE, 1994a, p. 5- 15 ; DOE, 1994b, 
p. 5- 5]. 

[4] A constant Kd model cannot account fo r the slow 
release of U(Vl) as it diffuses along tortuous pathways 
within sediment gra in interiors as a result of minera l dis­
solu tion and desorption. A severe limitation of the Kc1 
approach is that it does not account for variable fluid 
compos itions caused by mixing of groundwater and ri ver 
water, nor does it take into account the impact of changes in 
sorbed concentrations on retardation . This latter effect can 
actually lead to a so-called salinity wave that travels 
unretarded even though the distribution coefficient is non­
zero . Differences in dissolved CO2 and pH between 
groundwater and river water can result in local changes in 
sorbed and aqueous U(VI) because of the multi component 
surface complexation reactions. The Kd approach implies a 
continuous displacement of the center of mass of the U(Vl) 
plume along the direction of flow , with both sorbed and 
aqueous components advancing in sync at a retarded rate 
governed by reversible local equilib1ium relations. In con­
tras t to the behav ior predicted by a K" model, a so lubility- or 
rate- limited U(Vl) source would not be expected to migrate 

at a ll. Rather, the source would persist at its 01ig inal location 
until all of the U(Vl) has been removed by disso lution, 
desorption, and diffusion. This discussion presupposes that 
reprec ipitation of U(Vl) is unlike ly g iven its low concentra­
tion. Another di fficulty w ith the Kd approach is accounting 
for the total U(Vl) inventory within a fi xed domain. In a Kc1 
model, for a given so lution compos ition, the sorbed con­
centration is fi xed by the value of the distribution coefficient 
which may not be consistent w ith the total amount of U(VI) 
deposited at the site. 

[s] One hypothes is fo r the slower than anticipated release 
of U(Vl) from the sed iment is the multiscale nature of the 
processes invo lved in leaching U(VI) from the Hanfo rd 
sediments [Liu el al., 2004, 2006, 2008]. It has been recog­
nized that U(Vl) is present in complex, microscopic inter­
grain fractures , secondary g1:a in coatings, and mi croporous 
aggregates [McKinley el al., 2006, 2007], although the 
precise form of U(Vl) in sediments remains elusive. The 
fo1111 ofU(Vl) in the sed iment can be divided into labile and 
nonl ab ile components based on the time scale of release, 
labile being much faste r compared to nonlab il e. In thi s 
work, labile and nonlabile U(VI) are described by sorbed 
and minera li zed fo rms, respectively. 

[6] This study focuses on understanding mobili zation and 
transport of U(V[) in the Hanford 300 Area and in pa11icular 
the role played by nonl ab ile U(VI) and rapid flu ctuat ions in 
the Columbia River stage on the rate of natural attenuation 
of the U(Vl) plume. The primary goal of this study is to 
better understand the fac tors controlling the rate of release of 
U(VI) from the 300 Area site into the Co lumbia River. 
Specifically, this study attempts to estimate the present-day 
rate of attenuation of U(VI) at the site. This goal is fa r eas ier 
to address than the more ambiti ous questi on of how long it 
will take to reduce U(VI) aqueous concentrations to 
acceptable levels, which requires knowing the present-day 
in-ground inventory of U(VI), its distribution , and chemical 
fonn , all of which are cu1Tentl y unce11ain . A measure for the 
attenuation rate is provided by the cumulative flu x of U(VI) 
into the river integrated over the river-aquifer bounda1y. 

[1] This work is distinguished from th e o ri g inal DOE 
[1 994a, 1994b] modeling study, and more recent attempts 
to model U(Vl) mi gration at the Hanford 300 Area 
[Yabusaki el al. , 2008; Ma el al., 2010] , by incorporation of 
a source term representing both lab ile and non lab ile U(Vl) 
contained in the vadose and saturated zones, and by incor­
poration of the low-permeab ili ty hyporhe ic zone through a 
conductance boundary condition. ln this formulation, the 
time evolution of the system is divided into three phases 
corresponding to (I) initial waste emplacement, (2) presence 
of both labile and nonl abile U(Vl) w ith an initial U(VI) 
plume in place corresponding to present-day conditi ons, and 
(3) the absence of all nonlabil e forms of U(VI) and labile 
U(Vl) in the vadose zone. This study foc uses on the second 
phase in which the Hanford sediments are equilibrated ini­
tially with U(Vl) over a reg ion extending from the source 
region where waste was o rig inally deposited to the 
Co lumbia River, corresponding to the plume position for 
present-day conditions. By contrast, Yabusaki el al. [2008] 
and Ma el al. [20 I OJ , used a verti ca l 2-D transpo11 model 
oriented perpendicular to the river and assumed that the 
Hanford sediments contain a loca li zed U(VI) source, but 
othe1wise the domain is initially uncontaminated. Nonlabile 
U(Vl) is considered to be ine11. There was no attempt in 
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these studies to model the actual physical system at the 
Hanford 300 Area and a more schematic approach was used. 

[s] In this study, sorption is described through both an 
equilibrium surface complexation model developed by Bond 
et al. [2008] for the fine-grained fract ion of the Hanford 
sed ime nt, and a multirate model devised by Liu et al. 
[2008]. These authors fit the multirate model to observa­
tions of U(VI) breakthrough curves obtained from co lumn 
experiments containing contaminated fine-grained Hanford 
sediment. It should be noted that the multirate models 
employed by Yabusaki et al. [2008] and Liu et al. [2008], 
referred to as distributed rate models, differ in that the latter 
utilized a more mechanistic surface complexation model to 
describe uranium sorption compared to the extension of the 
Kd approach used in the fom1er. 

[9] In th is study, release ofnonlabi le U(VI) is represented 
by dissolution ofa surrogate mineral from a localized source 
reg ion at the SPP. Since site characterization is ongoing, 
s ite-specific data for the chemical form of the non lab il e U(Vl) 
fraction and its release rate needed to model U(VI) migration 
at the site is not yet avai lable. However, the model results 
shou ld in themselves be va luable in aiding the detern1ination 
of wh ich parameters are most sensitive to predicting U(VI) 
release from the site and thereby aid in data acquisition . 

[10] ln what fo llows, first the governing equations and 
their numerical d iscretization and so lution are presented in a 
genera l context to desc1ibe U(V l) attenuation in natural 
systems with focus on the numerical implementation of a 
multi rate sorption model. The model is app lied first to the 1-D 
small co lumn experi ment described by Liu et al. [2008] 
using their multirate sorption model to validate its imple­
mentation in PFLOTRAN [Hammond et al., 2008]. Fo l­
lowing this, the conceptual model used in this work is 
described . To setup the 3-D simulations fo r the Hanford 
300 Area, hypothetical 1-D scoping calculations of U(VI) 
migration are carried out to exp lore the influence of labi le 
and nonlabile fonns of U(YI) on the flux of U(VI) to the 
river and investigate Phase II and Ill initial conditions in the 
model calculat ions. Finally, results of massively parallel 3-D 
simu lations for Phase II U(VI) migration at the 300 Area are 
presented. The calculations are executed on Oak Ridge 
Nationa l Laborato1y ' s (ORNL) Cray XT4/XT5 supercom­
puter Jaguar. 

2. Governing Equations 

[11] The governing equations that describe quantitatively 
natural attenuation of U(VI) at the Hanford 300 Area must 
account for variab ly saturated flow cond itions coupled to 
chemica l reactions involving aqueous speciation, minera l 
precipitation and dissolution, and sorption through a surface 
complexation model for both eq uilibrium and kinetic con­
ditions. The pa11ial differentia l eq uations used to describe 
these processes along with their numerical solution are 
presented next as implemented in PFLOTRAN. 

2.1. Chemical Reactions 

[1 2] The attenuat ion of U(V l) and its mobility are influ­
enced by various chemica l reactions involving aqueous 
complexation, mineral dissolution and precipitation, and 
sorption in the form of surface complexation reactions as 
well as the magnitude and direction of the groundwater flow 
field. Because of the close placement of the site next to the 

Columbia River, mixing of river water with groundwater as 
the river stage rises and fa lls leads to significantly different 
concentrations of calci um, carbonate, and pH, which can 
dramatically affect uranium speciation and thu s retarda­
tion. For example, in the U(VI) source region the two 
dominant aqueous U(Vl) spec ies are CaUOi(CO3)t and 
Ca2UO2(CO3) 3(aq), which together account for over 75% 
of the total U(Vl) in solution. 

[u] The reactions taking place in the Hanford ground­
water can be fomm lated in terms of a set of Ne primary 
species or chemical components {A;} [Lichtner, 1996]. 
Reactions for homogeneous speciation, mineral precipita­
tion and dissolution, and surface complexation can then be 
written in the following general fom1s for homogeneous 
aqueous complexing reactions: 

N, 

L vJ;qAj ~ A; , 
j = I 

mineral precipitation/dissolution reactions: 

N, "°" minA ~ M L.....,, vj ,,, '.i ~ ,,, , 
j = I 

( I) 

(2) 

and for surface complexation reactions associated with a 
surface site of type er: 

N, 

>Sa+ L vJ; Aj ~ >Sia· 
j= I 

(3) 

In these reactions A1 denotes the )th primary or basis spe­
cies, A; refers to the ith aqueous secondary species, M 111 

denotes the mth mineral , and >S;" refers to the ith surface 
complex on site er with empty surface site >S". The quan­
tities vJ;q, v1~~", and v'f;, denote the stoichiometric reaction 
coefficients for aqueous, mineral, and surface complexation 
reactions, respectively. 
2.1.1. Surface Complexation Model 

[14] To implement a surface complexation model for 
U(VJ), s ite-specific data are needed for the surface s ite 
density, selectivity coefficients for the various surface 
complexes, and identification of the slllface complexes 
themselves to detem1ine the reaction stoichiomet1y. Bulk 
prope11ies of the Hanford sediment are used rather than the 
prope11ies of individual minerals to characterize surface 
complexation reactions. Sorption is described through a 
nonelectrostatic, surface complexat ion model. For condi­
tions of local equi librium the Bond et al. [2008] model is 
used and for a kinetic description the kinetic multirate model 
of Liu et al. [2008] is used, both derived from sorption 
experiments with contaminated Hanford sed iments. Fo l­
lowing Davis et al. [ I 998], protonation-deprotonation re­
actions are not included because of the excess of surface 
s ites in comparison to U(VI) site occupancy, and the 
assumption of a nonelectrostatic model. Since protonation­
deprotonation reactions involve charged surface complexes 
(> SO- , > SOI-fh, they wou ld lead to a charge imbalance in 
the aqueous solution [Lichtner, 1996]. 

