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ABSTRACT 

The effect of flow rate on U(VI) sorption kinetics was investigated by a series of column 

tests using the reactive mass fraction (<2mm) of sediments from the 300 Area in Hanford, WA. 

Three sets of constant flow rates subject to multiple stop flow events were employed to obtain 

U(VI) breakthrough curves at the column outlet. A lognormal distributed multi-rate surface 

complexation model was used to match the experimental breakthrough curves and calibrate the 

parameters of the multi-rate distribution.  The results from the column tests clearly show the 

mean of the lognormal distributed sorption rate constants to increase with the flow rate, while the 

standard deviation of the lognormal distributions decreases with the flow rate.  This finding is the 

first empirical evidence for the flow rate dependence of the multi-rate sorption kinetics and is 

thus of fundamental importance for future efforts to further improve the predictive modeling and 

remediation of U contamination. 
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CHAPTER 1 

INTRODUCTION 

1.1  Hanford Site and 300 Area 

In 1939, amidst concerns of the potential development and introduction of atomic 

weapons into escalating European conflicts, President Franklin Roosevelt called the first meeting 

of The Advisory Committee on Uranium. The results of the meeting were less than striking, and 

varied projects involving nuclear research and development remained isolated, poorly organized, 

and beset by bureaucracy for several years. It was not until 1942 that the necessity of organized, 

efficient and effective nuclear research and development was met by the US government 

formation of the Manhattan Project, and sites were chosen across the USA and Canada in which 

various aspects of this initiative would be executed. The Hanford Site in the high desert of 

southeast Washington State was chosen for production of weapons grade plutonium for the 

project. The area was considered ideal based upon its paltry population and location adjacent the 

Columbia River, which was viewed as an ideal source of fresh water to be used in cooling plant 

reactors. At the conclusion of WWII, the Manhattan Project was subsumed into the nascent 

United States Atomic Energy Commission, and the Hanford Site remained prominent in the area 

of nuclear research and development. From 1943 through the end of the Cold War in 1989, a 

total of nine nuclear reactors were built at Hanford that produced over 54 metric tons of 239Pu 

(Marceau et al, 2002).  

Between the years of 1948-1994, 1060.8 kg operating losses (excess Pu that is not 

technically or economically recoverable) were reported at Hanford – more than any other DOE 

Site. Also present among site-wide nuclear waste products are asbestos, lead, chromium, carbon 

tetrachloride, strontium, uranium, cesium, and tritium. While some of these byproducts have 
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been sent to nuclear storage sites across the United States, a large fraction of byproducts remain 

on site in landfills, waste disposal ponds, cribs and burial grounds, as well as in open areas where 

leaks and accidents have occurred.  Throughout its most productive years, an excess of 454 

million L of waste were arbitrarily dumped directly into Hanford sediments (Gee et al., 2007). 

The majority of contaminated sediments at Hanford are located on the central plateau of 

the Site (Rockhold et al, 2009). Within this region, the greatest contaminant concentrations are 

present in the 100 Area, 200 Area, and 300 Area (Figure 1.1). The 200 Area of the Hanford Site 

is host to 80 percent of all the spent nuclear fuel in the United States.  

In the lower southeast corner of the Hanford Site is the 300 Area (Figure 1.1), adjacent to 

the Columbia River, directly upstream from the growing city of Richland, WA. This portion of 

the Hanford Site was used for nuclear fuel fabrication and waste disposal from 1943 to 1994. 

Remaining is a collection of process ponds, buried drums and contaminated research facilities, as 

well as approximately 46,000 kg of disposed uranium, the second largest stock of disposed 

uranium at Hanford (McKinley et al., 2011).  

Hydrogeologic investigations at the Hanford Site began in 1965, with specific attention 

given to the 100, 200, and 300 Areas. In 1976, a provisional investigative plan was outlined for 

the 300 Area (Lindberg and Bond, 1979). Since then, numerous studies have been conducted in 

effort to characterize and parameterize the physical and chemical components involved in 

contaminant transport within 300 Area sediments. Included in its inventory of disposed wastes 

are uranium (33,566-58,967 kg), copper (241,311 kg), aluminum (113,398 kg), fluorine (117,026 

kg), nitrate (2,060,670 kg), and excesses of acid (HNO3) and base (NaOH) (McKinley et al., 

2011).  
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Figure 1.1  Hanford Site (far right), 
Southeast Washington State; 
Contaminated areas highlighted. 
Integrated Field Research Study 
Site (IFRC) is located within the 
300 Area (below).
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In 1987 the Hanford Site was proposed for candidacy on the National Priorities List, the 

status of which was obtained in 1989 (Dennison et al., 1989). A monitored natural attenuation 

plan began at the 300 Area in 1996, deemed to be an effective remedial strategy based upon 

equilibrium Kd models of U transport; these models predicted that U(VI) concentrations several 

orders of magnitude higher than the EPA drinking water standard (0.03 mg/L) would dissipate 

over a ten year period. However, after a ten year period, U concentrations continued to exceed 

EPA limits, and as a result, in 2007, the Integrated Field Research Challenge (IFRC) was 

initiated in the 300 Area to assist in field scale monitoring, characterization and modeling of the 

persistent plume of U(VI). The specific goals of the IFRC are to develop a working conceptual 

model, on both a qualitative and quantitative level, of rate limited, multi-species U contaminant 

mass transport in the subsurface, and to utilize this developed knowledge base to improve 

subsurface transport and predictive models for present and future applications in the 

environmental sciences. 

Thus far, results of IFRC related research include (though are far from limited to): 

enhanced characterization of the nature and spatial distribution of subsurface heterogeneities at 

the 300 Area, evidence that U(VI) transport is kinetically controlled with sorption occurring via 

surface complexation (Qafoku et al, 2005; Bond et al., 2007), greater understanding of the multi-

rate nature of U(VI) sorption and diffusion as a function of sediment grain size and type (Liu et 

al., 2008, Stubbs et al., 2008), and a surface complexation model capable of modeling multi-rate 

U(VI) species sorption and transport (Liu et al, 2008, 2009).  

1.2   Hydrogeologic setting 

There are three primary hydrogeologic units at the 300 Area that overlay the Miocene 

Columbia River Basalts (Figure 1.2). The basal basalts contain several confined aquifers which, 

4



Columbia River Basalts

Hanford Formation Columbia River

El
ev

 (m
)

140

120

100

80

60

Cold Creek Unit 
(discontinuous)

West East

Ringold Formation

Ringold Gravels

Ringold Lower Mud

Q
ua

te
rn

ar
y

H
ol

oc
en

e
Pl

ei
st

oc
en

e
Pl

io
ce

ne
M

io
ce

neTe
rt

ia
ry

deposits

unconformity

unconformity

unconformity

unconformity

unconformity

Hanford formation

Early “Palouse” soil

Cold Creek unit

Ringold 
Formation

Columbia River 
Basalt Group

Figure 1.2  Simplified stratigraphic model of the 300 Area (below). Units correspond to geologic 
periods and epochs in diagram to right. Modified from Lindsay and Gaylord, 1990, and Peterson, 2005.
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on a local scale, occasionally communicate with the unconfined units above. Due to the potential 

of migration of contaminants into these lower units, groundwater in the upper basalts is carefully 

monitored, the results of which indicate they are not acting as a conduit for offsite transport of 

Hanford contaminants (Newcomer et al, 2002). The discussion herein of the hydrogeologic 

setting at the site with thus be limited to the suprabasalt unconfined aquifer system.   

In depth descending order, the units comprising the unconfined aquifer system at Hanford 

are the Hanford Formation, the Cold Creek Unit, and the Ringold Formation. Groundwater 

recharges at the point where the Columbia River Basalts outcrop at the Cascades, and grades 

eastward towards the Columbia River. Precipitation varies seasonally, averaging 182 mm/yr, the 

larger fraction of this (62%) occurring in the winter months when evaporation levels are at their 

lowest (Gee et al., 2005). 

The uppermost Hanford Formation is a composite of Quaternary catastrophic flood 

deposits resulting from reoccurring ice dam breaks of glacial lake Missoula. It reaches 

thicknesses as great as 100 m, and has an average hydraulic conductivity greater than 1500 m/d 

(Stubbs et al., 2008). The clay fraction within this unit consists of illite, smectite, chlorite, and 

kaolinite (in order of abundance), and the non-clay components are quartz, feldspar, and 

amphiboles (Serne et al., 2003). This unit is highly heterogeneous, with sediment grain sizes 

ranging from clay to cobble, varying dependent upon depositional environment; it is composed 

of gravel rich areas resultant high-energy flow, sand-gravel regions juxtaposing these high-

energy units, and regions of interbedded sands and silts representative slack water zones (Conrad 

et al, 2007). 

The Cold Creek Unit is a thin discontinuous unit sandwiched between the Hanford and 

Ringold Formations. It was formed during an arid Plio-Pleistocene period, and is comprised of 
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pedogenic carbonates, altered and cemented silts, gravels and clays. It has the lowest hydraulic 

conductivity of the three primary units – only 1.5 m/d (Yarbusaki et al., 2007).  

The lowest sedimentary unit is the Ringold Formation, deposited during the Tertiary, 

which is comprised of the same primary minerals as the Hanford Formation (quartz, feldspar and 

amphibole), but is considerably more consolidated and far less permeable than the uppermost 

unit. Based upon the unusual gravel to silt/clay content of this unit within the 300 Area, it has 

been surmised that during deposition, this site ran parallel the principal course of the ancestral 

Columbia River (Lindberg and Bond, 1979).  It is comprised of stacked channel deposits with 

sand and mud dominated point bars and flood plains. The average hydraulic conductivity of the 

unit is 15 m/d (Yarbusaki et al., 2007). This unit is highly heterogeneous, with grain sizes 

ranging from mud to cobble, containing sand and mud lenses throughout (Lindsay and Gaylord, 

1990). 

These units communicate with the adjacent Columbia River in a complex groundwater-

river water mixing zone with a fluctuating hydraulic gradient (Figure 1.3). Seasonal changes in 

river stage result in influent conditions during high river stage (spring and early summer) and 

effluent conditions during low river stage (late summer and fall) (Arntzen, 2006). These 

fluctuations are exacerbated by upstream dam activity which can cause river stage fluctuations as 

great as 2 m per day. Elevation of the groundwater table as a result of rising river stage can cause 

saturation of the lower vadose zone, mobilizing previously precipitated contaminants.  

The characteristic heterogeneity, anisotropy, and vast difference in the hydraulic 

properties of these media, as well as aridity of the vadose zone due to the semiarid climate in the 

region, cause physical nonequilibrium in flow and contaminant transport (Bierschenk, 1959; 

Pace et al, 2003). Regions of localized immobile water can be surrounded by preferential finger 
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Figure 1.3  Conceptual model of groundwater flow at the 300 Area. (Adapted from DOE, 2002 and Peterson 
and Connelly, 2001.) 
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flow, creating sink and source areas for contaminants (Pace et al., 2003). This results in plumes 

of varying vertical and horizontal extent, and complicates microscale changes in porosity, 

permeability, and tortuosity. The impact of this upon physical and chemical transport involves 

spatial and temporal variability in contaminant dispersion, spatially variable ionic diffusion rates, 

spatial variations in solution ionic strength, as well as local variations in sorption potential (Pace 

et al, 2003; Zachara, 2005). The macroscopic effects of these microscopic chemical and physical 

variations become increasingly important as heterogeneity increases and permeability decreases. 

That is to say, the smallest, most impermeable regions exert a disproportionate influence upon 

the transport of contaminants within the larger system (Liu et al., 2008; Stubbs et al., 2008). Yet 

the finer aspects of this influence remain poorly understood. 

1.3   Previous work 

Presently, the average flux of uranium along the 1,900 meter plume front at the 300 Area 

(Figure 1.4) to the Columbia River is estimated to be ~30-40 kg/yr (Peterson et al, 2009); 

USEPA drinking water standards allow for 0.03 mg/L U. All mobile U is in the form of UO2
2+, 

and while uranyl carbonate complexes are most critical to consider in U transport at Hanford, 

sulfates, phosphates, fluorine, and silicate species play minor roles (McKinley et al., 2006; 

Zachara et al, 2005; 2007). Aqueous uranium geochemical reactions are rate limited and 

extremely complex (Barnett, 2000; Qafuko, 2005; Zachara, 2007).  

Of the major geochemical processes to account for in radionuclide transport (sorption, 

precipitation-dissolution, oxidation-reduction), desorption-adsorption surface complexation 

reactions are of primary concern (Davis et al, 2004; Goldberg et al., 2007).  

In considering uranium complexation in natural waters, the sorption behavior of aqueous 

uranium is most critically affected by fluid pH (Echevarria, 2001). In acidic conditions, at lower 
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Figure 1.4  300 Area uranium plume contoured with concentrations taken 
from groundwater samples August-September 2001. Modified from Catalano 
et al., 2006. 

IFRC
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pH values, UO2OH+ and UO2
2+ are the dominant aqueous uranium species. Aqueous uranyl 

carbonate complexes become dominant at circumneutral pH, primarily in the form of 

Ca2UO2(CO3)3 and CaUO2(CO3)3
2+. Under alkaline conditions, the dominant aqueous uranyl 

complexes are the cationic carbonate species Ca2UO2(CO3)3
2- and UO2(CO3)3

4-. The greatest U 

sorption potential occurs at pH 5-8; with the formation of uranyl carbonate species at higher pH 

levels, there is greater desorption of U from soil particles (Echevarria, 2001; Jurgens, 2010; 

Qafoku et al, 2005; Zachara, 2007). Figures 1.5-1.7 show aqueous uranium speciation as a 

function of pH for average Hanford groundwater with 20 µg/L U. 300 Area groundwater pH 

levels typically range from 8 to 11, at which the dominant aqueous uranyl species are 

Ca2UO2(CO3)3, CaUO2(CO3)3
2+,  Ca2UO2(CO3)3

2- and UO2(CO3)3
4- (Zachara, 2007).  

Research has shown that the <2mm sized fraction of Hanford sediments has greater 

sorption potential (orders of magnitude greater) than coarser grain sizes, and thus exerts a 

dominant influence upon U(VI) Kd values (Liu et al., 2008; Stubbs 2008). This association of 

U(VI) with the smallest sized fraction of sediments is shown in Table 1.1 (taken from Liu et al., 

2008). Changes in grain size can affect porosity and permeability, causing changes in fluid 

residence time in a system, as well as, in heterogeneous systems and at higher flow rates, 

potentially affecting exposure of aqueous species to sorption sites due to preferential flow. U 

desorption occurs at a slower rate than adsorption, regardless of contact time (Payne et al, 1994; 

Qafoku et al, 2005), but as uranium adsorbs to sediments, increased contact time lengthens the 

amount of time necessary for the desorption process to occur (Culver et al., 1997; Liu et al., 

2004; Smith and Szecsody, 2011).   

The primary composition of the less than 2mm clay fraction within Hanford sediments is 

dominated by illite, smectite, chlorite, and kaolinite (listed in order of abundance) with a much 
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Size Range 
(mm)

Mass Fraction
(%)

Total 
U(VI)

Table 1.1  U(VI) distributions for varying sediment sizes in a 300 Area 
field sample.