[1s] For each sorption site er, the sorbed concentration of 
surface complexes and empty sUJface sites satisfy the site 
conse1vation equation 

(4) 
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invo lving the sum of concentrations Scr and S;cr corresponding 
to unoccupied sites and surface complexes, respectively. 
The site concentration W a [mol sites/m3

] is related to the 
spec ific site smface density 1Ja [mot sites/nl ] of the medium 
by the equation 

(5) 

In thi s equati on the quanti ty 1Jcr denotes the moles of surface 
sites of type u per uni t area, A cr [m2/kg] represents the specific 
sorptive surface area, Pr [kg/m3

] refers to the rock gra in den­
sity, and porosity is denoted by (fJ. Volumetric S;a [mol/1113

] 

and surface-based f ;,,. [mol/ni ] sorbed concentrations are 
related through the porosity, specifi c surface area, and grain 
density of the medium according to the express ion 

(6) 

2.1. 1.1. Equilibrium Surface Complexation Model 
[16] The equilibrium concentrati ons fo r unoccupied sites 

siq and the ith surface complex Sid are derived fro m the 
mass acti on equati on corresponding to reaction (3) resulting 
in the express ions 

(7) 

and 

S'j:) = K;oQ;aS:\ 

Wa K ia Q ia 

I + L K;•o Qia'' 
(8) 

i' 

with selectivity coefficient K;rr and surface site concentration 
W a, where the aqueous ion activity product Q ;a is defined by 

Q;o = IT bjcJ '1i , (9) 
j 

with aqueous acti vity coefficient 'Yi and concentration Ci. 
Accordingly, the sorbed and empty site concentrations are 
propo1tional to the bulk su1face site concentration w" . 
2.1.1.2. Multirate Sorption Model 

[11] The multi rate sorption model is based on a kinetic 
formulation of surface complexati on derived fro m the 
equilibrium model. The kinetic formulation for the rate of 
reaction (3), assuming it obeys the fo rm of an elementary 
rate law, can be written as 

(10) 

with forward and backward rate constants 1,,{;/, their rati o 
equal to the selecti vity coefficient: K;cr = 1,,-{,,.!1,,fcr - Factoring 
out kf: allows the rate to be expressed in the fonn 

( 11 ) 

In genera l, the rate constants vary for different surface 
complexes, their ratio equal to the selectivity coefficient for 
the reaction as already noted. In the multirate model, how­
ever, it is assumed that the backward rate constant, denoted 
simply as li t, is the same for all surface complexes, but may 

vary fo r different phys ica l domains indexed by the subscript 
/ within the porous medium. With each rate constant lit may 
be associated a di fferent site density Wtcr = f twcr with the site 
fracti on / i satisfying L t.ft = I. Thus the fo rm of the multi rate 
sorption equations are assumed to be given by 

8S~ _ (JiScq so) 8t - K,/ I io - ii , (12) 

with the equilibrium isotherm S;'J given by equation (8). 
The ra te constants i,,1 are obtained fro m a probab ili ty di s­
tribution P, such as Poisson or log normal distributions, 
according to the relation [Liu et al. , 2008] 

(13) 

with mean (3 and standard deviation a . Thus the distribution 
in ra te constants can be characterized with the independent 
parameters: 1,,1 = 1,,1 (Ii, a , (3). ln thi s work fo llowing Liu et al. 
[2008] the log nom1al di stribution 

I [ I 2] P (n: la, ,B) = ;;,:: exp - - 2 (In n: - In ,B) , 
n:a v 2rr 2l~ 

( 14) 

is used. 
[ 1 s] Because the multi rate rate constants 1,,1 are indepen­

dent of the individual Slllface complexes, it is eq uivalent 
whether one uses the total sorbed concentration defined as 

( I 5) 

or the individual surface complex concentrations S!t in fo r­
mulating the kinetic ra te equations. Thus equation ( 12) can 
be replaced by 

with 

asjl - (fiscq so) 8t - 1\:/ I jo - j l , 

,-,cq - '\""""' a,-,cq 
.)j a - L...,; llji i.)ia · 

(16) 

( 17) 

This would not be poss ible if the rate constants i,,t also de­
pended on the surface complex species S ;cr - Finally, note 
that in the limit ;;,1 -+ oo, Sf, -+ .fiS;';'/, and in this li mit the 
loca l equilibrium so rption isothenn is retri eved from the 
multi rate model. 
2.1.2. Mineral Reactions 

[19] Mineral reactions are described th rough a kineti c ra te 
law based on transition state theo1y with the reaction rate I,,, 
given by 

I"' = - k"' a"' P"' [I - K,,, Q"']("' (<p111 ,K111 Q111 ), (18) 

fo r the mth minera l, where km denotes the kineti c rate con­
stant, a111 represents the specific surface area, P111 denotes a 
prefactor to account fo r the dependence of the rate on pH 
and other species, Km denotes the equilibrium constant, and 
Q111 the ion acti vity product defined by 

( 19) 

The factor in square brackets in equation ( 18), referred to as 
the affi ni ty fac tor, gives the extent of di sequilibrium of the 
reaction. The product kma,,, is referred to as the effecti ve rate 
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constant. The multiplicative factor ( m on the right-hand side 
of equation (18) takes the va lues one or zero depending on 
whether the minera l is present (<pm > 0) or supersaturated 
(KmQm > l ), or not present ( <pm = 0) and undersaturated 
(KmQm < I ), respecti ve ly. The reaction rate is taken to be 
positive fo r precipitation and negati ve fo r disso lution. For far 
fro m equilibrium undersaturated conditions (K111 Qm « I), 
the rate reduces to the express ion 

!111 = - kmamPm, (20) 

and becomes independent of concentration in the absence of 
the prefactor P111 • 

2.2. Mass Conservation Equations 

[20] The governing equati ons fo r reactive fl ow and 
transport coupled to reacti ons ( I), (2) and (3) in vari ably 
satura ted porous media are detailed below. The flow and 
transpo1t equations are solved sequentially, with satu rati on 
state and velocity fie ld pa sed fro m the fl ow to the transport 
equations at each time step. Because of the relatively sho1t 
ti me spans considered (~ I year), there is negligible change 
in porosity and permeabili ty due to reaction. The fl ow 
equations based on Ri chards equation have the fom1 

(21) 

with water density p, poros ity <p, and saturation s. The Darcy 
velocity q is given by 

kk 
q = - --'- '<J (p - pgz), 

µ. 
(22) 

with water pressurep, viscosity µ , acceleration of gravity g, 
intrinsic pem1eabili ty k, and relative pem1eabil ity k, a 
fu nction of saturati on. The van Genuchten relation is used to 
relate capillary pressure to water saturation and the Burdine 
correlation is used for relative pe1111eabili ty. 

[21] With the Richards approx imation, interaction wi th 
the gas phase is neglected resulting in a simplified fo rm fo r 
the reacti ve so lute equations that only involves aqueous 
species. Because uranium is in the VI va lence state ox idati on 
does not occur and the Ri chards equati on is a sati sfacto1y 
approx imation. With this simplifica tion the multicomponent 
reactive transport equati ons in variab ly satura ted porous 
media have the fom1 [Lichtner, 1996] 

involving only the aqueous phase. In this equati on the 
quanti ty lJ'1 denotes the total aqueous concentration of thejth 
primary species given by 

co1Tesponding to reaction ( I), with equilibrium constant K; 
and activity coefficients 'YiJ· The solute flux n1 is defined by 

(26) 

with di ffu sion/dispersion coeffi cient D. The Darcy velocity q 
and water saturation s are obtained fro m solving the fl ow 
equati ons. The fonn of the flux in equation (26) fo llows if 
diffus ion coefficients are a urned to be species independent. 
The sorbed concentration SJi is obtained by so lving the kinetic 
multi rate equation given by equation ( 16), or may refer to the 
equilibrium sorption isotherm (in which case SJi is replaced 
by SJ:)). 

[22] Attenuati on of the non labile form of U(Vl) as well as 
changes in the amounts of other minera ls such as calcite is 
described through the mass transfer equation 

(27) 

which detem1ines the amount of each mineral that has dis­
solved or precipitated. In thi s equation V and <pm refer to the 
minera l molar volume and volume frac tion, respecti vely. 
Poros ity is coupled to changes in mineral volume frac tion 
through the relation 

<p = I - L <p,,, , (28) 

under the assumption that reacti on only affects the 
connected porosity. However, for the sho1t time sca les 
encountered in this work poros ity may be assumed constant 
without any loss in genera li ty. 

2.3. Local Retardation Factor 

[23] A rough indication of the U(V I) mobility is provided 
by the locally evaluated dimensionless distribution coeffi­
cient Kf defined as 

(29) 

The dimensioned fo m1 of the di stribution coeffi cient Kf 
with units m3/kg, is related to the dimensionless fo rm 
according to 

KP = {I - rp) p,K 0 
J rps J' 

(30) 

with so lid gra in density Ps· Introducing the distribution 
coefficient into the solute transport equations yields 

f (rpsR/ PJ + '7 · !11 = - L vJ~i" I,,,. (3 1) 
"' 

(24) with retardation factor R1 defined as 

where the concentration of the ith secondary species is a 
function of the primary species activities through the mass 
action relati on 

(25) 

R1 = I + Kf. (32) 

In general R1 is not constant and therefore cannot be taken 
outside the time derivati ve on the left-hand side of this 
equation. In fac t, simulations presented below show that R1 
fo r U(VI) is highly variable both temporally and spati ally 
and changes with the direction of fl ow. 
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2.4. Numerical Implementation 

[24) Calculations are carri ed out using the mass ively 
para llel code PFLOTRAN [Hammond el al. , 2008]. 
PFLOTRAN is an object-oriented reactive multiphase fl ow 
and multi component geochemical transport code written in 
Fortran9X. The code is founded upon established and well ­
supported fra meworks fo r high-performance computing 
(i.e., PETSc, SAMRA!, MP!, HDF5) and employs domain 
decompos ition to distribute a problem domain across mul­
tiple processor cores. PFLOTRAN is des igned fo r execution 
on a variety of computer architectures from laptops to 
leadership class supercomputers. The code has employed as 
many as 13 1,072 cores on Jaguar, the massively parallel 
Cray XT4/XT5 at ORNL, for problems composed of up to 
2 billion degrees of freedom. Fu1ther detail s of the code and 
its parallelization are presented by G. E. Hammond et al. 
(PFLOTRAN : Reacti ve fl ow and transpo1t code fo r use 
on laptops to leadership-class supercomputers, Bentham 
E-book, submitted fo r publication, 20 I 0). Finite vo lume 
techniques are used to di scretize the fl ow and transpo1t 
pa,tial diffe rential equations on a structured grid . Use of a 
structured grid requires inacti ve cells at irregular boundaries 
representing the river and ground surface. A fully implicit 
backward Euler approach with upwinding is used with 
sequential coupling between fl ow and transpo1t modes. 

[2s) The residual equation fo r flow has the fi nite vo lume 
discretized fo rm 

( ) (k+ l ) ( ) (k) I 
R(k+ I ) = <pp II - <pp II +- L A ,F (\+ 1) = 0 (33 ) 

" 6..tk vii ,,, , 111 1111 , 

fo r the k + 1st time step with variable time step size 6 1k = 
tk+ I - lk, where the sum n' is over all contro l vo lumes 
connected to the nth node with vo lume Vn and interfac ial 
area A,,11 ,. The di screti zed flu x F',,,, at the interface 17 - n' 
between nodes n and n' has the fo ll owing fo rm 

_ (kk,) [P,,, - ? 11 - p,,,,,gz,,,,, ] 
F,,111 - - /J1111' - d ' + d ' 

µ 11 11' II II 

(34) 

where the quantities in brackets (),,,, . are calculated at the 
interface using a harmonic mean for pem1eabili ty k, and 
upstream weighting for the mobili ty k, /µ. The density p,, ,,. is 
computed using an arithmeti c mean. At the Columbia Ri ver 
bounda1y a conductance bounda1y condition is imposed to 
dampen the river stage flu ctuations. At an exterior face b of 
the boundary cell 17 , the boundary flu x is given by 

_ (kk,) [Pb - P,, - fJ,,bgz,,b] 
F,,b - - /J11b - d , 

µ 11b 11b 
(35 ) 

where P6 and P,, are the pressures at the face and cell center, 
respectively, and d11 1, is the distance between the face and 
·cell center. The penneabili ty at the river bounda1y is set to 
the va lue 

k,,b = Cd,,b, (36) 

where the quanti ty C is referred to as the boundary con­
ductance coefficient. 

[26) The residual equations fo r reacti ve transpo,t have the 
discretized fo rm 

( 
, ·) (k+ I ) _ ( '¥ ) (k) Sa,(k+ I ) _ Sa,(k) 

(k+ I ) _ ({JS pl 11 ({JS J 11 +""" Jill 1111 
~ II - 6.t L 6.tk 

k al 

I """ f!(k+ l ) """ min [ (k+ l ) _ 0 + V L.._,; A ,m' jnn' - ~ llj m 11111 - · 

II 11 1 m 

(37) 

The surface complex concentration in the multirate model is 
obta ined by solving the kineti c equation ( I 6). Combined 
with the Ne primary species, Ns,r surface complexes fo r a 
single sorption site, and M kinetic rate constants, there are 
Ns,r x M surface complex concentrati ons giving a total of 
Ndof = Ne + N5,r x M unknown quantities for each control 
vo lume. For Ne= 15, N5,r = 2, and M = 50, thi s would give 
Ndof = 11 5 degrees of freedom per spatial node, resul ting in 
a significa nt increase in computational effo1t. 