Cobbles

Sand

Silt and Clay
Sand, Silt and Clay

modified from Liu et al., 2008
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Figure 51. Simplified Hanford groundwater with 20 ppb U  
(all values in mg/L): Ca 53.3, Mg 13.4, CO3 166 (allowed  
to vary), O2 8.4, U 0.02 (20   µg/L       ) ;  p H  a   l  l o w e d  t o  v a r y    f r o  m 
 5.5 to 11 (pH 5.0 fails to converge). 

Diagrams 5-7 based  upon  average composi on 
of 11 Hanford groundwater wells 1987-1990 
pH = 8.35  (range 7.82 to 8.47)   total alkalinity  81.6 

Al < 0.03 
B 0.09 
Ba 0.056 
Ca 53.4 
Cd,< 0.03 
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Cu, < 0.03 

Fe  < 0.03 
K  8.19 
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Mg 13.4 
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NO2-  < 0.3 

NO3-   < 0.5 
PO4   < 0.4 
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(all values mg/L) 

figure adapted from Szecsody et al., 2011

Figure 1.5  Simplified Hanford groundwater with 20 ppb U 
(all values in mg/L): Ca 53.3, Mg 13.4, CO3 166 (allowed 
to vary), O2 8.4, U 0.02 (20 μg/L); pH allowed to vary from 
5.5 to 11 (pH 5.0 fails to converge).
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Figure 1 6. Hanford groundwater without Si, with 20 ppb  
U (all values in mg/L): Ca 53.3, Mg 13.4, CO3 166 (allowed  
to vary), O2 8.4, U 0.02 (20 µg/L ) ,   S O 4   6 6 . 6 ,  C l  2 3 .  5 ,  F  0 . 5 3 ,  
K 8.3, Sr 0.22, and Al 0.03; pH allowed to vary from 5.5 to  
11 (pH 5.0 fails to converge). 

Figure 1.6  Hanford groundwater without Si, with 20 ppb U 
(all values in mg/L): Ca 53.3, Mg 13.4, CO3 166 (allowed 
to vary), O2 8.4, U 0.02 (20 μg/L), SO4 66.6, Cl 23.5, F 
0.53, K 8.3, Sr 0.22, and Al 0.03; pH allowed to vary from 
5.5 to 11 (pH 5.0 fails to converge).
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Figure 1.7  Average Hanford groundwater with 20 ppb U 
(all values in mg/L): Ca 53.3, Mg 13.4, CO3 166 (allowed 
to vary), O2 8.4, U 0.02 (20 μg/L), SO4 66.6, Cl 23.5, F 
0.53, K 8.3, Sr 0.22, Al 0.03, and Si 15.3; pH allowed to 
vary from 5.5 to 11 (pH 5.0 fails to converge).
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Average Hanford groundwater with 20 ppb U (all values in mg/L):  
Ca 53.3, Mg 13.4, CO3 166 (allowed to vary), O2 8.4, U 0.02 (20 ppb), 
SO4 66.6, Cl 23.5, F 0.53, K 8.2, Sr 0.22, Al 0.03, and Si 15.3; pH 
allowed to vary from 5.5 to 11 (pH 5.0 fails to converge). 
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smaller non-clay component dominated by quartz, feldspars and amphiboles (Serne et al., 2002; 

Serne et al., 1992). The presence of sedimentary carbonates varies locally, but the average 

weight percent of calcium carbonates is ~1-5% in the Hanford Formation, and <1% in the 

Ringold, with the weight percent fraction increasing as grain size decreases (Serne et al, 2002). 

As aforementioned, these carbonates are fundamental in the formation of a host of mobile weak 

uranyl complexes (e.g. Ca2UO2(CO3)3(aq), CaUO2(CO3)3
2-, (UO2)2CO3(OH)3-, UO2(CO3)2

2- ) 

(Dong et al., 2005, 2006). Silicates contribute to uranium sorption to a lesser degree, forming 

strong uranyl complexes (e.g. uranophane, sodium boltwoodite), (McKinley et al., 2006). Studies 

have also shown phosphates (e.g. metatorbernite, apatite), clay minerals and hydrous oxides 

(particularly Al, Mn, and Fe), all of which are present at Hanford, to exert a strong influence on 

uranium sorption (McKinley et al., 1995; Serne, 1993; Hennig et al, 2002; Liu et al., 2004; 

Stubbs et al, 2008). Figures 5-7 illustrate the contrast between the dominant role of carbonates 

and the more subtle role of silicates and hydrous oxides in uranium speciation in Hanford 

groundwater. 

As numerical models have failed to accurately predict the subsurface transport of 

uranium, there has been a large effort towards advancement in this area. Numerical efforts to 

resolve the issue of spatial heterogeneities at Hanford in a probabilistic manner began as early as 

1994 (Poeter and Townsend, 1994), but this does not address the geochemistry of U transport. 

One method of modeling uranium transport is the equilibrium approach, which utilizes an 

equilibrium distribution or isotherm model (Barnett et al., 2000). However, equilibrium constants 

used in these models vary with solution geochemistry, and upscaling them to illustrate field scale 

transport is problematic as their efficacy breaks down in systems exhibiting spatial and temporal 

variances (Brusseau and Srivastava, 1999; Davis et al, 2004; Goldberg et al, 2007). At Hanford, 
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soil heterogeneity and reactions that occur between sediments and wastewater at a temporal scale 

along flowpaths provide this variance. Furthermore, uranium sorption is a kinetic process, and 

while equilibrium models are easy to use, they do not accommodate rate limited reactions. As a 

result, distributed rate coefficient models have been applied to accommodate a variety of reaction 

sites which are described using a statistical distribution (Qafuko et al, 2005). Column tests were 

performed in 2005 (Qafoku et al., 2005) and modeled with a distributed rate model, but at a 

consant Kd. This requires redefining Kd under varying solution compositions and pH. To more 

effectively accommodate systems with changing solution compositions and pH, a multi-rate 

surface complexation model (SCM) was developed wherein the assumption is made that all first 

order rate constants follow a statistical distribution (Liu, 2008). This new model has the 

capability of describing heterogeneous systems with a variety of surface sites and kinetic rates 

(Liu et al, 2008; 2009).   

1.4   Present study 

The work presented herein investigates the nature of the relationship between flow rate 

and U(VI) kinetic sorption using the less than 2mm sized fraction of Hanford’s 300 Area 

sediments. Both experimental and numerical approaches are employed to determine whether or 

not changes in fluid velocity impact the first-order mass transfer rates that govern U(VI) kinetic 

sorption. 

The adsorption of U(VI) to the reactive microscale sediment fraction was investigated 

through a series of column experiments conducted with flow interruptions (after the fashion of 

Quofaku et al., 2005 and Liu et al., 2008). Sediments used in the experiment were extracted from 

the 300 Area at Hanford, Washington, and the <2mm size fraction isolated by dry sieving. These 

sediments have been used in previous experiments (Liu et al, 2008; 2009) and a database exists 
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as to their physical properties. Mineralogical analysis indicated this smaller sized fraction to be 

dominated by muscovite, clinochlore, montmorillonite, vermiculite and minor swelling chlorite, 

with a lesser abundance of carbonates, quartz, feldspar, hornblende, as well as crystalline and  

non-crystalline FE(III) oxides (Liu et al., 2008, Qafoku et al., 2005; Zachara et al., 2005).  

Column tests were conducted using high performance liquid chromatography (HPLC) 

pumps (Cole-Parmer, IL) to maintain a constant flow rate. Four tests were run at three different 

flow rates. In the first two experiments, both columns were run simultaneously at the same 

constant flow rate (6.3 ml/h) to assure transport behavior in the two columns was approximately 

the same. Experiments three and four were performed at different constant flow rates (18.9 ml/h 

and 56.4 ml/h, respectively). Both adsorption and desorption trends were observed by flushing 

the columns and then monitoring the injection of first an uranium-spiked synthetic groundwater 

solution (U-SGW) and then a clean synthetic groundwater (SGW). Stop-flow events were 

initialized throughout the experiments to capture nonequilibrium sorption.       

Results were modeled using a 1-D analytical model to elucidate soil fluid transport 

parameters. These values were used in a multi-rate surface complexation model to investigate 

changes in sorption profiles at the different flow rates.  
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CHAPTER 2 

METHODS 

2.1 Column and Solution Preparation 

A synthetic groundwater (SGW) solution approximating the composition of 

groundwater samples collected from the water table beneath the sediment collection site was 

prepared and used in all the experiments (Table 2.1). All SGW solutions prepared fell within a 

pH range of 8.15-8.30. A portion of prepared SGW was isolated and spiked with 25 mg/L 

NaBr from a commercially available salt, and 60 µg/L U(VI) from a dilution of a concentrated 

Uranyl Nitrate Hexahydrate UO2(NO3)2 · 6H2O salt (Fluka cat # 94270, lot 279583 189, CAS 

Number 13520-83-7) stock solution. This U-SGW was tested over a period of days to assure 

the concentration of both U(VI) and NaBr remained constant. 

Air-dried, <2mm sized sediments were moisturized to a soil-water content of  ~2.36% 

in order to afford binding of fine and coarse particulates, which allowed greater ease and 

uniformity of sediment packing. Moisturized, fine-grained, U(VI)-containing sediment was 

packed at 2.5 cm intervals into two small steel columns (15 cm long x 2.35 cm inner diameter, 

see Figure 2.1). Each 2.5 cm layer was compacted by tamping sediment with a rubber dowel 

and gently tapping the exterior wall of the column with a plastic hammer. Sintered porous 

metal frits (Mott Metallurgical Corporation) with 10 µm pore diameter were placed at both 

ends of the column to evenly distribute influent SGW and to prevent fines from eluting in 

effluent.
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g/L ppm
NaHCO₃ 0.121 121.1
KHCO₃ 0.016 16.02
MgSO₄ x 7H₂O 0.126 126
CaSO₄ x 2H₂O 0.0206 20.06
Ca(NO₃)₂ x 4H₂O 0.0543 54.362
CaCl₂ x 2H₂O 0.0956 95.709
pH ~8.1-8.3

Table 2.1 - Synthetic 
groundwater (SGW) recipe. 
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Figure 2.1  Left) <2mm sized fraction of 300 Area sediments packed into 15 cm columns. Right) Laboratory design.
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2.2 Analytical procedure 

SGW was pumped into the packed columns with high performance liquid 

chromatography (HPLC) pumps (Figure 2.1). Initially, a slow flow rate of ~0.3 ml/h was used 

so as to evenly saturate the sediments and purge the columns of air. Saturation took 

approximately 72 hours. Pore volume and porosity were calculated at this point based upon the 

quantity of sediments in the columns and the mass of water used to saturate them; this and 

other measured physical properties pertaining to the columns can be found in Table 2.2. After 

saturation, the SGW was flushed through both columns at an increased flow rate of ~6 ml/h.  

Samples were automatically collected with Foxy 200 fraction collectors. Frequency of 

sample collection was increased during periods when influent solution was switched between 

SGW and U-SGW and after SF events (e.g., for the slower flow rate, 12 samples were 

collected per pore volume during the first 3 days of the experiment and after each SF event; 8 

samples per pore volume were collected at other times). Uranium concentration was measured 

with a kinetic phosphorescence analyzer (Gilson 222 model KPA-11, Chemchek Instruments, 

Richland, WA) with a detection limit of 0.001 μmol/L  and a ~4% error range for U levels 

pertinent to this set of experiments (KPA procedures are outlined below). Sample pH was 

analyzed periodically in influent and effluent to assure solution equilibrium (an Orion 

8103BNUWP Ross Ultra® Semi Micro pH was used for the first two experiments, and a 

ThermoScientific Orion 4 Star™ pH·ISE Benchtop for the two experiments at faster flow 

rates; reproducibility is ± 0.003).  

Sediments contained residual U (see Determination of Labile U Content, below), which 

was initially eluted at levels of approximately 6 µg/L. SGW was flushed through the columns 

until background U concentrations in effluent reached values below 2 µg/L.  This value was 
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Table 2.2  Physical properties of sediments and columns 
 Experiment  
   1 2 3 4 
column dimensions (cm) 15x2.35 
column volume (cm3) 65.06 
pore volume (cm3) 23.47 24.35 23.47 24.35 
residence time (h) 3.72 3.86 1.24 0.43 
bulk density (g/ cm3) 1.753 1.753 1.753 1.753 
flow rate (cm3/h) 6.3 6.3 18.9 56.4 
darcy velocity (cm/h) 1.45 1.45 4.36 13.01 
seepage velocity (cm/h) 4.04 3.92 11.5 36.1 
dispersion coefficient (cm2/h) 1.3 1.3 1.3 1.3 

  

1.3

    
    

 

porosity 0.36 0.37 0.36 0.37

*

* dispersion coefficient determined using analytical model; all other 
parameters determined based on experimental measurements.  
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chosen as it represents the low end of U(VI) concentrations in 300 Area sediments (Zachara, 

2005). At this point, flow rate from HPLC pumps was increased to desired values for the 

various experiments, and influent reservoirs were switched from SGW to U-SGW.  

When U(VI) concentrations reached approximately 55 µg/L, flow was stopped and the 

column valves plugged for 48 hours to allow U(VI) adsorption to occur by diffusional mass 

transfer only. After 48 hours, flow was resumed at the same rate as prior to the stop flow (SF). 

A schedule of SF events is summarized in Table 2.3.  

  When effluent values reached ~58 µg/L, influent reservoirs were switched to SGW and 

U-SGW leached from the columns (see Table 2.3 for time and pore volumes corresponded 

solution switch). Frequency of bromide measurements was again increased until the tracer had 

eluted from the system. Stop flow events were instituted for optimal leaching of uranium 

during the desorption limb of the experiment; one for each replicate experiment (of 48-hour 

duration) and three for the other two experiments (the first lasting 48 hours, the latter two each 

72 hours). Effluent samples were collected in an automatic fraction collector, and analyzed 

with a KPA until levels of U(VI) were less than 0.01 µg/L.  

2.3 Determination of labile U concentration 

The fraction of labile U (the amount of isotopically exchangeable U(VI) present as 

residual in sediments) was determined by bicarbonate extractions performed at room 

temperature, using methods described by Davis and Curtis (Davis and Curtis, 2003; Kohler et al, 

2004; Zachara et al, 2005). Samples were prepared for triplicate analyses at a solids to liquid 

ratio of 2g:40ml, using a sodium bicarbonate extractant solution of 1.44·10-2M NaHCO3 and 

2.8·10-3M Na2CO3. The extractant had a pH of 9.45±0.05, an alkalinity of 20 meq/L, and an 

ionic strength of 0.022M. Samples were placed on a shaker, and analyzed at 7 intervals over a 
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SF SGW SF SF SF END
48 hour rinse 48 hour 72 hour 72 hour

time (h) 162.58 303.1 356.35 744.35
PV 43.505 81.283 95.737 173.842
time (h) 162.58 303.1 356.35 744.35
PV 41.934 78.351 92.284 167.576
time (h) 169.517 286.95 365.433 408.433 505.683 596.1
PV 131.58 222.732 283.652 317.028 392.515 462.697
time (h) 169.5 286.933 365.417 404.417 505.667 596.167
PV 407.284 689.459 878.042 981.365 1215.04 1432.5

1

2

3

4

Table 2.3  Stop flow schedule 

Ex
pe

rim
en

t
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period of one hour to seven months. Each sample was centrifuged for 30 minutes at 3000 rpm 

before filtration (filters used had 0.2µm pore diameter) and acidification for KPA analysis. 