[21) Fortunately, the resulting system of equations can be 
greatl r, simplified by eliminating the sorbed concentrati ons 
s1,<k+ l fro m the transp01t equations. Writing a fully impli cit 
backward Euler finite di ffe rence fo rm of equation (16) at 
each node as 

.5'.'. -(k+ l ) a .(k ) 
jl - Sjl _ (/,Scq,(k+ I) - S a,(k+ I )) (38) 

l::,,t - K,f \ I ja jl > 

and so lving equation (38) fo r SJ/k+ I ) gives 

S a,(k) + 6.tfis'.°q,(k+ I) 
.5'.'.,(k+ I) _ j1 K,f I Jl1 

P - I + r;,, 6.t 
(39) 

With th is relation the sorbed concentration variables sx ,(k+ I } 

can be eliminated fro m the so lute transpo1t equati ons. The 
implicit di screti zation is unconditionally stable as can be 

. . . " I ti h' 1 s o,(k+ I} rseq,(k+ J) seen Ill the limit n.1ut >> , or w 1c 1 JI -> .11 J<T , 

leading to the condition of loca l equilibrium. 
[2s] With the explicit express ion for S'Ji,(k+ IJ given 111 

equati on (39), it fo ll ows from equation (38) that 

8~1 ~ /'i,f ( f,s'.°q ,(k+ I) _ ,5";,(k)) 
81 - I + r;,, 6.1 \ I Jl1 11 , 

(40) 

and substi tuting this result into the prima1y species transp01t 
equati ons yields a set of algebraic equations which do not 
involve the unknown sorbed concentrati ons s:i ,(k+ I ) 

( )
(k+ l ) ( ) (k) 

R j+ I = ({JS'Pj n - ({JS 'Pj " 

} II 6./ +""" /'i,f (/,Scq ,(k+ l ) _ .5'.'.,(k)) 
L I + r;, ,6.t \ I Jl1 Ji 

la 

I """ A fl (k+ I ) """ min / (k+ I ) + V ~ 1111' 11111' + L....,; vjm "'" · 
II 11' m 

(41) 

The equilibrium sorbed concentration Sj:)·(k+ I ) is a known 
nonlinear function of the prima1y spec ies concentrations at 
the new time level given by equation (8). Equation ( 4 1) can 
now be so lved for the Ne primaiy species concentrations. 
Once these equati ons are solved the sorbed concentrations 
are obtained directly fro m equati on (39). Thus the full 
system of (Ne+ Nsrr x M) x N equations, where N refers to 
the number of spatial nodes, is reduced to solving Ne x N 
prima1y species equati ons. The governing fi ni te volume 
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Figure 2. Sorpt ion isotherm for U(Vl) w ith select iv ity coeffic ients and dat_a taken fro m Bo~d et al. 
[2008]. To obtain the model resul t, the relation r usvl) = Su(Vl)/(Ap,.(J - q>)) IS used w ith spec_ific sui:= 
face area A = 20 nl /g, grain density p,. = 2.65 g/cm , porosity q> = 0.25 , and a surface_ site density r A -

3.84 µ mol/ni2. PFLOTRAN resul ts are based on the selectivity coefficients obtained fro m fitting 
simultaneously both NPP and SPP data sets [Bond et al. , 2008]. 

equat ions (33) and ( 41 ) may be solved on a single processor 
or on multiple processor cores using PFLOTRAN. 

3. Small Column Experiment 

[29] To validate implementation of the mul tirate ki netic 
sorption model used in PFLOTRAN and to further investigate 
the relations between multi rate and equ ilibrium sorpti on 
models in th is section PFLOTRAN is appli ed to the 1-D 
co lumn' experiment analyzed by Liu et al. [2008]. This 
experiment was orig inally designed to he lp explain the slow 
remova l of U(VI) from the Hanford 300 Area through 
kinetica lly limited desorption of U(VT) fro m the Hanfo rd 
sediment. However, the experiment was based on unid irec­
tional fl ow and did not account fo r the hi gh-frequency 
oscill ations in the Columbia River stage w hich, as demon­
strated below, play a key role in the attenuation rate ofU(VI) 
at the s ite. The co lumn, I 0.5 cm long, contained <2 mm 
Hanfo rd sediment grai n s ize frac ti on. The Liu et al. [2008] 
model is based on the eq uili brium surface complexation 
reactions developed by Bond et al. [2008] fo r the Hanford 
sediment w ith minor mod ifica tions to the surface complex 
selectivity coefficients . The surface density of sorpti on sites 
used in th e simul ations is taken fro m Bond et al. [2008] 
w ith the va lue T/ = 3.84 ~imol/m2

. Us ing a rock density p,. = 
2.65g/cm3

, porosity q> = 0.25 , and specific surface area 
A = 20 m2/g (Bond et al. [2008] report average surface 
areas fo r NPP = 20.4 m2/g and SPP = 19.1 m2/g), gives for 
the vo lumetric site density w = 152.64 mol/m3, according to 
eq uations (5) and (6). A comparison between the equili brium 
model and data from Bond et al. [2008] is shown in Figure 2. 
Note that only a sma ll frac tion (< 1%) of the sorption sites 
are occupied with U(VT). 

[3o] The rate constants employed in the mul tirate model 
are the same as used by Liu et al. [2008], who fi t the 

multi rate model to breakthrough curves obta ined fro m the 
1-D small colu mn experiment employing stop-flow events 
w ith a Darcy flow velocity of 3.25 cm/h w ith a poros ity of 
0.4 1 as desc1ibed in detail by Liu et al. [2008]. Fo llowing 
Liu et al. [2008] a tota l of M = 50 rate constants are used 
obta ined fro m a log nonna l distribution fo r the rate constants. 
Parameters obtained fo r the log nonnal di stribution for 
the rates were mean (3 = I 0- 4

-
325 h- 1 and standard dev iation 

a= 2.68 h- 1
• 

[31] Results comparing the mult irate surface complexation 
model to the experimental breakthrough curves w ith and 
w ithout calcite present are depicted in Figure 3, including 
magnifica tion of each fl ow period . An effective rate constant 
of 10- 12 mol/cm3/s for calcite is used in the simulation. 
A lthough a site-specific va lue has not been measured, thi s 
value was chosen to lie between transport and surface 
contro lled reacti on. Chemical reactions fo r the dominant 
uran ium-bearing aqueous complexes in the simulati on are 
listed in Table I, and the uranium surface complexes and 
minerals are listed in Table 2. Shown are both the U(Vl) 
breakthrough curve and the concentration during stopped 
flow conditions at the end of the column. Although s ig­
nificant variation in U(VI) concentration occurs with and 
without calcite du ring peri ods of no flow, thi s appears to 
have little effect on the U(VI) breakthrough curve . The 
greatest discrepancy between the model resul ts and the 
experiment occurs at the onset of fl ow. It is also noted that 
the calculated peak concentrations using PFLOTRAN appear 
to be somewhat higher than the values obtained by Liu et al. 
[2008]. 

[32] Shown in Figure 4 is a comparison between no 
sorption, equilibrium and multi rate model breakth rough 
curves fo r the 1-D colu mn experiment with calc ite present 
over long time spans, extrapolating beyond the experiment. 
The case w ithout sorpti on leaches out U(VI) most rap idly 
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Figure 3. Comparison of breakthrough curves calculated us ing PFLOTRAN with the mu ltirate sorption 
model employ ing rate constants provided by Liu et al. [2008] wi th the small column stop-flow experi­
ment (symbols) discussed by Liu et al. [2008], with and without calcite present. A lso shown is the U(VI) 
concentration during stopped flow at the end of the co lumn. The step-function cwve indicates periods of 
flow. 

because U(VJ) is contained only within the saturated pore 
volume and not in the sol id . The equilibrium sorption model 
yields higher U(VI) concentrations as a result of its faster 
desorption rate compared to the multirate model. For earlier 
times, the mult irate breakthrough cutve is bracketed by the 
equilibrium and no sorption cutves. However, after very 
long times the breakthrough cutves eventually cross . This is 
because the equ ilibrium model resu lts in faster depletion of 

U(VI) from the sed iment compared to the mu ltirate model. 
By mult iplying the mu ltirate k inetic constants by a suffi ­
ciently large-scale factor the equi librium sorption resu lt is 
obtained, although it should be noted that the scaled rate 
constants cannot be derived from a log normal distribution 
in contrast to the unscaled rates. The close agreement with 
the results obtained by Liu et al. [2008] and the co1Tect 
limiting fom1 of the mul tirate model approach ing loca l 
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Table 1. Reacti ons and Equ ilib rium Consta nts for Domi nan t Aqueous U(VI) Species Used in T hi s 

Stud y" 

Aqueous Reactions 

UO2(OH)2(aql a=' uot - 2 H' + 2 H2O 
UO2CO1(a~)_ ".".'.. uor + + HC03 -:_ H+ + 
UO2(CO1)2 ~ UO2 + 2 HCO3 - 2 H 
UOi(CO1)t ;=' uo~+ + 3 HCO:i" - 3 H' 
CaUOi(CO3)r ,=, Ca2+ + UO~+ + 3 HCO3 - 3 H+ 
Ca2 UOi(CO3h<aql ,=, 2 Ca2+ + uot + 3 HCO3 - 3 H+ 

logK 

10.3 150 
0.6634 
3.7467 
9.4302 
5.3464 
0.9464 

"Thermodynamic data are taken from Cuillawnou11t et al. [2003] with the exception of the two Ca-U-CO3 species, 
which were taken from Dong and Brooks [2006] . 

equilibrium provides validation of the PFLOTRAN imple­
mentati on of the kinetic model. 

4. Conceptual Model 

[33] A quantitative description of fl ow and reactive 
transport at the Hanford 300 Area is complicated by the 
highly permeable Hanford Unit, the uppem1ost rock/soil layer 
in the unconfined aquifer, and the rap id flu ctuating elevati on 
in the Columbia River stage which produces changes in 
magnitude and di recti on of flow on an hourly basis, as shown 
in Figure 5. The inse11 shows flu ctuations over periods of 
tens of hours or less. 

[34] Diurnal flu ctuations in river stage can be up to 1.5 
meters, while seasonal flu ctuations can exceed 2.5 meters. 
The variable release of water fro m Priest Rapids Dam upri ver 
is the cause of diurnal fluctuations, while seasonal variations 
are due to ra in fa ll , snowmelt, and irrigation. The flu ctuation 
in river stage along with the highly permeable Hanfo rd Unit 
causes river water to flow into the contaminated area during 
high stage and retreat during low stage. These fluctuations 
directly impact the water table beneath the Hanford 300 Area 
resulting in the release of U(VI) through desorption and 
dissolution processes fro m the vadose zone. The migration 
ofU(VI) at the site is a complex process very likely involving 
a continuous source both from the vadose and saturated zones 
combined with a rapidly osci llating magnitude and direction 
in fl ow to and fro m the river. 

4.1. Estimate of Time to Completely Remove U(VI) 

[35] The inadequacy of a Kd approach becomes apparent 
in a simple estimate of the time needed to remove all uranium 
contained in sediment fro m the Hanfo rd 300 Area assuming 
all so lid phase U(VI) is in its labile reversibly reacting 
sorbed form. From the 3-D simulations presented below 

(see section 5), the mean Darcy velocity obtai ned for flow 
to the Columbia Ri ver is approximately 80 m/yr with a 
retardation factor for U(VI) fo r fl ow in the direction of the 
river of approximately 50. With a poros ity of (fJ ~ 20% and 
max imum travel distance of approximately / c::: 200 m from 
the primary U(VI) source region located at the SPP to the 
river, this gives fo r the time T fo r the uranium plume to 
reach the river the approximate value 

<{JR/ 0.2 x 50 x 200 
T = - q- ~ 

80 
years = 25 years. ( 42) 

Clearly this estimate is far too short contradicting present­
day observations of a large source of uranium remaining on 
site after an elapsed time of over 35 years since emplacement 
of waste ceased. A major questi on then is, what process or 
processes are prolonging the displacement of uranium fro m 
the 300 Area? To address this question, the conceptual model 
for quantitatively modeling U(VI) migration at the site is 
introduced in the next section. 