2.4 Major chemical composition analysis 

Bromide values were measured with a Bromide selective ion probe (Accumet cat #  13-

620-525 SN 4110069P) using a set of seven standards (made from stock Sodium bromide, 

Fisher Scientific ACS certified, cat.  # S255-3, lot 916659) with a detection range from 1-60 

mg/L. Sodium nitrate was added to samples for analysis to control the solution ionic strength. 

Anion bromide, fluoride, chloride, nitrite, nitrate, and sulfate levels were measured by 

ion chromatography with a Dionex ICS-2000 anion chromatograph, using Spex CertiPrep 

anion standards. 

Select samples were analyzed for cations Ca, Cu, Fe, K, Mg, Mn, Ni, Sr, Na, Si, and S 

levels with a Perkin Elmer, Optical Emission Spectrometer, Optima 2100 DV; total dissolved 

inorganic carbon was determined with a Shimadzu Carbonate analyzer, TOC-VCSH.  

2.5 U(VI) analysis 

Aqueous uranium concentration in effluent samples was determined by kinetic 

phosphorescence analysis (KPA). This analytical technique will be briefly outlined here, but the 

theory and application are more thoroughly addressed in Brina and Miller (1992).  

KPA excites aqueous uranium compounds by using a pulsed nitrogen laser and stilbene 

420 dye, which emit ultraviolet and visible radiation, causing the compounds to phosphoresce. A 

decay curve is generated by measuring the degree of ion luminescence over the course of a series 

of pulses from the laser. The luminescent decay of aqueous uranium complexes operates as a 

first order decay rate, and processed samples are therefore plotted with log-normal axes (with 

absorbance units on the log axis, time on the normal). Quenching of fluorescence intensity 
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results in reduced lifetimes; to avoid this, Uraplex (a proprietary solution by Chemchek), which 

complexes with UO2
2+, is added to all samples before processing. 

The kinetic phosphorescence analyzer used in this study was a KPA-11 by Chemchek 

Instruments (Richland, WA), with a minimum detection limit of 0.01 µg/L. In the range of ng/L, 

the instrument error is 4-7%, but at higher concentrations and lifetimes, analytical error is 

reduced to 1-3% (Brina and Miller, 1992).  The proprietary Uraplex solution used was also from 

Chemchek. Uranium standards were prepared from a stock solution of Uranyl Nitrate 

Hexahydrate, UO2(NO3)2 · 6H2O salt (Fluka cat # 94270, lot 279583 189, CAS Number 13520-

83-7). A set of five to seven standards was used to calibrate the instrument before samples were 

run. Standards were thereafter run in between samples for quality assurance of data.  

Samples were prepared by pipette extraction of effluent from sample vials, diluted with a 

2% nitric acid solution, and shaken before analysis. Dilutions were on the order of 2:1 and 9:1, 

the nitric acid always as the larger fraction. 

2.6 Analytical model 

The advection-dispersion equation was used to describe the physical transport processes  

(advection, dispersion, and diffusion) through the porous medium. The general form of the 

advection-dispersion equation for a conservative tracer is  
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In this study, a 1-D analytical solution to the advection-dispersion equation (Zheng and 

Bennett, 2002) was used to model the Br tracer transport. The transport equation solved by the 1-

D solution is the following simplified version of the general equation (1)  
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All known parameters used in the analytical solution are listed in Table 2.4. The only 

unknown was the dispersion coefficient, which was calibrated by fitting the model solution to the 

observed data. 

2.7 Numerical model 

A surface complexation model (SCM) proposed by Liu et al. (2008 and 2009) was used 

to describe U(VI) sorption kinetics. A brief summary of the SCM will be given here, however a 

full explanation can be found in Liu et al. (2008 and 2009).  

Liu et al. (2008) developed a one-dimensional finite-difference model to simulate U(VI) 

reactive transport in a column system containing variably textured sediments under changing 

solution conditions. It uses a rate distributed approach to accommodate multisite, kinetic sorption 

(after Culver et al., 1997, Qafoku et al, 2005), but also incorporates surface complexation 

reactions to describe equilibrium partitioning of aqueous and solid phases of U(VI) (Bond et al, 

2008; Liu et al., 2008; 2009). This allows U(VI) ions in solution and pH to vary without the need 

to redefine Kd values, which is an inherent problem with constant Kd models (Liu et al., 2008; 

Qafoku et al., 2005). 

An uranyl carbonate and uranyl hydroxyl species (>SOUO2OH and >SOUO2HCO3) are 

considered in the surface complexation reactions. These were chosen based upon experimentally 

derived U(VI) equilibrium partitioning values and laser-induced florescence spectroscopic 

analyses (Liu et al., 2008). Surface complexation reactions and equilibrium constants used in the 

model are shown in Table 2.5. These reactions describing sorption are dependent upon the 

aqueous geochemistry of the system, the sorption site density, and the mass transfer rate 
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1 2 3 4
6.31 6.31 18.9 56.4
4.34 4.34 4.34 4.34
1.45 1.45 4.36 13.0
4.56 3.92 11.5 36.1
23.5 24.4 23.5 24.4
0.36 0.37 0.36 0.37
0.35 0.37 0.35 0.37
675 675 210 39

Dispersion coefficient  (cm²/h) 1.3 1.3 1.3 1.3

Pore volume (cm3)
Porosity
Effec ve porosity
Darcy velocity (cm/h)

Experiment

Flow rate (cm3/h)
Cross-sec onal area of column (cm2)
Darcy velocity (cm/h)
Seepage velocity (cm/h)

Table 2.4 Parameters used in advection-dispersion models.

* *

* *
*

* *
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Reactions log Ksp 

-4.29
>SOH + UO2

2+ + CO3
2-         >SO-UO2HCO3    16.66

Where >SOH indicates surface sites and >SOUO2OH and 
>SOUO2HCO3 are sorbed uranyl species.

(modified from Liu et al, 2009)

Table 2.5  Surface complexation reactions used in SCM

>SOH + UO2
2+ + H2O           >SO-UO2OH + 2H+
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coefficients between the sorbed and aqueous phases. The aqueous geochemistry component of 

the model considers eight aqueous chemical components (UO2
2+, HCO3

2-, Na+, Ca2+, Mg2+, NO3
-, 

H+, and K-) and 46 relevant aqueous species (Table 2.6). The sorption site density can be 

estimated based on the calculated surface area of sediments. Mass transfer rate coefficients (α) 

are defined using a probability distribution, which is described using two parameters, µ 

(logarithm mean rate) and σ (standard deviation). Adjustment of these two parameters changes 

the shape of the distribution profile governing the mass transfer rate coefficients, which allows 

one to fit the modeled breakthrough curves to measured data. The governing equations for the 

reactive transport involving the SCM are given by Liu et al. (2009): 
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Reactive transport parameters used in the model were those measured experimentally 

(i.e., column length, seepage velocity, bulk density) as well as those determined through 

conservative tracer (Br) column experiments (i.e. effective porosity and dispersion coefficient). 