4.2. Choice of Initial Conditions: Three Distinct 
Modeling Phases 

[36] To set up a model to describe migration of the U(VI) at 
the Hanford site it is necessary to specify the initial condi tions 
that are to be imposed on the model corresponding to t = 0. 
The most obvious and eas ily implemented initial condition is 
simply to assume uncontaminated conditions before U(Vl) 
and other waste products were first depos ited at the site in 
1943. This, however, is problemati c because the composition 
and variabili ty of the waste stream over time and its rate of 
deposition is largely unknown and would be impossible to 
accurately reconstruct from historical records. In addi tion, it 
would seem diffi cu lt to develop models that could account 
fo r the intergranular deposition ofU(Vl) on mineral surfaces 

Table 2. Reactio ns and Eq ui libri um Constants fo r M inera ls and Surface Complexation Reacti ons Used in 

T hi s S tudy" 

Mineral Reactions 

Ca2+ + HCO3 - H+ ,=, CaCOJ<s> 
Cu2+ + 2 UO~+ + 2 HPO1- + 8 H2O - 2 H+ ,=, Metatorbemite 

Surface Complexation Reactions 

>SOH + uo~+ - 2 H+ + H2O ;=' >SOUO2OH 
>SOH + UO~+ - 2 H+ + CO2(,q> + H2O a=' >SOHUO2CO3 

' Smface complex selectivity coefficients are taken from Bond et al. [2008]. 
bp/ummer and Busenberg [1982]. 

logK 

1. 8487b 
- 3 1' 

Selectivity Coefficient 

- 5. 152 
-0.833 

"See text for explanation. More recently, /lion et al. [20 I OJ have obtained the va lue logK = - 28 for metatorbemite. 
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Figure 4. Compari son of breakthrough curves and intern al U(Vl) concentrations fo r the I -0 co lumn 
experiment with calcite present, fo r the cases without sorption, and fo r equilibrium and multi rate sorption 
models over long time spans. As can be seen fro m the fi gure, the multi rate breakth rough curve is bracketed 
by the no sorption and equilibrium sorption cases except at very long times. The symbols refer to the small 
co lumn experiment discussed by Liu et al. [2008]. 

fro m concentrated waste streams that presumably occurred 
during disposal. As a consequence of these considerations 
it is apparent that a fi rst principles approach beginning with 
waste deposition is presently not, and may never be, feas ible. 
Thus a more pragmati c approach must be implemented. 

[37] One formulation of initial conditions is to begin the 
ca lcul ation without any U(VI) initially sorbed in the sedi­
ment outside the source region (i.e., between the source 
region and river). However, this approach would require 
long simulation times due to the relatively high retardation 
of U(Vl) by the Hanfo rd sediment under present-day con­
ditions and does not confo nn to actual conditions of waste 
emplacement. Therefore, instead of attempting to calculate the 
current in-ground U(Vl) distribution starting from prist ine 
sediment conditions, in this study the initial time (t = 0) is 
set to correspond to the time when the U(VI) plume 
already extends fro m the source region to the river as cur­
rently observed. This requ ires specifying the initial solid 
phase deposition of U(VI) after waste emplacement has 
ceased. Evidence exists for the presence of two distinct 
fo rms ofU(VI) in contaminated Hanfo rd sediment [McKinley 
et al., 2007; Singer et al. , 2009; Stubbs et al. , 2009; D. L. 
Stoli ker et al. , Characterization of metal-contaminated sedi­
ments: Distinguishing between samples with adsorbed and 
precipitated metal ions, submitted to Environmental Science 
and Technology, 2009]. One fo1m is the more eas ily removed, 
exchangeable, labile frac tion which consists primarily of 
sorbed U(VI) [Bond et al. , 2008]. As already noted, labile 
U(V I) stored in the vadose zone prov ides a source of U(Vl) 
that is period ica lly re leased as the water table rises and 
fa lls as a result of fluctuations in the river stage. The other 
less readily dissolved nonlabile form occurs in minera lized 

and amorphous phases and may also be coprecipitated with 
calci te [Bond et al., 2008; Singer et al., 2009; Stubbs et al. , 
2009; Stoliker et al. , submitted manuscript, 2009]. Meta­
torbernite, for example, has been observed in small quantities 
in the NPP [Catalano et al., 2006; Arai et al. , 2007; Singer 
et al., 2009]. The fi ndings of Singer et al. [2009] suggest 
that both dissolution of U(VI)-Cu(Il)-bearing so li ds as well 
as U(Vl) desorption are important persistent sources of 
U(VI). However, the exact fo rn1 of nonl abile U(VI) still 
remains elusive to thi s day . 

[38] In the presence of present-day di lute, ox idizing 
groundwater compos itions it is reasonab le to expect that 
bu lk pore waters are undersaturated with respect to non­
labi le forms of U(VI), with the poss ible exception of the 
vadose zone where complete or pa1t ial d1y out coul d lead 
to higher U(VI) concentrations. 

[39] In the evolution from initi al waste emplacement to 
complete removal of U(VI), three dist inct phases are identi­
fi ed roughly coITesponding to three di fferent periods in time: 

[4o] Phase I: Initial time period of U(VI) disposal and 
establi shing the U(Vl) plume with occupation of sorption 
sites between the source region and river. 

[ 41 ] Phase II: Intermediate time period of continued 
remova l of U(VI) from the source region with the U(Vl) 
plume in place between the source region and the ,iver. 

[42] Phase Ill: Final time peri od fo llowing complete 
remova l of nonlabile U(Vl) from the source region and 
sorbed labi le U(Vl) from the vadose zone with U(Vl) 
migration contro lled by desorption and sorption processes. 

[43] Of course, overlap ex its between the different phases 
(time periods). Each phase has its un iq ue set of initia l 
conditions corresponding to t = 0. A transition peri od ex ists 
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Figure 5. Fluctuations in the Columbia River stage illustrating daily, weekly, and seasonal variations. 
The symbols in the insert represent hourly time increments. 

as the system evolves from Phase II to Phase Ill as the 
nonlabile U(VI) gradually disappears. This work is focused 
on modeling Phase 11. 

[44] Phase l is too uncertai n to model because there is 
little or no historical information for the composition of the 
waste stream at the site and a high-resolution data set for 
the time hi story of the Columbia River stage and inland 
groundwater piezometric head does not exist during this 
period. Furthennore, the South Process Pond clogged during 
operation requiring creation of the North Process Pond, 
suggesting a highly concentrated waste form (J. M. Zachara, 
personal communication, 2009). Phase lll is investigated 
briefly in 1-D scoping calculations, but reserved for the 
subject of a future 3-D modeling study, because of the 
longer time span required of at least tens of years, a compu­
tationally challenging effort due to the short time steps, on 
the order of hours, required to resolve river stage fluctuations. 

[4s] One difficulty with implementing initial conditions 
for Phases 11 and Ill, however, is that the detailed, in-ground 
distribution of U(Vl) is not known with great accuracy, and 
furthermore, it changes continuously with time due to the 
rapidly fluctuating river stage . For the calculations reported 
in DOE [ 1994a, 1994b ], an initial U(VI) plume was 
implemented based on observations from wells using the 
Phase Ill conceptual model. In thi s work, to set up approxi­
mate initial conditions for U(Vl), the problem is first nm 
without sorption, but with a nonlabile source tem1 present 
with its rate adjusted to give the approximate maximum 
observed U(VI) concentration in the aquifer. This nonlabile 
source is provided in the form of a uranium-bearing mineral 
localized within the SPP several meters both above and below 
the mean position of the water table referred to as the smear 
zone. The mineral metatorbemite [Cu(UO2h (PO4) 2 · 8H2O] 
is used for this purpose as a surrogate mineral. 

[46] This initialization procedure allows a U(VI) plume to 
fully develop approximating present-day conditions in the 
region between the source and river. Following develop­
ment of the plume, the sorption sites are equilibrated with 
the calculated spatial distribution of aqueous U(VI) based on 
the nonsorbing result. This procedure provides an approxi­
mate initial distribution of aqueous and sorbed concentra­
tions ofU(VT) along the flow path to the river corresponding 
to Phase II. 

[47] For equilibrium surface complexation and multirate 
kinetic sorption, sorbed so lute concentrations are equili­
brated with aqueous solute concentrations from the stored 
initial condition for each control volume. To compute the 
sorption site concentration for bulk sediment, note that the 
<2 mm size fraction , the dominant location of sorption sites 
[Liu et al., 2008; Zachara et al., 2005] , occupies approxi­
mately I 0% by volume of the sediment. The bulk site density 
w~ulk is obtained from the fine-grained site density w ~nc 

using the relation 

b lk Ns Vrinc Ns 
W u = -

a V VVrinc' 
= f fincW~inc , 

giving a value of w~ulk = 15.264 11101/111
3 for Efine ~ 0.1. 

4.3. 1-D Phase II and III Scoping Calculations 

(43) 

[48] To investigate the effects of fluctuating flow direc­
tions and sorption on the breakthrough of U(VI), severa l 
simple 1-D scoping calculations are perfom1ed for Phase Tl 
and III. These calculations are not meant to be realistic 
representations of the 300 Area, but merely serve to investi­
gate the role of river stage fluctuations and the nonlabile 
leach rate on the U(Vl) flux at the river boundary. The U(VI) 
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Table 3. Columbia River Solution Composition" 

Activity 
Species Molality Total Coeffficient Constraint 

H+ I .6604E-08 2.8937E-05 9.5452E-0I pH 
Ca2+ 4.4070E-04 4.5078E-04 8.2334E-0 I total 
Cu2+ 3.7688E-10 1.0028E-08 8.2334E-0 I tota l 
Mg2• 1.7796E-04 1.8284E-04 8.2758E-0 I total 
uo22+ 5.0558E- 18 2.4901 E-1 I 8.200 1 E-0 1 total 
K+ I .9098E-05 1.91 0SE-05 9.5073E-0 1 total 
Na- 5. I 296E-05 5. I 392E-05 9.514 1E-01 chrg 
HCOj' I 0823E- 03 1.131 1 E-03 9.514 1 E-0 1 total 
c1- 3.3985E-05 3.3992E-05 9.5073E-0 I tota l 
F 6.2 I 90E-06 6.2504E-06 9.5 107E-01 total 
HPOt 6.5862E- I 0 I 0028E-09 8. I 888E-0 I total 
NO3 1.00 1 0E-05 1.0028E-05 9 5073E-0 I total 
sot 8.6604E-05 9.2657E-05 8. I 888E-0 I tota l 

"Ionic sn·ength, 2.0229E-03 (mol/L); Ph, 7.80; charge balance, 1.8974E- l 9; 
pressure, 1.0 I 33E+05 (Pa); temperatu re, 25.00 (0 C); density H2O, 
997. 16 (kg/ni3). 

flu x for both equilibrium and multirate surface complexation 
are compared for different metatorbernite rate constants. A 
computational domain of 500 m is used in the simulations. 
The pressure at the inland boundary is fi xed to give a mean 
flow rate to the river of I km/yr. The pressure at the outlet 
is all owed to fluctuate using the same ri ver stage height 
shown in Figure 5. For Phase II a source region 50 m wide 
containing metatorbern ite is placed at a di stance of 250 m 
from the outlet. For both Phase II and Phase Ill, sorption 
sites in the region between the source and the outlet are 
equilibrated with U(VI). 

· · {H+ C 2+ C 2+ [ 49] A total of 13 pnma1y species , a , u , 
Mg2+, uo~+, K+, Na+, HC03, Cl- , F- , HPOt, N03, sot} 
are used in the simulations in add ition to two tracers for a total 
of 15 degrees of freedom. Eighty-eight secondary aq ueous 
complexes, two minerals (ca lcite and metatorbernite), and 
two surface complexes are also used. For geochemical 
transport, chemical compos itions with the exception of Cu2+ 
and HPOt fo r background river water (Table 3) and 
groundwater (Tab le 4) were obtained from J. P. McKinley 
(personal communication, 2009) and USGS data (Water data 
reports for the Columbia River at Vernita Bridge, near Priest 
Rapids Dam, Washington, for site 1247900, 200 1- 2007, 
http ://pubs. usgs .gov/wdr), respectively, and ass igned to the 

Table 4. Hanford Sed iment Groundwater Solution Compos ition" 

Activity 
Species Molal ity Total Coeffficient Constraint 

H' 2.7478E-08 1.0949E-04 9.2508E-01 calcite 
a 2+ l.1 376E-03 I .2099E-03 7. 1492E-0I total 

Cu2+ 3.4392E- 10 I .0028E-08 7.1492E-0 I total 
Mg2+ 4.6636E-04 5. I 122E-04 7.2578E-0 I total 
uo~+ 6.3727E- 19 2.4901E-I I 7.0620E-0 I tota l 
K• l .5477E-04 I .5523E-04 9.1 414E-01 total 
Na- 1.3376E-03 1.3451 E-03 9. 1618E-01 chrg 
HCOj' 2.4079E-03 2.5804E-03 9. 1618E-01 total 
er 6.9934E-04 6.9973E-04 9. 1414E-01 total 
F 2.0768E-05 2.1009E-05 9. 1517E-01 total 
HPOr 8.9 I 33E- 10 1.6774E-09 7.03 1 SE-0 I fluorapatite 
NO3 4.6938E-04 4.7 I 32E-04 9.14 14E-0I total 
sot 5.60 10E-04 6.3978E-04 7.03 18E-01 total 

' Ion ic strength, 6.9033E-03 (mo l/L); pH, 7.59; cha rge balance, 
- 2. 1684E- 19; pressu re, 1.0133E+05 (Pa); temperature, 25.00 (°C); 
density H2O, 997. 16 (kg/m3

). 

Table 5. U(VI) Source Region Solution Composit ion" 

Activity 
Species Molality Total Coeffficient Constraint 

H+ 5.4582E-08 2. 17 I0E-04 9. I 823E-0 I pH 
Ca2+ 2.4745E-03 2.6126E-03 6.9039E-0I calcite 
Cu2+ 1.6478E-07 2.310 1 E-06 6.9039E-0I tenorite 
Mg2• 1.5909E-04 1.7293E-04 7.03 15E-01 dolomite 
uot 2.5604E- 15 2.3494E-07 6.80 I 0E-0 1 tota l 
K+ 1.5436E-04 1.5485E-04 9.0499E-0 1 total 
Na+ I .0296E-03 I .0354E-03 9.0748E-0 I total 
HCOj' 2.28 1 SE-03 2.574 1 E-03 9.0748E-0 1 total 
Cl- 6.9734E-04 6.9803E-04 9.0499E-0 I total 
F- 2.0725E-05 2 0958E-05 9.0625E-0 I total 
HPOt 1.0565E-06 2.4810E-06 6.7652E-0 I hydroxylapatite 
NOj' 4.6596E-04 4.7018E-04 9.0499E-01 tota l 
sot 5.4331 E-04 6.3823E-04 6.7652E-0I total 

"Ionic strength, 8.7 I 43E-03 (11101/L); pH, 7.30; charge balance, 1.9334E-03; 
pressure, 1.0 I 32E+05 (Pa); temperature, 25.00 (°C) ; density H2O, 
997 . I 6 (kg/ni3). 

western inland and river seepage face boundaries, respec­
tively. The river water has a slightly higher pH compared to 
groundwater, but lower carbonate concentration. A repre­
sentati ve fluid composition for the spatially variab le dis­
tributed source region is listed in Table 5. 

[so] Shown in Figure 6 are 1-D results for the cumulative 
flu x ofU(YI) at the outl et boundary. Accord ing to the figure , 
an essentially constant slope in the cumulative U(VI) flux is 
obta ined, in spite of the rapid oscillatmy behavior of the 
Columbia River stage. A change in slope occurs at approx i­
mately 4 years for the cases for an effective metatorbernite 
rate constant of 5 x I0- 17 and IO - i 

6 mol/cm3 Is (red and blue 
curves), indicating that U(VI) released fro m disso lution of 
metatorbemite has reached the river boundaiy. The case for an 
effective rate constant of 7 x I0- 17 mol/cm3/s shows no 
noticeable change in slope. The rate law given in equation (18) 
without the prefactor P111 is used in the simulations. 

[s1 ] A change in slope implies that the initial distribution 
of so rbed U(VI) between the source region and the river, 
and the effective di sso lution rate of the nonlabile U(VI) 
source, may not necessarily be consistent with one another. 
This average flux will in genera l be different for the release 
of U(Vl) from the initially sorbed sediment and from the 
U(Vl) released through mineral dissolution from the source 
region. As it takes severa l years fo r U(Vl) released from 
the source reg ion to reach the river, one would expect to 
observe a change in slope in the cumulative U(Vl) flux 
when this U(Vl) reaches the river. This new slope corre­
sponds to the combined effect of U(Vl) released from the 
source region at a specified rate and sorption reactions with 
U(Vl)-bearing surface sedimen t sites, and shou ld reflect 
present-day conditions more accurately than the originally 
specified initial cond itions. Ideally, these cond itions should 
be used for the initial conditions and time I = 0 set to the 
onset of the new slope in the cumulative flux. One may note 
that multirate sorption has a slightly lower slope compared 
to equilibrium sorption fo r the same metatorbemite rate 
constant of 7 x I0- 17 mol/cm3/s. This is presumably a 
consequence of a slightly lower U(VI) concentration in the 
multi rate case which also affects the dissolution rate through 
the ra te affi nity fac tor. 

[s2] As can be seen from Figure 6, for Phase III with 
metatorbernite absent and only sorbed U(VI) present ini-
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Figure 6. Compari son of the cumulati ve U(VI) flu x for different source-tenn production ra tes for 
Phase II initia l conditions and equilibrium and multi rate sorption models for Phase III conditions. 

tially, all U(Vl) is removed in approx imate ly 5 years fo r the 
equilibrium model, with a more gradual release for the mul­
ti rate sorption model which requi res approx imately 20 years 
to remove all U(VI). According to F igure 6, the multi rate 
model does not give a signi ficantly diffe rent result compared 
to the equilibrium sorpti on model for Phase II, but gives ve1y 
diffe rent results for Phase III initi al conditions requiring a 
much longer time for U(Vl) to become depleted from the 
source region compared to the equilibrium model. ln con­
trast to a 1-D model, in a 3-D model not all of the nonlabile 
U(VI) will disappear uni fo m1ly, rather one might expect a 
more gradual decrease accompani ed by a reducti on in the 
reacting surface area with time. 

5. 3-D Simulations of the Hanford 300 Area 
Uranium Plume 

[s3] In this section 3-D simulati ons are carri ed out to 
model natural attenuati on of U(Yl) at the Hanfo rd 300 Area 
using high-performance computing with PFLOTRAN 
[Hammond et al., 2008). The calculations employ a high­
reso lution, variably satu rated domain with over 28 million 
degrees of freedom including 15 chemical components. High 
performance computi ng is requ ired fo r the calculati ons 
because of the large 3-D problem size and small time steps. For 
a I year simulation with 4096 processor cores, PFLOTRAN 
requires a computation time of approximately 6 h due to the 
I h time step limitation dictated by the need to capture river 
stage fluctuations in the s imulations. With 4096 processor 
cores, roughly the optimal number of cores for thi s prob­
lem fo r solving the reactive transport equations, there are 
6855 dof/core fo r transport and a fac tor of 15 less fo r flow. 
If this problem could be run on a comparable single pro-

cessor workstation, assuming no memo1y limitation, it would 
require nearly 3 years of cpu time. The 3-0 calculations were 
caiTied out on ORNL's Jaguar supercomputer. The Jaguar 
XT4 partition has a total of 7,832 compute nodes or 
3 1,328 cores, with an aggregate system performance of 
approx imately 263 teratlop/s at the time of this writing. 
The machine is continuously being upgraded to the latest 
chipsets available. The Jaguar XT5 partition has a total of 
18,688 nodes or 224,256 cores, with a peak perfo m1ance 
of 2.33 petafl op/s. The interested reader can visit the Web 
page http ://www.nccs.gov/jaguar/ fo r the most up-to-date 
configuration of the machine. 

[s4] The simulations may be compared aga inst three 
observations at the site: ( 1) fi eld data fo r the piezometri c 
head at various well s; (2) estimated U(VI) and water fluxes 
at the ri ver-aquife r bounda1y based on fi e ld experiments 
[Fritz et al., 2007; Fritz and Arntzen, 2007; Peterson et al., 
2009); and (3) the max imum observed aqueous U(YI) con­
centrati ons. Comparison with observed time histori es of 
U(YI) concentrati ons is not possible because of the lack of 
data fo r the time period used in sett ing the inland piezometric 
head boundary conditions. By contrast, the model has only 
two adjustable parameters, namely, the conductance bound­
ary condition imposed at the river-aquifer interface and the 
U(VI) source-term rate, and thus is overdetennined . Pre­
sumably in the future, the source-term rate could be directly 
measured and used as input to the model and thereby test 
the consistency of the model results. The current model 
domain includes the footprint of the SPP as the source 
region for nonlabile U(VI). In the future, the NPP, trenches 
and an extended smear zone [Williams et al. , 2007) will 
also need to be included in the simulation. 

14 of 31 



W09527 HAMMOND AND LICHTNER: MODEL FOR NATURAL ATTENUATION OF URANIUM W09527 

Figure 7. Planar view of outline of 3-D computational 
domain (ye llow line) showin g the locations of the North 
and South Process Ponds (N PP and SPP), the IFRC field 
site and a subset of observation wells. The transient inl and 
b0t;ndary cond ition at the western edge is constructed by 
projecting head data obtained from wells 399-8- 1, 399-6-1, 
a nd 399-4- 1 onto th e western boundary. The tra ns ient 
Co lumbia River stage is projected onto the river boundaiy 
to th e east. No-flow boundaiy conditions are imposed on 
the no11h and south faces . 

5.1. Computational Domain 

[55] The model of the Hanfo rd 300 Area used in thi s 
work consists of a problem domain measuring 900 x 1300 x 
20 meters (x, y, z) with orientation aligned with the Co lumbia 
Ri ver at 14° west of north (F igure 7). The base of the model 
domain lies at an elevation of 90 meters above sea level. 
Simu lations were perforn1ed on a Cartesian grid w ith 
spacing 5 meter horizontal x 0.5 meter vertical with 180 x 
260 x 40 = 1,872,000 grid cells. Thus total number of flow 
degrees of freedom (unknowns) is eq ual to 1,872,000 w ith 
I dof/cell , while the number of degrees of freedom for the 
geochemical transpo11 equations is 28 ,080,000 with 15 
chemica l components ( 15 dof/cell ). 

[56] The Hanfo rd and Ringo ld geologic units are mapped 
to the prescribed grids based on the Hanford Ea11h Vision 
database [Thorne et al. , 2006; Williams et al. , 2008 ; 
Bjornstad et al., 2009]. The soils beneath the Hanford 300 
Area are composed of layers of high- and low-permeability 
so il , the top layer of which is the highly pe1meable Hanford 
Un it ex tend ing from the vadose zone down into the saturated 
zone below the water tab le. The Hanford Unit is composed of 
highly permeable cobbles, gravels, and sands. Hydraulic 
conductivities (K) within the Hanford Unit are on the order of 
a thousand to tens of thousands of meters per day (k = I 0- 9 

-

I o-8 nl). In comparison, the Ringold Un its below the 
Hanford Unit exh ibit much lower hydraulic conductivities 

- 14 8 I 0- 10 2) of0.0 1 to 150 meters per day (k = 10 - 1.5 x m . 
Thus, w ithin the Hanford Unit gro undwater has the potentia l 
of flowin g rapidly with very small press ure grad ients in the 
aquifer. Values fo r permeability used in the simulations for 
the Hanford Unit are 7.387 x 10- 9 nl (K = ~7000 m/day) 
in the x and y directions and a fac tor of IO lower in the 
z direction , with a porosity of 0.2 [Williams et al. , 2008, 
Tab le 3.4: r5b-b] . These va lues were obta ined from manual 
calibration to slug tests (M. Rockhold , personal communi­
cation, 2009). A combination of van Genuchten and ~ urdi_:it 
capilla1y functions are used with a= 7.2727 x 10 Pa , 
,\ = 0.339 1 and s,. = 0.16. 

5.2. Initial and Boundary Conditions and Nonlabilc 
Source 

[57] To set up initi al conditions corresponding to Phase II , 
it is necessa1y to determine the initial di stribution of sorbed 
U(Vl) as well as the ini tial solution composition. As described 
in section 4 .2, initia l conditions are set by running a non­
sorbing simulation for several years, at which time a uranium 
plume is well established and intercepts the river boundary . 
At that time, the 3-D aqueous concentration profile i frozen 
and used as the initial conditi on fo r subsequent simulations. 
The total inventory of U(VI) contained in both the aqueous 
and so rbed phases is 1,974 kg which is consistent with the 
mass balance estimate of Peterson et al. [2009] of several 
thousand kilograms. It is unknown how much the nonlabile 
form of U(VI) contributes to the total in -ground in vento1y. 