However, using the experimentally determined seeapage velocity caused the model to either 

overestimate or underestimate the total number of pore volumes in experiments 3 and 4. This 

was corrected by using seepage velocity as a fitting parameter. The percent change from 

calculated seepage velocity values to fitted values was 3.6% for experiment 3 and 2.5% for 

experiment 4, which is within reasonable levels of analytical error. The difference in using the 

actual and adjusted seepage velocity values is shown in Figures 2.2-2.3. The parameters that 

were used to most effectively match analytical data are listed in Table 2.7.
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Table 2.6    Aqueous species considered in SCM

(UO2)11(CO3)6(OH)12
2-  Ca2+    KOH(aq)    NaOH(aq) 

(UO2)2(OH)2
2+   Ca2UO2(CO3)3(aq)   Mg2+    OH- 

(UO2)2CO3(OH)3
-   CaCO3(aq)   Mg2CO3

2+   UO2(CO3)2
2- 

(UO2)2OH3+   CaHCO3
+   MgCO3(aq)   UO2(CO3)3

4- 
(UO2)3(CO3)6

6-   CaNO3
+    MgHCO3

+   UO2(OH)2(aq) 
(UO2)3(OH)4

2+   CaOH+    MgOH+    UO2(OH)3
- 

(UO2)3(OH)5
+   CaUO2(CO3)3

2-   MgUO2(CO3)3
2-   UO2(OH)4

2- 
(UO2)3(OH)7

-   H+    NO3
-    UO2

2+ 
(UO2)3O(OH)2HCO3

+  H2CO3(aq)   Na+    UO2CO3(aq) 
(UO2)4(OH)7

+   HCO3
-    NaCO3

-    UO2NO3
+ 

CO3
2-    K+    NaHCO3(aq)   UO2OH+ 

KNO3(aq)   NaNO3(aq) 
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1 2 3 4
Column length (cm) 15 15 15 15
Seepage velocity (cm/h) 4.025 3.875 11.65 36.05
Dispersion coefficient 1.3 1.3 1.3 1.3
Porosity 0.35 0.37 0.35 0.37
Bulk density (g/L) 1750 1750 1750 1750
logarithm mean rate (µ) -3.85 -3.6 -3.297 -2.53
standard devia on (σ) 2.78 2.5 1.902 1.7

Experiment
Table 2.7 Parameters used in SCM
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Figure 2.2  Seepage velocity calculated using measured values caused overprediction and 
underprediction of pore volumes (PV) for experiments 3 and 4, shown in a and d below 
(respectively). Used as a fitting parameter, seepage velocity values differed from measured 
values within the limits of experimental error, and SCMs effectively simulated measured data    
(c and d, below).
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Figure 2.3  SCM U(VI) breakthrough 
curves. Seepage velocity was used as a 
fitting parameter in experiments 3 and 4. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1       Major chemical composition 

Influent SGW composition was dominated by Na+, K+, Ca2+, Mg2+, CO3
2-, NO3

-, and 

SO4
2- (Table 1); the ions most influencing U(VI) aqueous speciation are Ca2+, CO3

2-, and Mg2+ 

(Figures 5-7). Cations were measured in effluent from the 18.9 ml/h experiment (Figure 3.1). All 

measured effluent concentrations were higher than concentrations in influent. This may be the 

result of ion exchange and dissolution/precipitation reactions with minerals in the column 

sediments due to fluid-sediment disequilibrium; in this case, due to limited sediment mass, 

effluent ion concentrations would be expected to approach influent concentrations over time.  

Na+ concentration in the effluent at 25 pore volumes was 1.6 mmol/L (37 mg/L), 20% 

higher than background influent concentrations of 1.3 mmol/L (29.5 mg/L), but throughout the 

course of the experiment trended towards influent values. Effluent K+ concentrations rose from 

0.00017 mmol/L (6.7 mg/L) to 0.00019 mmol/L (7.35 mg/L), slowly decreasing after the first 

stop flow, trending towards background influent concentrations of 0.00016 mmol/L (6.37 mg/L). 

Both Mg2+ and Ca2+ concentrations in effluent show an overall trend towards influent values over 

time, but with concentration increases of 14% and 28%, respectively, during the middle of the 

experiment. These higher values were observed within 7 pore volumes of stop flow intervals, as 

seen in similar experiments by Liu et al. (2008).  The effluent Si concentration continuously 

decreases throughout the experiment from 0.045 mmol/L (1.35 mg/L) at 25 pore volumes to 
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approximately 0.039 (1.09 mg/L) at 420 pore volumes; this is leaching off the sediment - there is 

no Si in the influent solution. 

  Samples from the 18.9 ml/h experiment analyzed for inorganic carbon (as HCO3-) 

concentrations showed average background values ranging from 17.74 mg/L to 22.47 mg/L 

(Figure 3.2). Bicarbonate showed an increase of 1.8 mg/L after the first stop flow (131.6 pore 

volumes), during the adsorption portion of the experiment (Figure 3.2).  

 Average pH values for all experiments were ~8.3. The ranges of recorded values for the 

experiments conducted at a flow rate of 6.3 ml/h were pH 8.4 to 8.16. Ranges for experiments 3 

and 4 were slightly larger, at pH 8.1-8.58 for experiment 3, and pH 8.08-8.53 for experiment 4 

(Appendix 1). There was no consistent correlation between stop flow events and pH changes, 

although greater resolution of data points could potentially show such a trend (a decrease in pH 

after stop flow events was observed by Liu et al., 2008).  

The most significant shifts in measured anion concentrations occurred in chloride, nitrate, 

and bromide levels, all of which appeared to follow a slight shift in average pH level (Figure 

3.3). None of these anions complex with uranium, but if they are desorbing from sediments as 

pH level changes, it is possible that more charged sites are available sites for U(VI) sorption to 

occur.  

Concentration increases of approximately 75%  were observed for Cl-, NO3
- and Br- 

between 136-166 hours (110-134 PV) at a flow rate of 18.9 ml/h (experiment 3), and 132-157 

hours (306-364 PV) at a flow rate of 56.4 ml/h. In the 18.9 ml/h experiment, Cl- concentrations 

shifted from average values of 38.6 mg/L (from 0-110 PV) to 50.4 mg/L (134-261 PV), with a  

gradual decrease over time to 48.3 mg/L (261 PV). Nitrate concentrations for the same 

38



15

17

19

21

23

0 50 100 150 200 250 300

In
or

ga
ni

c 
C

ar
bo

n 
(m

g/
L)

PV

Inorganic  ca rbon

1.8 mg/L 
increase 
a er SF

Figure 3.2  Aqueous inorganic carbon concentrations in effluent solution from 
0-290 pore volumes during column test conducted at 18.9 ml/hr flow rate.

39



18.9 ml/hr

0 100 200 300 400 500
8

8.3

8.6

PV

pH pH

8

8.25

8.5

PV
0 600400200 800

100
0

120
0

140
0

56.4 ml/hr

d)

a)

b)

c)

Figure 3.3  Anion trends as a 
function of PV for flow rates 
a) 18.9 ml/hr and b) 56.4 
ml/hr. c) Trends over time. 
Expanded areas (right) show 
behavior during transition 
from USGW to SGW. d) pH 
values for both experiments. 

40



experiment (3) shifted from average values of 30.1 mg/L (from 0-110 pV) to 37.9 mg/L (134-

261 PV), with a gradual decrease over time to 38.8 mg/L (261 PV). 

 At a flow rate of 56.4 ml/h (experiment 4), Cl- concentrations shifted from average 

values of 37.3 mg/L (1-306 PV) to 43.4 mg/L (364-670 PV), with a gradual decrease over time 

to 39.6 mg/L (670 PV). Nitrate concentrations for the same experiment (4) shifted from average 

values of 37.3 mg/L (1-306 PV) to 43.4 mg/L (364-670 PV), with a gradual decrease over time 

to 38.8 mg/L (670 PV).  