[58] Determining the precise bounda1y conditions to impose 
on the 3-D domain is complicated by the lack of we ll data in 
the vicini ty of the inland bounda1y and the complex hydrol­
ogy at the site caused by the fluctuating river stage. The 
northern, southern, and bottom boundaries of the doma in are 
prescribed as no flow conditions. This is clearly an approxi­
mation, but is considered rea enab le because groundwater 
converges at the Hanford 300 Area fro m the northwest, west, 
and southwest [Peterson et al. , 2005] , and the site exhibits a 
relati vely flat grad ient toward the river. Transient flow 
bounda1y cond itions are used at the river bounda1y and inland 
at the west face of the domain to account for the highly 
oscillato1y flu ctuati ons in the Columbia River stage. A 
seepage face or conductance boundary condition is imposed 
at the river bounda1y. The pressure grad ient along the river is 
ca lculated from the piezometric head at wells 399- 1- 1, 399-
2- 1 and 399-4-7 that are close to the river. The seepage face 
boundary condition is essentiall y a hydrostatic condition 
with minimum bounda1y pressures truncated at atmospheric 
pressure. A transient hydrostati c pressure bounda1y condition 
is imposed at the western inland bounda1y. This boundaiy 
cond ition is determin ed through projection of piezometric 
heads at nearby wells 399-8- 1, 399-6-1 , and 399-4- 1 onto 
the western domain bounda1y. At these well s, a year of data is 
available between 8 pm December 25 , 1992 and 8 pm 
December 25 , 1993 . These data in conjunction with river 
stage and gradient from the same time period are employed 
and cycled yearly in the transient bounda1y cond itions. 

[59] Aside from the initial distribution of U(V l) in the 
problem domain (i.e ., the initial U(Vl) plume), the model 
contains on ly two parameters that are not directly deter-
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Figure 8. Three-dimensional isosurfaces fo r the concentrati on fie ld of the U(VI) plume, satu ration (side 
panels), and pressure draped on the contact between the Hanford (hidden) and Ringold fo tmati ons. The 
Columbia Ri ver and inland boundaries are also indicated. The U(VI) source region is located at the South 
Process Pond. The domain size measures 900 111 x 1300 m x 20 111 . 

mined by fi eld or laboratory da ta; namely, the va lue for 
the conductance coefficient at the river-aquife r interface 
representing the hyporheic zone and the effective rate 
constant fo r the nonl abile source term. All other para­
meters are constra ined through site-specific data including 
material prope1t ies such as permeabili ty and poros ity, and 
sorption properti es of the sediment. The conductance coef­
fi cient at the river-aqui fe r boundary is detennined by com­
paring model results to the observed head at well 399-2-1 
located a long the ri ver just east of the Hanford 300 Area 
South Process Pond and Integrated Fie ld Research Chal­
lenge (IFRC) site (see Figu re 7) . 

[60] A distributed initial source fo r U(VI) is implemented 
using metatorbemi te as a surrogate minera l for Phase II. The 
metatorbemite effective kinetic rate constant is adjusted to 
g ive approx imately the max imum concentration of U(Vl) 
observed at the site using a value of 2 x 10- 17 mol/cm3 Is. A 
value fo r the metatobemite equilibrium constant of log K = 
-3 1 was chosen so that it remained undersaturated below 
the water table, but could reach equilibrium or even pre­
c ipitate above the water table within the smear zone as a resul t 
of dry out. More recently llton et al. [20 I OJ have obtained a 
va lue oflog K = - 28 fo r metatorbemite. This lower value w ill 
lead to greater undersatura tion and would require using a 
lower metatorbemite rate constant so as not to exceed the 
max imum observed U(Vl) aqueous concentration . Other U 
(Vl)-bearing minera ls such as uranyl-silicate minera ls could 
also have been used in the simulations. As a consequence of 
flu ctuations in the water table, sources of uranium res iding 

immedi ately above the water tab le in the vadose zone are 
cyclically flu shed over time as the water table ri ses and fa lls, 
releas ing uranium into the underlying aqui fe r. Therefore, a 
quantitative description of the groundwater fl ow processes 
beneath the Hanford 300 Area is critical fo r capturing such 
behavior in the uranium transport model. 

[61] Generally it would be expected that the multirate 
kinetic rate constants should be scaled just like any other 
effecti ve parameter in a continuum model when applying 
rate constants derived from the co lumn scale to the fi eld 
scale. However, because it is unclear how the rate constants 
should be sca led, in what follows the same rate constants fit 
to the 1-D small co lumn experiment by Liu et al. [2008] are 
used at th e field scale. As is demonstrated below sorption 
plays only a secondary role for Phase II in determining the 
flux of U(VI) into the river, and therefore the results obtained 
are not significantly affected by the choice of rate con­
stants in the multi rate model. 

5.3. Model Results 

[62] Model results are presented for Phase II with both 
labile and nonlabile fonns of U(Vl) initially present. Reac­
tion of the nonlabile U(VI) fonn is simulated by the disso­
lution of the surrogate mineral metatorbemite w ith an 
effective kinetic rate constant chosen to reproduce the max­
imun~ U(VI) concentration observed in the source reg ion 
near well 399-2-5 [Hartman et al. , 2007]. 
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Table 6. Description of Model Simulations and Predicted U(Vl) 
Fluxes in kg/y r Calculated by Fitting the Cumul ative Flux to a 
Linear Function of Time" 

Cond uctance Predicted U(V I) 
Run Run Description C (m) Flux (kg/yr) 

I equi li b1ium so rption 10- 12 25.47 
2 no sorption 10- 12 25.67 
3 multirate mode l 10- 12 25.80 
4 equilib1ium sorption 10- 11 45. 16 
5 equilibrium so1ption )0- IJ 5.8 1 
6 equ ili brium smption (seepage face) 64.72 

' Run I is the base line case with a conductance coeffic ient of 10- 12 m, 
whi ch is adjusted to better match the measured piezometri c head at we ll 
399-2-1. 

[ 63] Six runs are carried out to test the sensiti vity of the 
pred icted flux of U(VJ) into the Co lumbia River with the 
model parameters li sted in Table 6. Runs are compared for 
the cases with no sorption, eq uilibrium and multirate sorp­
tion, and for different river boundary conductance coeffi­
cients w ith C = 10- 11

, 10- 12 and 10- 13 m, and a seepage 
face (i.e., no conductance boundary condition). U(VJ) con­
centra tion, saturatio n and pressure in the October time frame 
are depicted in Figure 8 fo r Run I, which is taken as the base 
case. 
5.3 .1. Model Comparison With Measured 
Piezometric Head 

[64] The conductance coefficient is determined by com­
paring the piezometric head predicted by the model with 
observation . This parameter together with the permeability 
of the Hanford Unit contro ls the fl ow velocity throughout 
the modeled aquifer and thus the U(VI) flux to the river. 
According to Fritz and Arntzen [2007], the penneabili ty at 
the ri ver-aquifer interface is highly heterogeneous with a 
wide range of va lues from 6.65 x 10~13 to 1.09 x 10~10 ni2 

at their study area. A comparison of the s imulated and mea­
sured piezometric head at well 399-2- l is shown fo r different 
conductance coefficients in Figure 9 and in Figure IO over 
sma ller time intervals. As can be seen from the figures, the 
predicted head is highly sensi tive to the choice of conduc­
tance coefficient. Reasonable agreement w ith observation 
is obta ined for Run l using a conductance coefficient of 
10~12 m. Without accounting fo r the reduced permeability 
at the river boundaiy through the conductance bounda1y con­
dition, the head overshoots the observed values by a consid­
erable amount as shown in the figures. This overshooting 
underscores the impo1tance of the hyporheic zone on the 
fl ow rate and predicted movement of uranium in the sub­
surface at the 300 Area. 

[65] The Darcy flow veloc ity at the locati on of well 
399-2-5 is shown in Figure 11 as a function of time. The 
x, y, and z veloc ities show a complex behav ior w ith time 
changing in direction and magnitude w ith hourly fluctu a­
tions. Flow cycles back and fo1th with large flu ctuations 
predominantly in the x direction, with a sign ifi cant compo­
nent in the southerly y direction resulting in a mean fl ow to 
the southeast. At the location of well 399-2- I, located 
closer to the river, a similar pattern is obtained but w ith 
higher fluctuations. The ca lculated mean velocity toward 
the ri ver 7fx fo r well s 2-5 and 2- l is 67 .7 and 79.3 m/yr, 
respectively. The z velocity is sma ller due in pa1t to the 
lower permeability in the z direction and small er ve1tica l 
pressure grad ient. 

[66] To see the effect of the flow field on the so lution 
composition, shown in Figure 12 is the total aq ueous U(Vl) 
and carbonate concentrations and pH at well 399-2-1 at an 
elevation of 104 m. As river water intrudes fro m 0.35 to 
0.4 years, the pH sharply rises and the U(VI) and carbonate 
concentrations decrease. Then, as flow is reversed and river 
water begins to recede, the U(V l) and carbonate concentra-
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conductance coefficient of 10~12 m gives the better match to the data. 
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equal to the slope of the linear fits to the cumulative flux as indicated by the thin straight red lines. 

tions gradually increase and the pH decreases. The con­
centrations do not show the rapid oscillatory behavior typ­
ica l of the flu x as discussed next. 
5.3.2 . H 2O and U(VI) Flux Estimates 

[67] The cumulative and instantaneous flux for the base 
case Run I for H20 is shown in Figure 13. Shown in 
Figure 13 are fits to the cumulative flu x with lines of constant 
slope between flow reversals. The mean values obtained from 
the fit are li sted in Table 7 along with an estimated mean flow 
velocity. Surprising is the emergence of lines of constant 
slope resulting from time averaging the instantaneous H20 
flu x. Flow toward the river generally occurs over longer 
periods of time compared to the reverse direction for this 
time period. The time integra l of the flux F averaged over 
the river boundary yields to a good approximation a linear 
increase with time according to the result 

F (t) = 1' dt1 F(t') ::c F · (t - t0 ), 
to 

(44) 

where F denotes the mean flu x. This result is a consequence 
of the approximation that variations in the flux about the 
mean 8F = F - F average to zero over a time interval 6.t 
that is small compared to macroscopic changes in the flux , 
but large compared to hourly fluctuations; thus 

f' dt /iF(t) ::c 0. 
.! D.t 

(45) 

The average H20 flux of approximately I 09 kg/yr agrees 
well with previous estimates [ Williams et al. , 2008]. 
Figure 14 compares the effect of conductance and the 

seepage bounda1y condition on the cumulative H20 flu x to 
the river. A lower conductance coefficient leads to a decrease 
in the cumulative flux . 

[68] The instantaneous and cumulative flu xes at the 
river-aquifer boundary for U(Vl) are shown in Figure 15a, 
while the ratcheting effect of the release of U(VI) into the 
Columbia River when the flux is positi ve is illustrated in 
Figure 15b. The mean values for the U(V I) flu x are li sted in 
Table 6 for the six different cases considered. The instanta­
neous U(Vl) flux exhibits a highly oscillatory behavior. 
However, as can be seen from Figure 15, the cumulative flu x 
va1ies approximately linearly in time over the entire time 
interva l in distinct contrast to H20 which exhibits a zigzag 
behavior as flow changes direction to and from the ri ver. 
The slope of the straight line fit to the cumulative flu x is 
24.76 kg/yr which compares favorably with the est imated 
value of 20- 50 kg/yr by Peterson et al. [2009]. Very little 
difference in the cumulative flux is found between the 

Table 7. Flux for H20 in kg/yr for the Base Case Run I With a 
Conductance Coefficient of 10- 12 m Calculated by Fitting the 
Indicated Time Intervals to a Linear Function of Time 

Time In terval (year) 

0.00-0.06 
0.06-0.35 
0.35--0.41 
0.41--0.82 
0.82- 1.00 

H20 Flux fo r Run 5 

Flux (kg/yr) Darcy Velocity• (m/yr) 

- 2.02 x Io• 
2.00 X )09 

-7.87 X 109 

2.26 X 109 

- 2.30 X 107 

- 77.84 
77.08 

- 303.30 
87. 10 
- 0.89 

"The velocity is based on the geometri c conductance boundary surface 
area of 20 x 1300 m2 at the river-aqu ifer interface. 
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eq uilibrium and the multirate sorption models. This may be 
due to the fac t that the sorbed U(Vl) is initially equilibrated 
w ith the aqueous phase, however thi s result is surprising 
considering the dramatic flu ctuations in aqueous U(Vl) 
concentration that occur th roughout major portions of the 
doma in as ri ver water in trudes and recedes. 

[69) The rap id river stage fluctuati ons modulate seasonal 
fluctuations resulting in rapid changes in fl ow to and fro m 
the river. A lthough the cumulative U(Vl) flux appears to be 
a re latively smooth fun ction of time, it actually consists of 
short segments w ith zero slope (co1Tesponding to river water 
fl owing inland), separated by an increase in the cumulati ve 
flu x as the ri ver stage decreases and fl ow is directed toward 
the river. The rapid oscillation in river stage g ives rise to a 
seemingly stable linear increase in release of U(Vl) whose 
slope g ives the average flu x of U(Vl) into the river. 

[10] Previously, severa l attempts have been made to 
estimate the flu x of U(V I) to the Columbia Ri ver in the 
fie ld. The DOE [1994a] estimated total uraniu m discharge 
into the Columbia Ri ver fro m the 300- FF-5 unit as 15 kg/yr. 
Fritz and Arntzen [2007) estimated fro m fi eld measurements 
a value of2.25 ~ig/ni2/min . Us ing a surface area of 40,905 ni2 
thi s translates into a rate of approx imately 48 kg/yr. Addi­
tional work resulted in a rev ised estimate in su1face area of 
170,000 m2 which yields 200 kg/yr. The authors considered 
th is va lue to overestimate the flu x by a factor of 2 due to an 
overestimate of the surface area and total U(V l) d ischarge 
based on the center of the plume. 

[11) The fl ux is expected to vary seasonally wi th changi ng 
conditions such as droughts, Chinook w inds, heavy ra infa ll 
and other extreme episod ic events . The effect of these con­
ditions on the fl ux could in principle be tested by cany ing out 
simulations with the appropriate river fluctuation event 
sequence and piec ing together the yearly slopes. However, 

the requ isite transient head data for fix ing the inl and bound­
ary conditi on that is co inc ident with these events does not 
ex ist. 

[12) A comparison of the U(Y I) cumulat ive fl ux with and 
without sorption and fo r diffe rent conductance coefficients 
is shown in Figure 16. It is clear fro m Figure 16 that the 
U(Vl) flux to the river is highly dependent on the conduc­
tance boundary condition. 
5.3 .3. Nonlabile U(VI) Source Reaction Rate 

[13) Shown in Figure 17 is the reaction rate of meta­
torbernite and the satura tion plotted as a fun cti on of time fo r 
diffe rent elevations including the satu rated and smear zones 
at the locati on of we ll 399-2-5. As can be seen fro m the 
figures strong variations in saturati on and react ion rate occur 
with elevation. These results are sensiti ve to the eq uilibriu m 
constant used for metatorbernite. As shown in Figure 17 
precipitation occurs at a slow rate close to equilib1i um. The 
ca lcul ated flux to the ri ver is sensiti ve to both the rate constant 
and eq uilibrium constant. 

[74) The reaction ra te fo r ca lcite is shown in F igure 18 
plotted as a fun ction of time at well 399-2-5. As can be 
seen from Figure 18, ca lcite both d isso lves and prec ipitates 
with changing geochemi ca l conditions as groundwater and 
river water mix, resul ting in a small net di ssolution rate of 
- 1.2 X ,0- 17 mol/cm3/s. 
5.3.4. Relation of Flux to Source Leach Rate 

[1s] Integrati ng the transport eq uati on fo r U(YI) over the 
entire computational domain prov ides a g lobal mass ba lance 
equation re lating the leach rate of U(V1) from sed iment to 
the U(V[) flux at the river bounda1y. Thus integrating 
equati on (23) over the domain volume V gives 

d ; · i' - M u (Vl)( r , t )dV = - n u (VI) . dA , 
dt . v . av 

(46) 
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where the total accumulation in moles of U(Vl) in the sys­
tem Mucvt) (r , t) with contributions from aqueous, so rbed, 
and mineral forms is given by 

Mu(v1)(r, 1) = <ps'l'u(VI) + L s~(Vl),1 + L Vu(Vl),111v;,
1

<p,,, . 
,r/ 

(47) 

The integral over the bounding surface oV of Vappearing on 
the right-hand side of equati on (46) may be assumed to 
co incide with the aqui fer- river boundary because of the low 
background concentration of U(Yl) entering at the inland 
boundary and the low infiltration rate at the ground surface . 
To obta in this form for the global mass conservation, the 
minera l reaction rate I,,, was eliminated using equation (27) 
fo r the minera l vo lume fraction and moved to the left-hand 
side of the equation. Integrating equation ( 46) over time 
using equation (44) for the cumulative U(VI) flux then gives 
approximately 

t.Mu(v1)(1) -
t.t = -Fu(VI), (48 ) 

where the left-hand side is equal to the mean leach rate with 
Mu(VI) equal to the total time averaged invento1y of U(YI) 
at time t 

M u(Vl)(I) = r Mu(Vl)(r, t )dV . l v (49) 

Thus the mean flu x of U(VI) to the river is balanced by a 
linear reduction in time of the U(VI) source, as must be the 
case to conserve mass. 

[76] While the absolute mass of U(VI) in the Hanford sed­
iment is unknown, its leach rate can be bounded by measuring 
the flux of U(Vl) into the river. From equation ( 48), ignoring 
changes in aqueous and sorptive concentrations, it follows 
that 

F u(VI) = - vu(v1),1111b iv l ,111b dV. (50) 

Accordingly, a deli cate balance must ex ist between the 
leach rate and the flux of U(VI) to the Columbia Ri ver. If 
the flux of U(VI) to the river were to vanish, the leach rate 
must also vanish because otherwise unreali stic concentra­
tions would build up within the Hanford sediment. Thus the 
U(YI) leach rate and flux at the river boundary are coupled 
to one another. 
5.3 .5. Plume Size Versus Sorption and No Sorption 

[77] It is somewhat problematic to compare directly the 
case without sorption to the cases with sorption because of a 
noticeable increase in the nonsorb ing plume size after the 
finite time interval of one year (not shown). For the same 
plume size, the sorbing case would presumably give a some­
what larger flux to the ri ver compared to the case with no 
sorption. This phenomenon has been observed in prelimina1y 
scoping calculations with a larger initial plume. Although 
counter intuitive, thi s result can be understood by realizing 
that retardation keeps U(V l) in place closer to the ri ver bank 
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Figure 17. The (top, middle) metatorbemite reaction rate and (bottom) saturation plotted as a function of 
time at observation well 399-2-5 for different depths including the smear zone and saturated zone for a 
conductance coefficient of 10- 12 m. Below the water table the metatorbemite rate is constant, but above 
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Figure 18. Calcite reaction rate plotted as a function of time at obse1vation well 399-2-5 at a depth of I 04 m 
for a conductance coefficient of 10- 12 m. Calcite exhibits fluctuations in the rate with a net dissolution. 

where it readily leaches into the river during outflow. For 
the case of no sorption, inflowing river water pushes the 
plume inland away from the river boundary, resulting in 
longer periods of reduced flux to the river as the non­
sorbing plume must backtrack to the river bounda1y. The 
plateau at ~0.4 years in the nonsorbing curve in Figure 15 
is indicative of this phenomenon. It wi ll also be noted in 
Figure 15 that the case without sorption also leads to greater 
fluctuations about the mean compared to the case with 
sorption. We hypothesize that the crossover of the nonsorbing 
case with the sorbing cases at ~0.75 years is caused by an 
-increase in the nonsorbing plume size that results in a larger 
flux ofU(V l) integrated over the river boundary, since visual 
inspection of the output clearly illustrates the nonsorbing 
plume increasing in size along the river and the observed total 
U(VI) concentrations at wells along the river are consis­
tently higher for the sorbing plume. It is likely that this 
effect cou ld be remedied by carrying out the initialization of 
the plume to longer times. 
5.3.6. Comparison of Sorption in Field and Column 
Experiments 

[1s] To better understand the relationship between the 
model resu lts for the small co lumn experiment, where the 
multirate sorption model was essential to explai n the exper­
imenta l data, and the field-scale result that showed little 
difference between sorption and no sorption, a comparison is 
made between the U(VI) concentrations fo r the column and 
field . Figure 19 shows the total U(VI) concentrations as a 
function of time at well 399-2-1 for the cases of equ ilibrium 
orption, multirate sorption and no sorption with a conduc­

tance coefficient of 10- 12 m. As can be seen from the figure, 
the U(VI) concentrations for both sorption scenarios are 
close to one another, cons istent with their similar cumulative 

fluxes to the river. As river water intrudes, desorption takes 
place tending to buffer the U(VI) concentration. A much 
wider range of concentrations between equilibrium sorption 
and no sorption is apparent in the column experiment with 
unidirectional flow compared to the field case as shown in 
Figure 4. Thus it is important to take into account oscillating 
(bidirectional) flow with river and U(VI)-contaminated 
groundwater at either end of the column in the experiment to 
realistically mimic the field situation. 
5.3.7. Retardation of U(VI) 

[79) The local retardation facto r Ru(Y l) for U(VT) is shown 
in Figure 20 at well 399-2-5 as a function of time. The 
retardation varies between values of 50 and 120. The higher 
va lue occurs as river water infil trates the region of the well 
diluting the concentrations of U(V f), carbonate, and pH and 
thus increas ing its retardation. As is clear from Figure 20, 
retardation depends on the direction of flow to (qx > 0) and 
from (qx < 0) the river. 

[so] As uranium is desorbed it may move with a reduced 
retardation factor because sorption sites are already equili­
brated with uranium, much like a salinity wave in ion exchange 
processes. Multirate models based on a Kc1 form ulation 
[Qafoku el al. , 2005) , although successfully used to fit break­
through cu1ves from laboratory conducted column experi­
ments, cannot be expected to predict the correct plume 
behavior under these dynamic conditions. 
5.3.8. Effect of Smoothing River Stage Fluctuations 

[s1] To investigate the influence of smooth ing the river 
stage fluctuations, seven cases were considered of 2 hourly, 
3 hourly, 6 hourly, 12 hourly, dai ly, weekly and monthly 
averaging in addition to the ori ginal hourly. To perform the 
smoothing a convolution integral was applied to the inland 
well and river stage data. The smoothed Columbia River 
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data are shown in Figure 2 1 for hourly, daily, week ly and 
monthly smoothing intervals. The cumulative flux fo r U(Vl) 
for all eight cases is compared in Figure 22. In cany ing out 
the simulations the same hourly time step is used in all cases 

to avoid time truncation errors fo r comparison purposes. As 
can be seen fro m the fi gu re with increased smoothing, the 
U(VI) flux decreases. As is apparent from the figure, small 
amounts of smoothing do not sign ifi cantly alter the slope 
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of the cumulative flux and could enable use of larger time 
steps to cany out calculations over longer time spans, though 
time step size may be limited by the Courant condition to 
minimize numerical dispersion. 

6. Discussion 

[82] Several aspects of the 3-D model deserve further 
attention. 

[83] I. A 3-D model is essential for capturing the behavior 
of the U(VI) plume. The 1-D scoping calculation which 
provided useful information on the contribution of the release 
rate of U(VI) from the source region to the U(Vl) flux to the 
river, did not account for the release ofU(Vl) from the vadose 
zone. A 2-D model in the forn, of a vertical slice perpen­
dicular to the river, used previously by Yabusaki et al. [2008J 
and Ma et al. [201 OJ , is unable to detennine the size of the 
U(VI) plume along the river bank. It is also clear that the 
flow velocities at the 300 Area are inherently 3-D. At high 
river stage, flow is predominantly from east to west within 
the source zone, whereas during low river stage, flow velocities 
are from the northwest to southeast. Although perhaps diffi­
cult to see in Figure 8, the Ringold formation rises in a sig­
nificant ridge to the south east of the source zone (between 
source zone and the river). This ridge contributes to the 3-D 
westerly high-stage and southeasterly low-stage flow. 