The first observations of this shift for the experiment running at a flow rate of 18.9 ml/h 

were at 134 PV (~170 h), which was just after the first stop flow. However, the shift cannot be 

directly correlated with the stop flow events, as the shift occurred prior to the first stop flow in 

the 56.4 ml/h experiment, at 365 PV (~150 h).The slow decrease of higher NO3
- and Cl- 

concentrations over time is likely due to a slow approach toward fluid-system equilibrium.  

Effluent bromide concentration increased to approximately 25 mg/L (amount present in 

U-SGW as tracer) upon the initial displacement of SGW with U-SGW at the beginning of the 

experiment, then continued an unexpected rise to ~30.78 mg/L at 18.9 ml/h and ~24.66 at 56.4 

ml/h, concurrent with the increase in Cl- and NO3
- levels. Ion selective electron probe data sets 

for all experiments show a similar trend in bromide concentrations throughout the course of all 

of the experiments (Figure 3.4). As expected, bromide levels decreased until concentration 

values were insignificant after re-substitution of SGW during the latter part of the experiments. 

In contrast, there was no apparent change in Cl- and NO3
- values upon this transition from U-

SGW to SGW. This was expected as the SGW contained in the inlet reservoir contained the 

same concentrations of Cl- and NO3
-  as the U-SGW mix.  
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Figure 3.4  Bromide values measured with an ion selective electrode for experiments a) 1 (6.3 ml/hr), b) 2 (6.3 ml/hr), 
c) 3 (18.9 ml/hr), and d) 4 (56.4).  
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The unusual trend of bromide (which is generally considered a conservative tracer) 

increasing throughout the experiment to levels higher than those within the inlet reservoir could 

be an experimental artifact, such as a slight interference from the changing Cl- concentration, but 

this is questionable due to the consistent occurrence of this phenomena throughout all four 

experiments. The error could also be attributed to drift in the bromide selective ion probe, 

however, in this case, the bromide effluent concentrations as measured by ion chromotography 

also support the unusual trend.  

Sediments used were extracted from the field site and used in previous experiments (Liu 

et al, 2008; 2009). Bromide was present in groundwater samples taken from the field site from 

which the sediments were obtained (Williams at al., 2007). This could have remained as residual 

material, present in dead end pore spaces or sorbed to the clay fraction  (although initial sediment 

washing would be expected to have removed  any residual bromide). Residual bromide could 

also be present as sorbed material from previous experiments which used a more poorly sorted 

mixture of field sediments – such conditions could exhibit increased diffusion rates in the <2mm 

sized fraction where pore sizes are much smaller; while it could have appeared all of the Br had 

been swept from the system, residual could have been remained in the smallest size fraction.  

Another possible explanation for the unusual bromide trend is that, in the case of 

uranium, which has dozens of aqueous and surface species, it is plausible that the U reactions 

taking place within the column are affecting other ions in solution. For example, in previous 

studies, both Br and U(VI) have shown adsorption increases in the presence of Fe-oxides 

(Bertsch and Seaman, 1999; Seaman, et al, 1996; Um et al, 2008), which is known to be present 

in Hanford sediments (Um et al, 2008). This Fe-oxide would likely exert a greater influence on 

sorption in the <2mm fraction as opposed to its observed impact in larger grained sediments. 
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This could cause nonconservative behavior for Br, but in this case would also result in 

competition for sorption sites between U and Br. In this study the exact reason for the unusual 

behavior of bromide remains unresolved. 

High concentrations of Cl- and NO3
- continued after bromide was flushed from the system 

and U(VI) was desorbing, indicating U reactions were not necessarily a direct cause for the anion 

increase throughout the experiments. It is possible that increased levels of carbonate associated 

with pH increases resulted in ion exchange reactions within the columns. Analysis of anion 

trends in experiments 1 and 2 (the lowest flow rate) would have provided an interesting parallel 

data set in this regard, and future experiments might consider investigating whether these 

changes are more than artifacts of this experiment. 

3.2  Conservative tracer behavior 

Breakthrough curves for bromide were symmetric, allowing them to be fitted with a 1-D 

advection-dispersion model (Figure 3.5). A dispersion coefficient of 1.3 cm2/h fit the data curves 

for all four experiments. For experiments 1 and 3 (both of which were run using the same 

column and sediments) an effective porosity of 0.35 fit the observed data set better than the 

measured porosity value of 0.36. The measured porosity value of 0.37 was used in models fitted 

to breakthrough curves for experiments 2 and 4.      

3.3 U(VI) behavior 

Experimental data analysis yielded asymmetrical breakthrough curves with a positive 

skew for U(VI) (Figure 3.6). This asymmetry is indicative nonequilibrium transport (in contrast, 

a sorbing solute exhibiting equilibrium or fast adsorption and desorption would exhibit nearly 

symmetric adsorption and desorption limbs of its breakthrough curve), with the skew supporting 

the standing evidence that U(VI) desorption takes longer than adsorption (Payne et al, 1994; 
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Qafoku et al, 2005).  Breakthrough curves in all experiments showed an overall trend during the 

adsorption phase of initial steep increases in U(VI) concentration with time, then more gradual, 

asymptotic increases towards influent concentrations. The desorption phases of the experiments 

showed the same overall trend but with negative breakthrough curve slopes. Slope steepness in 

both adsorption and desorption phases was influenced by flow rate; the slower the flow rate, the 

gentler the slope, and the longer the amount of time (but the fewer pore volumes) required for 

effluent concentrations to settle into an asymptotic approach towards concentrations reflective 

those of the influent reservoir concentrations.  

As measured effluent concentration values increased during the adsorption phase of all 

experiments, an increasing degree of scatter became evident in data points. This made the upper 

plateau of data points and the stop flow events during the adsorption phases of the experiments 

difficult to assess. This was likely due to instrument error; KPA instrument error range increases 

with increasing concentrations, and for samples within the 0.25 mmol/L (60 µg/L) range, it is 

~4% (Brina and Miller, 1992). This analytical error for all experiments is shown in Appendix 2.  

Instrument error was further tested by taking the standard deviation of 10 samples of 1 

µg/L U processed on a machine used in the experiments (shown to be 2.66%), and the standard 

deviation of 10 samples of 20 µg/L U (shown to be 3.27%). Error in mg/L effectively increases 

with increasing values of U concentration, appearing larger at increased values, as a “scatter” of 

points. Therefore, the standard deviation of ~3% observed in a 40 sample spread of data points at 

the tops of all of the U breakthrough curves falls within the analytical precision of the KPA.  

Average values in the asymptotic plateaus of the adsorption curves fall under the 0.25 

mmol/L (60 µg/L) influent U(VI) concentration, as expected with kinetically controlled sorption 

(Qafoku et al., 2005). Were the adsorption phases of all experiments run longer, it is expected 
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additional adsorption would occur over time, raising average measured effluent U(VI) 

concentrations to those of influent concentrations.  

While average measured effluent U(V) concentrations during adsorption plateaus were 

less than influent concentrations, there were isolated data outliers showing sampled effluent 

concentrations exceeding influent concentrations at values outside the expected range of 

instrument error.   