[84J 2. It is difficult to obtain data for the inland bound­
aries that coincide with river stage data because of the lack 
of continuous monitoring at the inland wells . The flow field is 
sensitive to transient pressure boundaiy conditions imposed 
on the sides of the domain. Generally, these boundary con­
ditions must be set by extrapolation of nearby wells. Ulti­
mately it would be desirable to remove the no-flow boundary 
conditions imposed on the north and south boundaries. To do 
this, however, would require better characterization of the 
transient pressure fields at these locations and at the west 
inland boundaty. 

[8sJ 3. It should be emphasized that the only parameters 
for which direct experimental or field data is not available to 
constrain , are the river conductance coefficient which is 
constrained by approximately matching the observed piezo­
metric head, and the effective U(VI) source-tern, rate for 
nonlabile U(Vl), obtained by adjusting to achieve the maxi­
mum observed U(VI) concentration. All other properties such 
as permeability, porosity, capillary parameters, and sorption 
parameters were obtained from the literature. 

[ 86 J 4. From the results of the I -D scoping calculations it 
would appear that the best approach to set up Phase II initial 
conditions is to run the simulation out sufficiently far in time 
until the cumulative U(VI) flux to the river stabilizes. The 
effective rate constant for production of U(VI) from the 
source region could be adjusted to match the observed flux , 
but is bounded by the observed maximum concentration in 
U(VI). Unfortunately, this approach is currently impractical 
for 3-D simulations because of the long computation times 
required and the lack of data characterizing the nonlabile 
U(VI) component. To do so, one would have to utilize an 
optimization or parameter estimation framework e.g. , TAO 
[More et al., 2007]. 

[87J 5. The best estimate for the U(VI) flux of 25 kg/yr 
does not include all the U(VI) source contributions at the 
300 Area: e.g., NPP, trenches, extended smear zone, etc. 

Adding additional source regions to the model can only 
increase the flux , and thus the present value provides a lower 
bound on the model prediction. Note that the model results 
are within the range estimated by Peterson et al. [2009J of 
20-50 kg/yr. Adding the NPP would expect to roughly 
double the present value obtained for the mean U(VI) flux 
to the river agreeing with the upper bound derived by 
Peterson et al. [2009J. However, the current model may 
actually indirectly include some of the other sources to the 
extent that U(VI) pathways from these regions to the river 
overlap with the pathway from the SPP. There is no indication 
that U(Vl) is stored in the hyporheic zone [Fritz and Arntzen, 
2007]. 

[88J 6. Extrapolations into the future must rely on annual 
cycling of existing river stage and well head data for the river 
and inland boundary conditions. Thus the predicted attenu­
ation rate of U(VI) cannot capture details of the river stage 
fluctuations that occur in the future, although one possibility 
is construction of a stochastic representation of the river stage 
including extreme events. However, this would also require 
deriving transient conditions for the inland boundaries as 
well. 

[89J 7. Given the difficulty in establishing transient 
boundaty conditions for the inland boundaries and the highly 
heterogeneous nature of the Hanford Unit sediment, it may 
not be possible to accurately calculate the actual flow velocity 
at the site. However, this may not be of great concern so long 
as the qualitative features of the velocity field can be captured 
in the model and it is possible to compute a realistic U(VI) 
attenuation rate. As has been demonstrated in this work, much 
of the oscillatory behavior of the system averages out over 
time. Recently, Hammond et al. [20 I OJ investigated the 
effects of heterogeneity of the Hanford Unit on the U(VI) 
flux to the river and found that Gaussian distributions of 
random pern1eability based on Hanford IFRC data had vety 
little impact in spite of strong variations in the flow velocity. 

7. Conclusion 

[90] The main conclusion of this work is that under 
present-day conditions in which the U(Vl) plume at the 
Hanford 300 Area has evolved from the source region to the 
Columbia River (Phase II), the U(Vl) flux into the river is 
detern1ined primarily by fluctuations in the river stage com­
bined with a continuous source release of U(Vl) feeding the 
plume. In the model, U(VI) is released both from the saturated 
and vadose zones through dissolution of non labile U(Vl) and 
desorption of labile U(Vl). Sorptive processes were found to 
play a minor role during Phase II on the flux ofU(VI) into the 
Columbia River. In spite of the high-frequency fluctuations 
in the Columbia River stage, an approximately linear increase 
in time in the cumulative flux of U(Vl) released into the 
river is obtained in the calculations. A balance is maintained 
between the rate of leaching and the flux of U(Vl) into the 
river. The model calculations help resolve a long-standing 
puzzle as to why U(VI) persists over long time spans in the 
Hanford sediments at concentration levels that exceed EPA 
standards. By accounting for a non labile source of U(Vl) it 
was demonstrated that the prolonged release of U(Vl) at the 
site could be explained through a slow release of non labile 
U(VI) coupled to the undulating water table in the smear 
zone. The U(Vl) leach rate is coupled to the U(VI) flux at 
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the aqui fer-river interface through the affini ty term in the 
transition state rate law. 

[91] Centra l to this work was the use of high-perfonnance 
computing (HPC) carried out on the world 's fas test super­
computer Jaguar, the Cray XT4/XT5 at ORNL. Use of HPC 
made possible the abili ty to capture the rapidly fluctuating 
Columbia River stage and multicomponent U(VI) chemistry 
inc lud ing aqueous speciation, sorption through both an 
equilibrium and multi rate model, and mineral dissolution at 
a suffi ciently fine grid resolution to resolve more accurately 
fl uctuat ions in groundwater veloci ties in a reali stic 3-D 
domai n. The simulations involved approximately 28 million 
degrees of freedom fo r multicomponent reactive transport, 
run on 4096 processor cores, runs that would have required 
years of computing time on a conventional single processor 
workstation. 

[n ] The main findin gs of this study are as follows: 
[93] I. The flow field , and in particular the river interface 

(hyporheic zone) modeled through a conductance boundary 
condition, plays an essenti al ro le in controlling the re lease 
rate of U(V I) into the Columbia Ri ver. The conductance 
coefficient was adjusted to better match the observed piezo­
metric head at well 399-2- 1 yielding a value of I0- 12 

111 . 

[94] 2. Over the limited simulati on time span of I year, 
the U(V f) flu x to the Columbia River is predicted to have a 
mean value of approx imately 25 kg/yr in reasonable agree­
ment w ith fi eld observations of20--50 kg/yr [Peterson et al. , 
2009], fo r a computational domain including the SPP. The 
peak flux reaches values as high as 160 kg/yr. By measuring 
the mean U(VI) production rate fro m nonlabile sources in 
the fie ld, the model could be furth er constrained w ithout the 
necess ity of determining the exact chemical fo nn of the 
nonlabile U(VI). In this regard it must be emphasized that 
the mean U(V l) leach rate from the nonlabile source is 
re lated to the mean U(VI) flu x at the river boundary through 
global mass conservation. 

[95] 3. Contrary to expectation, sorpti on appears to play 
only a seconda1y role for Phase II conditions yielding similar 
results as the case w ith no sorption. In fact the calculations 
suggested that sorption should increase the U(VI) flux to the 
river because of the increased retardation as water flows from 
the river and reduced retardation as it fl ows to the river. 
Perhaps surpri singly, the multirate sorption model showed 
li ttle d iffe rence compared to equilibrium sorption for Phase II 
conditions, even though it y ields significantly different 
results when applied to unidirecti onal fl ow column experi­
ments perfom1ed using contaminated Hanfo rd sed iments. 
However, this would be expected because the column 
ex periment did not incorporate bidirectional flow and river · 
water chemistry. It did, however, show a significant differ­
ence fo r Phase III initial conditions for the 1-D scoping cal­
culation. In this regard, it would appear useful to perform a 
1-D co lumn experiment with a flu ctuating flow rate mimi­
cking the river stage, even though thi s would not address 
issues related to U(V I) leaching fro m the vadose zone. 

[96] 4. And lastly, although the river stage fluctuations 
yield a highly oscillatory flux of U(VI) into the Columbia 
River, the cumulative flux results in a linear increase in the 
re lease of U(Vl) w ith time allowing extrapolation to long 
time spans and enabling prediction of the time required to 
remove a given invento1y of U(VI). This extrapolati on w ill 
of course be affected by extreme events such as chinooks and 
heavy rainfa ll , fo r example. However, it can be expected that 

excursions from the mean behavior w ill have relatively lim­
ited effect in perturbing the general behavior of the system. 

Appendix A: Flux of H2O and U(Vl) at the 
Columbia River 

[97] The instantaneous flu x of water F"'(t) averaged over 
the riverbank is calculated using the equation 

Fw(t) = l dA · q(r, t)pw, 
-A 

(Al) 

where the surface integral is taken over the ri ver-sediment 
boundary A. The Darcy volumetric flux at the river bounda1y , 
q(r, t), is obta ined by solving the 3-D fl ow equations using 
Richards approx imation fo r variably saturated conditi ons . 
The flux is a rapidly oscillating functi on of time caused by 
hourly changes in the river stage. The cumulative flux of 
water F 11,(I) at the river bounda1y is equal to the time integra l 
of the flux Fw(t) according to 

F w(t) = f I dt' Fw(t' ), 
IJ 

(A2) 

where 11 is the initi al time of integration, taken to be zero or 
corresponding to a reversal in the direction of mean flow (see 
Figu re 13). It is assumed that between fl ow reversals the flux 
Fw can be represented as the sum of its mean value plus a 
rapidly fluctuating term according to 

Fw(t) = Fw + fiFw(t), (A3 ) 

where the mean flux F.., is computed fro m the relation 

- I 11, 
Fw = -- dt Fw(t). 

12 - 11 11 

(A4) 

[98] The time interval (11, 12) over whi ch the mean value is 
computed corresponds to the time between reversals in the 
mean flow direction. The fluctuating term 5Fw is defin ed as 
the difference between the actual flux and its mean 

oF,.(t ) = F,.(t ) - F.., . (AS ) 

[99] The flu ctuating part is assumed to average approx i­
mately to zero over a time interval 61 according to the 
equati on 

1 cit tiF,v( t) '.:::'. 0, 
61 

(A6) 

where it is assumed that the time interva l 61 is large compared 
to the characteristic time over which river stage flu ctuations 
occur, but small compared to the time between mean fl ow 
reversals. With this approximation the cumulati ve flu x 1s 
simply a linear fun ction of time 

F w(I) '.:::'. (t - 11 )Fw, (A 7) 

as observed in Figure 13. The instantaneous and cumulative 
flu x for water is shown in Figure 13 over a one year time 
period. The stra ight line fits to the cumulative flu x between 
mean flow reversals agree closely with the mean flux over that 
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time interval, indicating that equation (A6) is an excellent 
approximation. 

[1 00] Unlike the flux of water which changes sign, the 
instantaneous U(Vl) flux is either positive when the direction 
of flow is into the river, or zero when flow is in the opposite 
direction giving rise to a ratcheting effect ofrelease ofU(Vl). 
This is because river water contains uranium in negligibly 
small quantities. Thus the cumulative U(VI) flux can only 
increase with time or remain the same and the zigzag behavior 
observed for water with mean reversals in flow direction does 
not occur for U(VI). Even if the net flux of water is inland, 
there can still be a net loss of U(V[) to the river. The flux 
of U(VI) into the Columbia River is computed from the 
relation 

Fu(v1) (t ) = j dA · q(r, t) 'f'u(vi), (A8) 

where the surface integral again is taken over the river 
boundary, The total cumulative flux given by 

F u(vi)(t) = 1' dt'Fu(vii (t' ) . (A9) 

[ 101 ] Since mean reversals in flux do not occur for U(Vl), 
the time integral over the flux begins at t = 0. Again, assuming 
that the U(VI) flux into the river can be separated into mean 
plus fluctuating terms one has 

Fu(v1i(t) = Fu(Vl) + 6Fu(v1i (t) , (A IO) 

with 

F u(Vl) = _!._ ( dt Fu(v1)(1) , 
T lo (Al 1) 

where the total time interval of interest is denoted by T, and 

6Fu(v1)(1) = Fu(v1)(1 ) - F U(Vl)· (A 12) 

[1 02] The fluctuating tem1 is assumed to average to zero 
over sufficiently small time intervals 

so that 

l dt 8F u(v1i (t) ~ 0, J t:.1 

F u(v ii (t) ~ tFu(Vl)· 

(A13) 

(A14 ) 
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