The greatest deviance from influent U(VI) concentration values found in effluent samples 

occurred in experiments 2 and 4, both of which were run in the same column with the same 

sediments (at different times). The maximum U(VI) concentration during experiment 2 was 

0.266 mmol/L (63.5 µg/L), which is only 0.0038 mmol/L (0.9 µg/L) outside of the range of 

instrument error for the expected concentration of 60 µg/L. However, in experiment 4, the 

maximum recorded U(VI) concentration was 0.28 mmol/L (67 µg/L), which is 0.019 mmol/L 

(4.6 µg/L) above the range of instrument error. This value occurs at 408.4 PV, right after a 48 

hour SF (U concentrations are expected to decrease after SF events in adsorption experiments), 

and in the middle of the upper plateau of U(VI) concentrations for the experiment, in a region 

where the average of a 20 sample spread is 0.638 mmol/L (62.8 µg/L).  

For experiments 1 and 3, both of which were run on the same column, maximum 

recorded U(VI) concentration were ~0.013 mmol/L greater than the 0.25 mmol/L influent 

concentrations, which is 0.025 mmol/L outside the expected error range.  

Sediment settling occurred during the course of the experiments that resulted in 0.5 mm 

of open space at the top of each column. Mixing within this open space before the solution eluted 

may have contributed to the observed concentrations that exceeded expected values. 

48



During the larger fraction of the desorption phase of the experiments, U concentrations 

were low enough that instrument error in sample analysis was negligible. Stop flow events 

during desorption resulted in increased effluent U(VI) concentrations as U desorbed from 

sediments to come into equilibrium with the injected U-free SGW. The amount of rebound in 

effluent U(VI) concentrations after SF events decreased over time during the SGW flushes, 

despite increases in SF duration, with the exception of the first 72 hour SF event in experiment 4, 

where observed effluent concentrations after the SF were 0.03 mmol/L greater than rebound 

concentrations after the previous SF event (which was of a 48 hour duration).  

Due to the kinetic nature of U(VI) sorption, it was reasonable to assume all breakthrough 

curves would follow the same temporal trends in the experiments, that is, sorption would be 

expected to take approximately the same amount of time (despite differences in pore volumes 

(PV) due to different flow rates). However, at 373 hours (897 PVs), effluent U(VI) 

concentrations for experiment 4 had already decreased to 0.55 µg/L, while U(VI) in effluent for 

experiment 1 was still at 20 µg/L, experiment 2 at 25 µg/L U(VI), and experiment 3 at 6.6 µg/L 

U(VI). It took 397 hours for U(VI) concentrations in experiment 3 to drop below 2 µg/L U(VI), 

and for experiments 1 and 2, it took ~640 hours (165 and 170 PVs, respectively) to reach U(VI) 

concentrations of ~2 µg/L.   

This observation could be the result of the decrease in residence time that occurs with 

increasing flow rates. Uranium geochemistry is complex, involving multiple solution speciation 

reactions (with two major U(VI) aqueous species at the pH level relevant to these experiments), 

and decreased solution residence time could cause preferential occurrence of the faster rate-

limited sorption reactions. Species that sorb at a faster rate would sorb, while other species 

would be transported through the system; faster sorbing species would also desorb more quickly 
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than those that occur at slower kinetic rates. This would explain the increasing steepness of 

desorption slopes with increasing flow rate as well as the quick rate at which U(VI) is eluted 

from the system. It would also explain why, at slower flow rates, larger concentrations of U(VI) 

are observed in effluent after SF events; with greater residence time, a greater abundance of slow 

sorbing species would be expected to have sorbed to sediments, which would then desorb during 

SF events to equilibrate with clean SGW. However, whether the differences in kinetics at 

different flow rates is due more dominantly to changes in surface site availability or transport 

kinetics cannot be addressed within the scope of this research.  

Uranium concentrations below the detection limit of the KPA (0.01 µg/L) were reached 

for experiments 3 and 4, but for 1 and 2 additional leaching would have been necessary to 

achieve concentrations lower than 2 µg/L. This could have been the result of residual natural U 

in the system. The initial labile U concentration in the sediments before the experiments was 

0.12 µg/g (Appendix 3). The slower velocity experiments would have allowed greater contact 

time between the SGW and this labile material on the sediments, potentially allowing labile 

U(VI) to desorb, increasing effluent U(VI) concentrations. 

3.4 U(VI) numerical model 

Figure 2.3 shows the dual-domain SCM results in comparison with the experimental data, 

as well as the calibrated values of µ and σ used for model fitting. In all cases, as flow rate was 

increased (and contact time between surface complexation sites and aqueous U species 

decreased), in model fitting, the log mean rate (µ) increased and the standard deviation (σ) 

decreased (Figure 3.7). The implications of this are that faster kinetic reactions become more 

dominant when column residence time is decreased, and a greater variety of rate-limited U(VI) 

sorption reactions occur at slower flow rates. 
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CHAPTER 4 

CONCLUSIONS 

Uranium geochemistry is complex, and the reactive transport of uranium through 

subsurface environments involves multiple uranyl species interacting with a variety of aqueous 

species in groundwater as well as charged surface sites in the substrate. This transport is retarded 

by rate-limited sorption and other nonequilibrium processes under heterogeneous flow regimes 

(Brusseau et al., 1991). The Hanford Site 300 Area provides ideal study conditions for 

characterization of the geochemical aspects of U(VI) transport in a heterogeneous flow domain. 

The big picture questions at Hanford involve field scale issues, but answering those questions 

requires that the small scale mechanisms contributing to U(VI) transport be investigated, 

identified, and incorporated into a working knowledge base. Developing a more comprehensive 

understanding of the fundamental aspects of U(VI) transport is useful not only at Hanford, but in 

other sites worldwide that are impacted by U(VI) contamination. 

To aide in this aim, an investigation into the mechanistic response of U(VI) sorption 

kinetics to changing fluid velocity was undertaken in this study. Column tests were conducted at 

differing flow rates (differing residence times) to examine U(VI) sorption kinetics within the size 

fraction of sediments determined to react most readily with aqueous U(VI) (the <2mm sized 

fraction).  A dual-domain SCM previously benchmarked at the study site (Liu et al., 2008, 2009) 

was utilized to evaluate changes in the distribution of rate constants involving U(VI) sorption.  

The experimental data from the column tests clearly show that the mean of the lognormal 

distributed sorption rate constants increases with the flow rate, while the standard deviation of 
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the lognormal distributions decreases with the flow rate.  In other words, as the flow through the 

column is speeded up, the kinetically controlled sorption (desorption) process is enhanced, 

resulting in greater sorption constants between the sorbed and aqueous U(VI) species.  

Meanwhile, under a greater flow velocity, the sorption (desorption) process becomes more 

uniform across different pore regions of the heterogeneously textured sediments, resulting in a 

smaller variation of the sorption rate coefficients.  This finding is the first empirical evidence for 

the flow rate dependence of the multi-rate sorption kinetics of U and is thus of fundamental 

importance for future efforts to further improve the predictive modeling and remediation of U 

contamination. 
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Recorded pH values for a) experiment 1 (6.3 ml/hr), b) experiment 2 (6.3 ml/hr), c) experiment 3 (18.9 ml/hr), and 
d) experiment 4 (56.4 ml/hr). 
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Observed experiment pH values
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Experimental U(VI) breakthrough curves for SGW with 20 ppb U(VI) (0.25 mmol/L) shown 
with error bars reflecting KPA instrument error range (4%) per for a) experiment 1 (6.31 ml/hr), 
b) experiment 2 (6.31 ml/hr), c) experiment 3 (18.9 ml/hr) and d) experiment 4 (56.4 ml/hr). 
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Labile fraction of U(VI) determined by the following equation:

peak concentration (ppb) x Liters in extraction
g = Labile fraction in μg/g

APPENDIX 3
Labile fraction of U(VI)
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